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Abstract

Structure, size and dynamics of domains of hybrid siloxane networks prepared by copolymerization of tetraethoxysilane (TEOS) and
dimethyl(diethoxy)silane (DMDEOS) were studied by several techniques of solid-state1H and29Si NMR spectroscopy as well as by ab initio
quantum chemical calculations.T1r(

1H) relaxation times, dipolar dephasing and spin diffusion experiments confirmed the existence of nano-
heterogeneous system with random, bicontinuous morphology. The size of domains of TEOS homopolymer is about 1.3–2.8 nm, the size of
copolymer phase being larger, ca. 4.0–6.8 nm. Quantum chemical ab initio calculations of geometry and the principal values of29Si NMR
chemical shift tensor and the isotropic chemical shift confirmed our structural predictions that copolymers with polycyclic structure units are
formed. The accord of calculated values with those experimentally determined was sufficiently good.q 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

The optimum use of siloxane materials in catalysis,
microelectronics, separation, photon based technologies,
etc. requires perfect knowledge of their structure.1H, 13C,
and 29Si NMR spectroscopy [1–8] as well as quantum
chemical calculations [9] have been utilized to investigate
kinetics and mechanisms of initial stages of formation of
these materials. In the studies of the structure of the
resulting products; a variety of solid-state NMR techniques
(1H MAS [10], 1H CRAMPS [11], 29Si CP/MAS [10,12–
21]) have been used. They brought a basic information
about the nature and properties of adsorbed water and the
structure of the siloxane network. So far, the best-explored
material has been a product prepared by polycondensation
of tetraethoxysilane (TEOS). Recently, modified hybrid
inorganic–organic materials, which have more acceptable
properties [22–25], have appeared in the field of general
interest. However, structure and dynamic properties of
these modified siloxane networks have not been sufficiently
described yet, although they determine final properties of
these materials.

In our previous work [26] we studied the initial stages of
copolymerization of TEOS and dimethyl(diethoxy)silane

(DMDEOS). It was proved that differences in reactivity of
both monomers cause formation of a diverse mixture of
reaction products containing copolymers as well as homo-
polymers of both types of monomers. The arising copolymer
contains a higher amount of DMDEOS monomer units (ca.
70 mol%). Hence the final product is probably a partially
heterogeneous or nano-heterogeneous system containing
regions of statistic copolymer and domains of TEOS units.

In this paper, we evaluated the effect of copolymerization
of DMDEOS with TEOS on the structure and dynamic
behavior of the resulting siloxane networks. We tried to
characterize the structure of siloxane networks prepared
by copolymerization of TEOS and DMDEOS and to
compare them with the structure of homopolymer network
composed only from TEOS units. The behavior and proper-
ties of silanol groups and adsorbed water, and overall
geometry and structure of siloxane network using ab initio
and molecular mechanics calculations were evaluated. For
these purposes, several advanced solid state NMR techniques
were used.

2. Experimental

2.1. Preparation of siloxane materials

Glassy siloxane materials, sometimes called gels, were
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prepared by acid-catalyzed sol–gel polycondensation of the
reaction mixture, whose composition is listed in Table 1.
Polymerization took place in Petri dishes under laboratory
conditions. After two months from the starting of polymer-
ization, the products were placed into an air-conditioned
box (relative humidity—RH� 55%; t � 258C� for
21 days at least.

2.2. NMR spectroscopy

NMR spectra were measured by using Bruker DSX 200
NMR spectrometer in 4 mm ZrO2 rotor at frequencies 39.75
and 200.14 MHz (29Si and1H, respectively). The number of
data points was 6 K, magic angle spinning (MAS) frequency
0–18 kHz, strength of B1 field (1H and 29Si) 62.5 kHz. The
number of scans for accumulation of29Si CP/MAS NMR
spectra [27] was 3600, repetition delay 10 s and spin-lock
pulse 2–5 ms. Single-pulse experiments were measured
with 458-pulse length and 600 s repetition delay. The
number of scans was 320.29Si scale was calibrated by the
external standard M8Q8 (2109.8 ppm; the highest field
signal). In measurements of1H MAS NMR spectra the
number of scans was 32–256 and repetition delay 10 s.
The external standard HMDS (hexamethyldisiloxane) was
used for calibration of the1H scale, the1H chemical shift of
having the value of 0.05 ppm referred to as TMS (tetra-
methylsilane).

T1(
1H) relaxation time was determined by using the

standard pulse sequence “inversion recovery” at tempera-
tures 303, 318, 333 and 345 K and MAS at 7 kHz. Variable
and relaxation delays were 0.01–20 and 20 s, respectively.
The number of scans was 8.

T1r (
1H) relaxation time was determined by using standard

pulse sequence with direct detection of proton magnetiza-
tion at temperatures 303, 318, 333 and 345 K with MAS at
7 kHz. Variable spin lock pulse and relaxation delay were
0.0001–0.05 and 20 s, respectively. The number of scans
was 16.

Two-dimensional (2D) WISE spectroscopy [28,29]
employed 1H 908 pulse of 4.0ms and 160 scans per
increment. The proton evolution period (t1) between1H
908 pulse and contact pulse consisted of 512 increments of
5 ms (cf. Scheme 1a). Totalt1 FID resolution is then 400 Hz,
which was sufficient to observe relatively narrow proton
signals. CP contact pulse was set relatively short (1 ms) to
restrict the spin diffusion to a minimum, the rate of sample
rotation was 5 kHz and the repetition delay 2 s. Signal-to-
noise ratio was still sufficiently high.

1D (one-dimensional) and 2D spin-diffusion experiments
were used to yield information about intermolecular
distance by means of spin diffusion:

1. The Goldman–Shen pulse sequence [30] (cf. Scheme 1b)
was used to study the spin diffusion on the basis of the
differences inT2. Delay t0 as “T2 magnetization filter”
was set equal to 200ms so that magnetization of strongly
dipolar coupled protons was completely dephased.
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Table 1
Composition of reaction mixtures

No. Molar ratio Code

1 TEOSa /C2H5OHc /H2O/HCl
1/4.50/1/0.03

TE

2 TEOS/DMDEOSb /C2H5OH/H2O/HCl
0.5/0.5/4.50/1/0.03

TE-DM-1-1

3 TEOS/DMDEOS/C2H5OH/H2O/HCl
0.75/0.25/4.50/1/0.03

TE-DM-3-1

a TEOS—Synthesia Kolı´n, Czech Republic.
b DMDEOS—Wacker-Chemie GmbH., Germany.
c Ethanol, 0.1% (w/w) water—Merck, Germany.

Scheme 1.



Although theT1 relaxation limits the maximum domain
size that can be determined by the proton spin diffusion
experiment, for samples with a spatially constant
relaxation time, its effect can be simply eliminated by
an appropriate phase cycle of the pulses before the
mixing time. Selected proton magnetization is aligned
along 2z and 1z axes in alternating scans. All signal

contributions caused byT1 relaxation are cancelled.
This increases the range of mixing times that can be
exploited up toT1. The variable mixing timetm was
changed from 100ms to 750 ms.

2. 2D WISE pulse sequence [28,31,32] with evolution time
t1 and spin diffusion mixing timetm was used to study the
spin diffusion of heteronuclear dipolar coupled protons.
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Fig. 1. 29Si CP/MAS NMR (left) and1H MAS NMR (right) spectra of the products:TE—(a) and (d);TE-DM-1-1—(b) and (e);TE-DM-3-1—(c) and (f).



Mixing time was set to 20 ms; other parameters were the
same as in standard WISE experiments described above
(cf. Scheme 1c).

1H–1H dipolar dephasing of heteronuclear dipolar-
coupled protons was studied by using standard pulse
sequence [21,33] with two 1808 refocusing pulses in both
channels (1H, 29Si) to remove phase distortion (cf. Scheme
1d). MAS frequency was 5 kHz, dipolar dephasing time was
in the range of 0–1 ms, number of experiments 256, number

of FID accumulations per one experiment 160, and repe-
tition delay 2 s.

2.3. Geometry optimization

Ab initio calculation and molecular mechanics calcu-
lation: The calculations were run on SGI workstations
using Gaussian 94 and Insight II program packages
[34,35]. In the first case, molecular geometry was com-
pletely optimized either at the Hartree–Fock or DFT
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Fig. 2. 1H MAS NMR spectra measured with the Hahn-echo pulse sequence (p /2–t–p–t–aq) of productsTE andTE-DM-1-1 in the columns (a) and (b),
respectively. The dephasing time 2t is aligned on the left-hand side. Number of scans increases with increasing dephasing time from 32 to 1024. For dipolar
dephasing time larger than 3 ms, the spectral width is reduced from 150 kHz to 20 kHz, the number of data points is increased to 32 K to resolve the very
narrow line (FID resolution was then 0.6 Hz per point). MAS frequency was 18 kHz.



(B3LYP functional [36]) levels, the basis set being of the
HF/6-31Gp quality. For molecular mechanics calculation, a
cvff force field was used.

3. Results and discussion

The considered siloxane materials are generally
composed of four basic structure units (cf. Scheme 2)
containing, in some cases, adsorbed water molecules.

As it is clear from a comparison of the29Si CP/MAS
NMR spectra of theTE, TE-DM-1-1 and TE-DM-3-1
gels (Fig. 1a–c), modification of siloxane network by
copolymerization of DMDEOS with TEOS causes both
qualitative and quantitative changes. It follows from the
“low-field” shift of signals of Qn structural units in the
modified gels that monomer units are rather uniformly
placed in the bulk of the gel and do not form large separated
domains containing one type of monomer units. The
sufficiently uniform placement of monomer units is
confirmed by narrow and symmetric lineshape of29Si
NMR signals. A signal broadening and asymmetry would
indicate huge heterogeneity and variability of local
surroundings of monomer units. As it was confirmed by
quantum-chemical calculations [26], the presence of the
methyl groups decreases positive charge due to the positive

inductive effect not only at the directly bonded29Si atom,
but also at the neighboring atoms, and, consequently, makes
a “low-field” shift of corresponding29Si NMR signals. This
effect can be traced through several bonds. If there were
very large domains ofQn units in the product, such “low-
field” shifts of their signals would not be possible or
strongly diminished. These presumptions are proved by
29Si CP/MAS NMR spectra of theTE-DM-3-1 gel (Fig.
1c). Due to the initial composition of the reaction mixture,
this product contains blocks ofQn units and, consequently,
the “low-field” shift of the 29Si NMR signals ofQn units is
less apparent. From29Si NMR spectra of the reaction
mixture of TEOS and DMDEOS presented in our previous
work [26], it is clear thatD2 units are mainly built in cyclic
copolymers and, in addition, do not form end groups.
Chemical shifts of silicon ofD2 units have values from
219 to215 ppm, which is the region of resonance of cyclic
tetramers produced by copolymerization of both types of
monomers.

As it follows from 1H MAS NMR spectra (Figs. 1d–f and
2a and b), the nature and behavior ofxSi–OH groups and
adsorbed water molecules are dramatically changed by
incorporation ofD2 units into the siloxane network. From
the signal assignment [10,11,37], it is clear thatTE gel
contains mainly: (i) water and the silanols hydrogen-bonded
to water molecules, which take part in chemical exchange
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Fig. 3. (a) and (c) Static1H NMR spectra of productsTE-DM-1-1 andTE, respectively; (b) and (d)1H MAS NMR spectra of the same products, respectively.
Static 1H NMR spectra were measured by the solid-echo pulse sequence (p=2x–t1–p=2y–t2–aq). Delayst1 andt2 were 8 and 3ms, respectively.



(4.79 ppm); (ii) water-inaccessible isolated silanols ofQ3

units (1.30 ppm); (iii) strongly coupled hydrogen-bonded
silanols (broad signal at 6.45 ppm revealed after decon-
volution); and (iv) the presence of such units was also
confirmed from the shape of21 (left) spinning side band
as will be discussed later. By using a Hahn-echo pulse
sequence (p /2–t–p–t –aq) with different dipolar
dephasing times (for detailed experimental parameters, see
Fig. 2); many other resonances appeared. Signals at ca.
3.80–2.90 ppm (a) correspond to weakly hydrogen-bonded
silanols. A “high-field” signal at 1.06 ppm (b) can be
attributed to the isolated single silanol, which is similar to
the structure resonating at 1.30 ppm (c). The very weak
“highest-field” signal resonating at ca. 0.0 ppm (d) was
not assigned. In1H MAS NMR spectra ofTE-DM-1-1
(Figs. 1e and 2b), a relatively broad signal of methyl protons
xSi–CH3 (0.09 ppm) (e) and a narrow signal of silanols
xSi–OH (3.42 ppm) (f) are dominant. A small amount of
isolated silanols manifested by the signal at 1.34 ppm (g)
(see Fig. 2b) is also present in the material. We can also
assume the presence of strongly hydrogen-bonded silanols
corresponding to a broad signal at ca. 6.5 ppm, which is,
however, almost overlapped by a broad methyl resonance.
With decreasing content ofD2 structure units in the material

(TE-DM-3-1), chemical shift value of the signal of silanols
shifts to the value of 3.96 ppm (Fig. 1f). This indicates the
change in the nature of silanol groups and the presence of
water molecules. Strongly hydrogen-bonded silanols are
now clearly indicated by a broad signal at 6.43 ppm. The
high degree of deshielding of this signal is due to very
strong hydrogen-bonding interactions [37].

The content of water in modified materials was
determined by comparing static1H NMR and single-pulse
29Si MAS NMR spectra of both gels (TE-DM-1-1, TE-DM-
3-1). The ratio of amounts of methyl and hydroxyl protons
determined by deconvolution (i.e. computer separation of
broad-Gaussian and narrow-Lorentzian components) of
static1H NMR spectra (Fig. 3a) and29Si MAS NMR spectra
is the same in both cases (12:1). From this it is clear that no
water is adsorbed in theTE-DM-1-1 gel. (The single pulse
29Si MAS NMR spectrum is not shown here, because it is
almost the same as29Si CP/MAS NMR one. The ratio of
methyl and hydroxyl protons was determined from the inte-
grated intensity of signals ofD2 andQ2 andQ3 units.) On the
contrary, there is nearly one molecule of water per Si–OH
group in theTE-DM-3-1 gel because the ratios of methyl
and hydroxyl protons determined by deconvolution of the
29Si MAS NMR and 1H NMR spectra have the values of
4.4:1 and 1.5:1, respectively.

3.1. 1H–1H dipolar interactions—proton dynamics

Analysis of the lineshapes of the1H NMR spectra
measured under different experimental conditions and
relaxation measurements were employed to evaluate
molecular dynamics of protons. It is seen in Fig. 3a and b
that a broad signal with a Gaussian lineshape of methyl
protons in the static1H NMR spectra ofTE-DM-1-1 is
substantially narrowed under MAS. The linewidth (full
width at half intensity—f.w.h.i.) decreases from 15 to
1.2 kHz at the MAS frequency of 7 kHz. This fact together
with the presence of intensive spinning side bands indicates
strong homonuclear dipolar interactions of methyl protons.
The Lorentzian signal of silanol groups with linewidth
480 Hz is narrowed by MAS only insignificantly. The line-
width of the signal thus reflects a large portion of incoherent
processes (e.g.T2 relaxation) and weak static dipolar inter-
actions. The static1H NMR spectrum ofTE (Fig. 3c)
contains signal with linewidth 1100 Hz. The slightly asym-
metric super-Lorentzian lineshape of this signal is caused by
the superposition of a series of signals with different line-
widths and chemical shifts, as it is proved by1H NMR
spectra measured with the Hahn-echo pulse sequence. The
gradual narrowing of the signal with the increasing dipolar
dephasing delay time at the Hahn-echo pulse sequence (see
Fig. 4) confirms the presence of differently mobile protons
differing in the transverseT2 relaxation rate, which indicates
wide distribution of hydrogen bonding strengths in theTE
gel. Dipolar dephasing time is so calledT2 filter, which
strength depends on the length of the delay. Signal of very
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Fig. 4. 1H MAS NMR spectra in absolute scale of productTE measured
with the Hahn-echo pulse sequence with dipolar dephasing time increasing
from 10 to 500ms.



rigid molecules, which have very shortT2 relaxation time
are substantially attenuated or canceled using relatively
short dipolar dephasing period. Narrow signals of more
mobile molecules are attenuated much later, during longer
dipolar dephasing time. So the signals of rigid molecules,
which are broad due to dipolar interaction disappear very
fast and overall signal narrowing results. A MAS at 7 kHz
narrows the signal to 417 Hz. This indicates line-broadening
of the signal caused not only by incoherent processes (T2

relaxation, chemical exchange, etc.) but also by coherent
processes such as dipolar dephasing generated by static
dipolar couplings, which can be, at least partially, refocused
by MAS. However, arising spinning side bands (SSB) are
very weak and asymmetric (Fig. 3d), which indicates weak
static dipolar interactions between water and silanol
protons. The asymmetry arises because of two components,
one of high and one of low mobility. From the asymmetry of
SSB, which is much larger compared with central band, it
follows that protons of water molecules and large portion of
silanols (at ca. 4.8 ppm) are relatively mobile (due to the
weak dipolar interactions, MAS produces only weak SSB).

Immobile protons of strongly hydrogen-bonded silanols (at
ca. 6.5 ppm) have relatively more intensive spinning side
bands under MAS due to their strong dipolar coupling. As
both SSB signals of mobile and immobile protons are very
closed and overlap, then due to different relative intensity of
these signals the lager asymmetry of SSB compared with
central signal results. (As MAS does not change the second
moment of a line, intensive SSB under MAS conditions
correspond to originally strongly dipolar-broadened signal
in static NMR spectrum.)

The dipolar dephasing rate is an important probe of the
effective strength of dipolar interactions. The above-
mentioned standard Hahn-echo pulse sequence without
MAS monitors dipolar dephasing caused by both coherent
and incoherent processes. Under MAS and by an application
of the refocusingp pulse, the coherent time evolution of the
spin system can be inverted or can produce an echo. (Note
that the homogeneous part of homonuclear interactions of
abundant spins—bilinear interactions in the spin system—
cannot be refocused completely [19,37–39].) Thus in the
case of high-speed MAS with rates higher than 15 kHz,
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Fig. 5. Static1H NMR spectra of productsTE-DM-1-1 (a) andTE (b) measured with the Hahn-echo pulse sequence.



we observe dipolar dephasing caused predominantly by the
incoherent processes (relaxation), because the coherent
effects are more or less averaged out, in particular in siloxane
materials where protons are relatively diluted compared to
organic solids.

During static dipolar dephasing experiment a broad signal
of strongly coupled methyl protons inTE-DM-1-1 sample
is completely dephased within 80ms. In contrast, the signal
of Si–OH groups (3.42 ppm; f) diminishes at the dipolar
dephasing period 15 ms and the signal of isolated silanols
(1.34 ppm; g), which was at short dipolar dephasing times
partially overlapped by the second broader signal, disappears
at dephasing time 30 ms. This indicates weak and very weak
dipolar interactions, respectively (Fig. 5a). The signal of
exchanging water molecules and silanols in theTE gel (h)
is dephased substantially faster (within 5 ms); however, the
signal of single silanols at 1.30 ppm (c) is dephased slowly
compared with the former case and it survives 50 ms of
dipolar dephasing (cf. Fig. 5b). Small high field shift of
this signal corresponds with inhomogeneous broadening of
the signal reflecting at least two proton species. Dipolar
dephasing is generally slowed down at high-speed MAS;
the same rate of the dipolar dephasing under MAS and static
conditions indicates that mainly incoherent processes (T2

relaxation, chemical exchange,1H–1H flip–flops and/or
molecular motions) produce the magnetization decay.
Significantly, the increase in the dipolar dephasing time of
the methyl proton signal indicates a large portion of static
dipolar interactions averaged by MAS. Both inTE andTE-
DM-1-1, the signals of weakly hydrogen-bonded silanols (at
ca. 3.5 ppm) disappear during 30 ms of the dipolar dephas-
ing time and the signals of isolated silanols (at ca. 1.3 ppm)
are not dephased even at 100 ms (cf. Fig. 2). This indicates
the influence of coherent processes on dipolar dephasing
and, consequently, the presence of static dipolar inter-
actions. However, these interactions are relatively weak,
which means that silanol protons in theTEDM-1-1 product
are not strongly coupled to methyl protons by dipolar inter-
action. Weak dipolar couplings originate either in the

motional averaging of the labile species or in the long
distances from other spins because dipolar interactions
depend onr26 (r is the internuclear distance). As we can
assume relatively fast free rotation of methyl groups, a short
dipolar dephasing time of methyl protons does not follow
from restricted mobility but from anisotropy of the motion.
Such anisotropy motion cannot average out homonuclear
dipolar interactions. A very long dipolar dephasing time
(.100 ms) of the signal at 1.3 ppm, assigned to isolated
silanol protons, is given by a long distance of the silanol
protons located on the network surface. It is important that
the dipolar dephasing time and also the lifetime (about
30 ms) of the signal of hydrogen-bonded silanols (at
3.5 ppm) are nearly the same in theTE and TE-DM-1-1
gels. This indicates the presence of similar or the same
structures in both materials. We suppose that these
structures correspond to small particles or domains formed
by TEOS units located on the surface as well as in the inner
part of network. Different dipolar dephasing times and
chemical shifts of protons in theTE andTE-DM-1-1 gels
at 4.79 and 3.45 ppm, respectively, correspond with
different strengths of hydrogen bonding of water molecules
and silanols as well as with different mobilities and with the
acidity of protons [40]. As the increase in dephasing lifetime
of water and silanols (signal at 4.79 ppm) in theTE sample
under MAS is not significant, incoherent processes like
chemical exchange and molecular motion predominantly
cause the coherence decay.

Longitudinal relaxation timesT1(
1H) and activation

energies (calculated according to the Arrhenius law, see
Table 2) in theTE-DM-1-1 gel prove a higher molecular
mobility of methyl groups compared with the mobility of
water molecules and silanol groups in this gel. The presence
of water in theTE gel increases the amount and variety of
fluctuating magnetic fields and thus increases the relaxation
rate. In addition, hydrogen bonds between water and
silanols build up energy barriers restricting the mobility.
However, from the temperature dependence it is clear that
correlation times describing dipolar fluctuations and,
consequently, motions of the detected protons are shorter
than 5× 1029 s: Almost the same relaxation timesT1(

1H)
for signals of methyl and silanol protons in theTE-DM-1-1
product indicate communication between the two spin sets
by means of spin diffusion, which equilibrates the magnet-
ization behavior during a very long time, in the range from
tens milliseconds to seconds. Using the formula for the
maximum diffusive path length

L � �6DTi�1=2 �1�

whereD is the spin diffusion coefficient andTi is T1(
1H),

then from measuredT1(
1H) values theTE-DM-1-1 material

is homogeneous on a scale of ca. 25 nm [41,42]. (For the
diffusivity, a valueDeff � 0:136 nm2 ms21 was determined
from the proton line width, see section “1H spin diffusion
and molecular modeling” below.) Similar trends were also
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Table 2
T1 (1H) times of some structural units inTE a TE-DM-1-1 gels at different
temperatures and calculated activation energies of their motion

T1(
1H) (ms)

T (K) TE TE-DM-1-1

4.79 ppma 3.42 ppmb 0.09 ppmc

303 222 713 747
318 252 740 771
333 282 785 807
343 302 805 837
Ea (kJ mol21) 6.7 3.2 2.5

a Water and silanols hydrogen-bonded to water molecules.
b Weakly hydrogen-bonded silanols.
c Methyl protonsxSi–CH3.



observed in the case of longitudinal relaxation times in
rotating frame T1r (

1H)((Table 3). The high activation
energy of silanol protons in theTE-DM-1-1 gel
(3.42 ppm) and the lowest relaxation time at 303 K corre-
spond with the restricted motion and hydrogen bonds of
silanol protons with bridged oxygen. The differences
between theT1r(

1H) relaxation times of silanol and methyl
groups prove that dipolar interactions between them are too
weak to equilibrate the magnetization behavior by means of
spin diffusion during short spin lock times. Therefore,
heterogeneities in the siloxane network are of a nanometer
order.

The possibility to measure29Si NMR spectra using cross-
polarization (CP) demonstrates the presence of relatively
strongly heteronuclear- and homonuclear-coupled protons
in both materials; the mobility of such protons has to be
sufficiently restricted not to completely average out the
Hamiltonian of heteronuclear and homonuclear dipolar
interactions. 1H–1H dipolar-dephasing experiment (cf.
Scheme 1d) monitors the effective strength of homonuclear
interaction affecting the1H spin-state of these protons. The
1H coherence decay of the protons coupled by the dipolar
interaction with the silicon atoms is transferred by CP into
the 29Si spin state. During the dipolar dephasing period,t1,
changes in the1H spin system (1H–1H flip–flop, chemical
exchange, and molecular motion when the rate of motion of
the 1H–1H internuclear vector is in intermediate region)
cause non-refocusable1H magnetization decay [21].
Chemical shift anisotropy (CSA) and coherent processes
generated by inhomogeneous part of static1H–1H dipolar
interactions cause modulation of the magnetization decay—
echoes. Isotropic part of the1H chemical shift is refocused
at any length of thet1 period. Coherent dipolar dephasing
generated by inhomogeneous part of static dipolar inter-
actions is refocused ift1 is equal tontr, wheren is an integer
and tr is the MAS rotation period, whereas the anisotropic
part of the chemical shift is completely refocused ift1 �
2ntr [21].

1H coherence decays for signals of both materials are very

different (cf. Fig. 6). The decays of all three structure units
Qn in the TE gel are much slower compared with corre-
sponding coherence decays inTE-DM-1-1. The signals of
the Qn units in the TE gel survive 1 ms of the dipolar
dephasing period (it remains 8% of their original signal
intensity). In addition, the modulation of the magnetization
decay by refocusing CSA and coherent dipolar dephasing is
less apparent. Thus at the 5 kHz spinning speed, preferen-
tially incoherent processes and/or homogeneous dipolar
interactions are the main source of the magnetization
decay. This relatively fast decay compared with the1H
magnetization decay directly detected in the1H NMR
spectra for hydrogen-bonded water molecules and silanols
(4.79 ppm in 1H MAS NMR) indicates, that not all
hydrogen-bonded water molecules are sufficiently close to
protons participating in CP to affect their1H spin state or to
be directly involved in the energy reservoirs for CP. This
finding is confirmed by a 2D WISE experiment that is in
principle very similar to the above-mentioned experiment.
Linewidths of the1H slices in the 2D spectra of all structure
units (Q2, Q3 andQ4) are nearly the same (ca. 1.8 kHz, cf.
Fig. 7). As they are larger than the linewidth of the signal in
the 1H MAS NMR spectra (478 Hz at 5 kHz of MAS
frequency), it is clear that not all water and silanol protons,
but only those with restricted mobility participate in CP.
The presence of such protons corresponds with the presence
of ^1 SSB with linewidth of ca. 1.7 kHz. In general, it
follows that there are at least two groups of motionally or
laterally different proton spins in the material. One of them
being too mobile or too distant from the29Si nuclei to parti-
cipate in CP. Hydrogen bonding or other interactions in the
second reservoir of protons (not only protons indicated by
the ‘lowest-field’ broad resonance at ca. 6.5 ppm) are
sufficiently strong so that the consequently restricted motion
cannot effectively average out the Hamiltonian of hetero-
nuclear and homonuclear dipolar interactions. All1H
signals were slightly narrowed to about 0.5 kHz by the intro-
duction of the spin diffusion period (20 ms) confirming
close spatial position and communication of water
molecules with siloxane matrix (cf. Fig. 7b).

In contrast, the1H coherence decay of signals of theTE-
DM-1-1 gel units is much faster and more modulated by
refocusing of coherent processes. The intensities of the
signals of all three structure units (D2, Q3 and Q4) reach
the first minimum at 100ms of the dipolar dephasing period
(cf. Fig. 6) corresponding with the magnetization decay of
methyl protons. It follows that methyl protons affect the1H
spin-state of cross-polarizing protons and/or may be the
main source for CP. The 2D WISE experiment confirms
these statements because the lineshapes of1H slices of all
units are very similar (cf. Fig. 7c). Silanol protons do not
take part in the CP process, which is given by their weak
homonuclear dipolar coupling with other proton spins
(additionally weakened by MAS) and by the fact that the
resulting heteronuclear coupling of nearly isolated spin
pairs are easily spun into sidebands.
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Table 3
T1r (1H) times of some structural units inTE aTE-DM-1-1 gels at different
temperatures and calculated activation energies of their motion

T1r (
1H), ms

T (K) TE TE-DM-1-1

4.79 ppma 3.42 ppmb 0.09 ppmc

303 5.29 3.65 15.70
318 5.78 7.22 16.81
333 6.55 10.00 17.08
343 6.77 12.21 18.34
Ea (kJ mol21) 5.4 26.4 3.4

a Water and silanols hydrogen-bonded to water molecules.
b Weakly hydrogen-bonded silanols.
c Methyl protonsxSi–CH3.



3.2. 1H spin-diffusion and molecular modeling

To determine the size of heterogeneities and characterize
the morphology of the system, a1H spin-diffusion experi-
ment designed by Goldmann–Shen [30] was performed.
This 1H spin diffusion experiment is based on the presence
of proton species differing inT2 relaxation, which mutually
communicate by means of dipolar couplings. In the static
sample, the dipolar couplings are not averaged by MAS.
The T2 filter only selected the magnetization of silanol
protons.

The evaluation of spin-diffusion curve was performed
using to a strategy proposed by Schmidt-Rohr and Spiess

[38] for a two-phase system with an interface and for
variable dimensionalitye � 1–3: As the general evaluation
of spin diffusion process and derivation of all equations is
well described in the literature [38,43] we present here only
our basic considerations and predictions. The effective
diffusivity, calculated according to the following equation:

�����
Deff

p � 2r
�����������
DOHDMe
p������

DOH
p

1 r
������
DMe
p �2�

was used to simulate spin-diffusion process. The proton spin
density ratio is defined asr � rMe=rOH: Diffusivity for
silanol protons, which are located in TEOS particles, was
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Fig. 6. 1H coherence decays ofD2 andQn structure units signals ofTE-DM-1-1 andTE materials.



calculated according to the following equation [43]:

DOH � 1
6

kr2l�aDn1=2�1=2 �3�

wherekr2l is the mean-square distance between the nearest
spins;a is cut-off parameter andDn1/2 is f.w.h.i. for the
Lorentzian lineshape. Diffusion coefficient of methyl
protons of copolymer phase was calculated from the
equation, which is valid for Gaussian lineshape [43]:

DMe � 1
12

���������
p

2 ln 2

r
kr2lDn1=2 �4�

A rather gross simplification had to be made to evaluate
kr2l and spin density in the hybrid siloxane network. The
two-component phase-separated system consisting of
particles of DMDEOS monomer units on the one hand

and of TEOS units on the other was chosen as the first
model. All silanol protons are located in a part of TEOS
monomer units because they are only slightly coupled by
dipolar interaction to other (methyl) protons. (Dipolar
broadening is relatively weak.) To determine the distances
of silanol protons (only the nearest-neighbor proton–proton
distances up to 0.5 nm were taken into account), a dimer of
the earlier proposed [9,19] polycyclic basic structure unit
containing nine silicon atoms was considered as a model
compound (monomeric structure unit is shown in Fig. 9c).
Owing to a high proportion of cyclization during poly-
condenzation of DMDEOS, cyclic tetramer (cycloocta-
methyltetrasiloxane) was proposed as the simplest limit
model for evaluating the proton–proton distance of methyl
protons. The geometry of these units was optimized using
molecular mechanics calculations. Calculated values, which
are in a good agreement with interatomic distance in a
cristobalite model [21] (for TEOS units), are listed in
Table 4.

To extract domain sizes of both phases (TEOS phase—
dOH and copolymer phase—dMe) as well as of the interface
(di) from the spin diffusion experiment, the ratio of equi-
librium NMR signal intensitiesE � IOH�eq�=IMe�eq� and the
ratio of spin densitiesr have to be determined [31,38,43].
They are related to the volume fraction of the dispersed
phase by the expression

FOH � rE
1 1 rE

� dOH 1 di

dOH 1 dMe 1 2di

� �e
�5�

The value E � 1=12 obtained from the static1H NMR
spectrum is inconsistent with the assumption that the system
is formed only by two phases containing TEOS and
DMDEOS monomer units, respectively. On the contrary,
the calculated data indicate that ca. 50% of TEOS monomer
units are directly built into the other phase, where DMDEOS
units predominate. It is in accord with our findings [26]
about the course of the early stages of copolymerization
of TEOS and DMDEOS considering ca. 80% of DMDEOS
units being built into the copolymers and 20% forming
homopolymers after a five-day reaction. At the same time,
9% of TEOS units are not yet condensed, 54% form dimers
and a small amount of short oligomers due to self-
condensation, and 37% of TEOS units are included in the
copolymers [26]. It follows that also the parameterr (ratio
of spin densities) has to be corrected: the valuer � 2:05
following from the aforementioned two component model
consisting only of short oligomers was recalculated tor �
2:46: The higher value ofr indicates a lower spin density of
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Fig. 7. (a)1H slices of 2D WISE spectra ofQn structure units ofTE; (b) 1H
slices of 2D WISE spectra with a spin diffusion period (20 ms) of the same
structure units; (c)1H slices of 2D WISE spectra ofD2 andQn structure
units ofTE-DM-1-1.

Table 4
Calculated proton-proton mean distancekrl; mean square distancekr2l; diffusion coefficientsDOH andDMe; effective diffusion coefficient�Deff� 0:136� Deff;
spin concentrationscOH andcMe; proton fractionF ; densityrOH andrMe and spin densityr (s)OH andr (s)Me

krl (nm) kr2l (nm2) D (nm2 ms21) c F r (g cm23) r (s) (g cm23)

Silanol protons (OH) 0.37 0.162 0.013 0.077 0.016 1.96 0.038
Methyl protons (Me) 0.27 0.078 0.146 0.923 0.081 0.97 0.078



homopolymer phase following from a higher condensation
degree (decreased content of silanol protons) in contrast to
the dimer model of polycyclic units. It should be noted that
parameter r strongly affects calculated dimensions of
individual phases as follows from Eq. (5). We suppose
that the interfacial region is equally divided between the
two main components.

It can be seen in Fig. 8 that the calculated diffusion curves
of systems with 2D morphology well describe the experi-
mental data for intermediate and long times. From a
comparison of the experimental and calculated data (cf.
Fig. 8 and Table 5), it is clear, that the material is nano-
heterogeneous with the domain size of the TEOS homo-
polymer phase ca. 1.3 nm. The dimension of copolymer
domains containing methyl groups is 2.1 nm. The presence
of an interface between the copolymer and homopolymer
phases results in the deviation of spin diffusion curves from
linearity for smallt1=2m values. To determine the size of the
interface, a spatially dependent spin diffusion coefficient
was assumed varying linearly between the valuesDMe and
DOH. The interface region is very small having the thickness
ca. 0.5 nm. The so-called long period is then 4.4 nm.

All the above mentioned findings allow us to propose
molecular structure of the hybrid siloxane network formed
by copolymerization of TEOS and DMDEOS. The “low-
field” shift of 29Si NMR signals, differentT1r(

1H) relaxation
times, dipolar dephasing experiments, etc., indicate a nano-
heterogeneous system, which is formed by relatively

uniform structure units in both phases. The spin diffusion
experiment confirmed this assumption, the calculated size of
TEOS homopolymer domains is about 1.3 nm and the
particle size in the copolymer phase is larger, ca. 2.1 nm.
As was shown in our previous work [26], in the early stages
of copolymerization, a diverse mixture of short homo-
polymer and copolymer chains forms with the number-
average degree of polymerization ca.Pn � 4–5: As
cyclization is a significant process in polycondensation of
alkoxysilanes and its importance increases with increasing
reaction time, cyclic products form small building units of
the arising gel. TEOS homopolymer particles are with high
probability polycyclic units having 9–10 silicon atoms. The
formation of such particles in polycondensation of TEOS is
well discussed in the literature [9,19,44]. Chemical shifts of
D2 units in the 29Si CP/MAS NMR spectra also reflect
formation of polycyclic copolymers of DMDEOS and
TEOS monomer units. The presence of single cyclic
tetramers formed during polycondensation was confirmed
by comparing calculated and experimentally determined
29Si NMR chemical shifts [26]. In the present work, the
geometry and29Si principal values of chemical shift tensors
and isotropic chemical shifts of some of possible polycyclic
condensed copolymers and homopolymers were optimized
and calculated using ab initio calculations (cf. Fig. 9a and
b). The obtained calculated and experimental data (only for
the D2 structure unit in the TE-DM-1-1 material,
determined from static29Si CP NMR spectra) are listed in
Table 6. The experimental principal value of the29Si
chemical shift tensor was determined from the best fit of
static powder-pattern spectra and corrected for inhomo-
geneously broadened lineshape of central signal using
Bruker program package WinFit. For comparison, the
calculated principal value of the29Si chemical shift tensor
of the inner silicon atom of linear trimer (HO)(EtO)2Si–O–
Si(CH3)2–O–Si(EtO)2(OH) are presented. All calculated
data are relatively close to the experimentally determined
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Fig. 8. Time dependence of NMR spin diffusion observables for the
copolymer phase (filled circles). The continuous lines are calculated spin
diffusion dependencies (dashed line for dimensionalitye � 1; solid line for
dimensionalitye � 2�: NMR spin diffusion observables for copolymer
phase are the integrated intensities of broad component of static1H NMR
spectra corresponding with methyls.

Table 5
Calculated domain size for different dimensionalitiese � 1 and 2

e � 1 e � 2

dOH (nm) 0.3 1.3
dMe (nm) 3.8 2.1
di (nm) 0.6 0.5
d � dOH 1 dMe1di 5.3 4.4

a) b)

c)

Fig. 9. Ab initio optimized geometry of the basic structure units calculated
with the HF/6-31Gp basis set.



values confirming copolymerization. Although at this level
of theory the calculated data of chemical shift principal
values do not enable an unambiguous assignment of the
specific structure units, parameters of asymmetry indicate
formation of cyclic structure. As the changes caused by
cyclization and formation of polycyclic units are relatively
small to be reflected in the calculated values of the chemical
shift tensor at a given level of theory, formation of a small
portion of linear structures cannot be quite excluded.

From all the aforementioned data it follows that the
siloxane material is formed by copolymer and homopolymer
particles. However, the discussed cyclic copolymers alone
can hardly form a strong infinite network because their
effective functionality is relatively low� f � 2–3�; in
addition, it is well known that the formation of
alkyl(alkoxy)silane network with functionalityf � 3 is
complicated due to high cyclization during polyconden-
sation [19]. Although the morphology of the siloxane
materials is not known, we suggest so-called “bicontinuous,
random morphology” [45]. This means that there are two
infinite and continuous networks, which are interlaced as
well as chemically bonded together. The relatively thin
network of TEOS homopolymers provides strength and
consistency and the larger but weaker copolymer network
fills the former one. Our suggestion corresponds with the
determined dimensionality which is betweene � 2 ande �
1: Introducing the dimensionality as the number of orthogo-
nal directions relevant for the spin diffusion process, one can
imagine a 2D spin diffusion process in siloxane network
branches and a 1D process at network junctions.

4. Conclusion

All the above mentioned results allow us to conclude that
modification of siloxane network by copolymerization of
DMDEOS and TEOS causes a series of structure changes.

In the modified siloxane network, the amount of water is
significantly reduced down to its absence. In a non-modified
siloxane material, a part of water and silanol protons is very

mobile and participates in the chemical exchange. Although
they do not directly participate in cross-polarization, they
are still sufficiently close to the other part, immobile, cross-
polarizing protons, to affect their spin system. In the
modified siloxane network, where no water is tensors and
the isotropic chemical shift support our predictions that
copolymers with polycyclic structure units are pre-
dominantly formed. As such particles alone can only hardly
form infinite network, the TEOS homopolymer layer
provides its cohesion (consistency).
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