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Abstract. This paper highlights the use of two-dimensional (2D) solid-state NMR correlation techniques to
probe the chemical homogeneity of organically modified silicate networks. SpeciféaljtH} heteronuclear
correlation (HETCOR) NMR experiments have revealed the spatial proximity of the two types of Si units presentin
a gel obtained from co-hydrolysis of methyldiethoxysilane and triethoxysilane. Similar information has also been
obtained by using 2BH homonuclear correlation NMR spectroscopy. Such experiments were only possible by
combining the use of high magnetic field (14.10 T) with fast MAS spinning rate (30 kHz).

Keywords: hybrid systems, polysiloxanes, structure, solid state NMR

1. Introduction =Sig-OH + XO-Sig= — =Sig-0-Sik=-+ HOX
Hydrolysis and condensation of organosilanes gener- Co-condensation: @
ally lead to the formation of organically modified sil- i t . i

icate networks in which organic R groups are directly =~ =>A"OH + XO-Sig= — =Six-O-Sg=+ HOX

grafted to the silicate network [1]. The spatial distri- 3)
bution of the various constitutive units in the final gel ) N )

network depends on the chemical reactivity of the start-  COmMPplex series of often competitive chemical reac-
ing monomeric precursors whose hydrolytic reactivi- 1ONS are present at each stage of the synthesis proce-
ties may be different [2]. Both self-condensation (1) dure, not only in solution (hydrolysis and condensa-
and co-condensation (2, 3) reactions can occur, angtion), but also during aging before gelation, and then

this will influence the nature of the condensed species during drying. They will strongly influence the process
formed in solution. of network formation, and consequently the structural

properties of the final materials. It is thus important to

Self-gondensation: _ use appropriate characterization tools not only to iden-
=Sip-OH + XO-Six= tify and quantify the building units, but also to probe
— =Sjp-0-Sip=+ HOX(X =R/, H) (1) their spatial arrangements.

In these organically modified silicates, the presence
*To whom all correspondence should be addressed. of protonated groups that are directly bonded to some
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Si atoms makes the use ¥6i{'H} cross-polarization =~ MSL-300 spectrometer (7.05 T) and a Chemagnetics
(CP) technique very valuable. Based on magnetization CMX-500 spectrometer (11.75 T). TPPI was used for
transfer between abundant and rare spins (Hérand phase sensitivity with a 3-s repetition time and 128
295 respectively), this technique has been often com- individual experiments with 8 to 48 acquisitions. The
bined with MAS and high power proton decoupling to 1H MAS-NMR experiments were recorded on a Bruker
increase the sensitivity of dilute nuclei [3]. The effi- DRX600 spectrometer (14.10 T) equipped with a high-
ciency of magnetization transfer, which occurs during speed MAS probe-head (2.5 mm zirconia rotors), capa-
the contact timey, is directly related to thé°Si-*H ble of spinning up to 35 kHz. The 1EH spectra were
dipolar coupling strength and thus to tFSi-1H dis- recorded with 125-kHz spectral width, 1-s recycle de-
tances and mobility. Study of the polarization transfer lay and 2.75x+s 90 pulses. For the 2D experiments,
dynamics can thus provide structural information about 16 acquisitions with a 10-kHz spectral width and 2-s
the proton environment of each detected Si sites. delay were recorded for each of the 128xperiments.

But, the main difficulty encountered in the one-
dimensional (1D) CP experiment is the uncertain na- 3 Results
ture of the protons that are the actual sources of the ™
magnetization that is transferred, which interferes with . .
conclusions concerning the spatial proximities between 3.1 'HZsi Heteronuc_:lear Correlation (HETCOR)
'H and?°Si nuclei. The use of two-dimensional (2D) MAS NMR Experiments
29Si{*H} CP-MAS heteronuclear (HETCOR) NMR ex-
periment can, however, circumvent this problem. This
technique was first introduced to characterize surface
species on silica and zeolite [4] and has also been
applied to two siloxane-silica systems prepared from
methyltriethoxysilane (MTES) and tetraethoxysilane
(TEOS) [5] and phenyltriethoxysilane (PhTES) and
tetraethoxysilane (TEOS) [6]. In these examples, only
one contact timet., was used for each system. But,
indeed . can be used as a parameter to probe the spa
tial proximity between the protons and the varié?Si
sites.

This paper will present results obtained with 2D
29Si{*H} HETCOR MAS NMR experiments, as well
as 2D 'H homonuclear correlation MAS NMR ex-
periments, to probe the chemical homogeneity of
hybrid networks prepared by co-hydrolysis of methy-
diethoxysilane and triethoxysilane.

Figure 1 shows 2¥°Si{*H} HETCOR MAS NMR
spectra which were obtained for thé'DH1 gel for
two differentt. values. In thé'H dimension, two sig-
nals are present due to Si-Gf$ = 0.2 ppm) and Si-H

(8 = 4.6 ppm) species, and in tH#&Si dimension, the
two peaks are characteristic of'[3 = —35 ppm) and

TH units ¢ = —85 ppm). At short, (~50 1S), correla-
tions are observed only between the two type&si
_units and the Si-Hroton species, indicating that the
polarization transfer t3°Si nuclei occurs only from
the directly bondedH nuclei. For longert. values
(e.g.~3 ms), correlations are observed not only be-
tween the Si-El; groups and the b units, but also
between these methyl protons and thé Moieties.
Analysis of the intensity variations of these correlation
peaks witht. (Fig. 2) allow the extraction of associated
cross-relaxatiof;s times, which are characteristic of
the respectivé®Si-'H dipolar coupling strengths. As
expected, the values corresponding to dipolar interac-
tions between the Si-protons and the tw#ySi sites are
similar (ca. 10Qus). Interestingly, the cross-relaxation
times associated with the dipolar interactions between
the Si-CH, protons and the two types of Si units are
also similar (ca. 1.5 ms); this suggests a close spatial
proximity between the b and T units.

2. Experimental

All chemicals have been used as received. The gel
was prepared by co-hydrolyzing methyldiethoxysilane
((CH3)HSI(OELt)) and triethoxysilane HSIi(OE{)in

a 1/1 ratio under acidic conditions (EtOH/Si 2;
H,O/OEt= 1; pH = 2(HCI)). The resulting solution
was aged in closed tubes at@Xor 24 h, during which

gelation occurred. Then, the gel was dried at"TDfbr 3.2. 2D'H Homonuclear Correlation MAS
several days. The notatiod"&nd D! will be used re- NMR Experiments

spectively for the CBHSIO, and HSIQ sites and the

gel will be labeled 1'D"1. Another way to probe the proximity of the t%2Si sites

The 2D??%Si{*H} heteronuclear correlation MAS- is to record a 2D'"H homonuclear correlation MAS
NMR experiments were recorded on a Bruker NMR spectrum, to see wheth&d magnetization can
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Figure 1 2D 29Si{'H} heteronuclear correlation MAS NMR spectra (contour plot) 8Dt'1 gel recorded for two contact times: 308 and

3 ms.
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Figure 2 Variation, with contact time, of the intensity of the cor-
relation peaks observed in the 2B5i{'H} HETCOR experiments.

be transferred between different proton species [7, 8].
This kind of experiment requires high resolutidH
NMR spectra in order to distinguish the various pro-
ton sources. However solid-stdtd NMR spectra are

known to usually have relative poor resolution when
using simple experimental conditions, due to strong ho-
mogeneous broadening from homonuclear dipolar in-
teractions that are only partially averaged by MAS [9].
Multiple-pulse sequences combined with MAS have
thus been developed to obtain better resolved spec-
tra [10]. Using the combination of both high magnetic
fields (14.1to 18.8 T) and fast MAS spinning rates (up
to 35 kHz), it is possible similarly to obtain large im-
provements in spectral resolution. For example, com-
parison of Fig. 3(a) and (b) illustrates the effect of mag-
netic field strength on the resolution dtAMAS-NMR
spectrum of the TDH1 gel. At 14.10 T, two distinct
signals are visible at 4.4 ppm and 4.8 ppm due to SiH
groups in T and D' units respectively with corre-
sponding Full-Width-at-Half-Maximum (FWHM) of
220 and 185 Hz. A faster spinning rate of 30 kHz
(Fig. 3(c)) produces still better resolution with respec-
tive FWHMs of 175and 120Hz. At 14.10 T and 30 kHz,
2D *H homonuclear correlation spectra were recorded
for different mixing times (Fig. 4), during which mag-
netization transfer may occur between the various pro-
ton species. Cross-peaks are notvisible for short mixing
times {n = 1 ms), indicating that for this time scale,
the SiHand CH, groups can be considered to be iso-
lated. The residual dipolar couplings, if any, between
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Figure 3 1H MAS-NMR spectra of a gel prepared from co-
hydrolysis of MDES and TREOS in a 1/1 ratio.
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these species may lead'td magnetization exchange at
longer mixing times. Indeed, cross peaks between the
two types of SiHgroups start to appear & = 5 ms
while cross-peaks between each $jHde and the CH
species are only present figr> 100 ms (Fig. 4). Inter-
estingly, *H magnetization transfer is more efficient
between SiHgroups belonging to the two different
types of Si units, rather than between the &itdl CH,
groups which belong to the same Si unit{{DThe
presence of cross-peaks between the two SiH groups at
short mixing times strongly suggests the existence of
mixed domains in which the two Si units are in close
contact.

4. Conclusions

The solid-state 239Si{*H} heteronuclear correlation
NMR experiments as well as the 2BH homonu-
clear correlation experiments can provide new insights
on the structural proximity of different Si species in
sol-gel derived siloxane-based materials. The infor-
mation contents of such measurements are improved
under conditions of high magnetic fields and fast
MAS spinning rates. For a gel prepared from co-
hydrolysis of methyldiethoxysilane and triethoxysi-
lane, the 2¥°Si{*H} heteronuclear correlation experi-
ments recorded with variable contact time and the 2D
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Figure 4 2D H homonuclear correlation MAS NMR spectra df 31 gel recorded with mixing times of 5 and 500 ms.
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