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ABSTRACT

A large array of advanced solid state NMR (nuclear magnetic
resonance) techniques is presented in the frame of the structural
characterization of sol-gel-derived materials. These techniques
include the pertinent detection of O chemical shifts, MAS (magic
angle spinning) J spectroscopy in the solid state, high-resolution
'H spectroscopy, heteronuclear and homonuclear D (dipolar)-
derived multidimensional correlation experiments, and first-
principles calculations of NMR parameters. This spectroscopic
approach is suitable for the in-depth description of multicompo-
nent sol-gel derivatives, crystalline and amorphous biocompatible
silicophosphates, AI-O-P clusters, and templated porous materials.
It offers unique perspectives for the description of the hybrid
interfaces in terms of chemical and spatial connectivities.

Introduction

The tailoring of materials obtained by sol-gel methods is
now well-established and widely used for a large variety
of chemical, physical, and mechanical applications." These
materials include (i) numerous silica- and/or siloxane-
based hybrid derivatives, (i) functional organic and
inorganic materials involving even biological components,
(iii) mesoporous materials synthesized in the presence of
surfactants or block copolymers, and (iv) host-guest
systems involving immobilized molecules in porous struc-
tures. All these systems can be considered as nanocom-
posites whose physical and chemical properties are related
to the homogeneity of the complex oxide network and to
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the chemical nature of the interfaces between the involved
nanocomponents. The characterization of these materials
relies on the crucial notion of connectivity, which can be
further defined in terms of chemical connectivity and
spatial connectivity.

Recent developments in solid state NMR offer appeal-
ing perspectives for the detailed characterization of sol-gel
materials. This spectroscopic technique, which is a local
probe in nature, can establish “dialogs” between nuclear
spins for typical lengths ranging from several angstroms
to ~100 nm.>? In that sense, solid state NMR is a perfect
tool for investigation of the interfaces in nanomaterials.
The versatility of the NMR approach relies on the fact that
it is possible to “play” with all NMR interactions, namely,
the chemical shift (6), the scalar coupling (J), and the
dipolar (D) and quadrupolar (Q; I > !/,) interactions, and
topredictthe NMR parameters byfirst-principles calculations.

Recently, spectacular improvements in resolution have
been achieved for the quadrupolar nuclei and for 'H by using
sophisticated methods such as the MQ MAS (multiple-
quantum magic angle spinning) experiment* and ultrafast
MAS,? respectively. Quadrupolar nuclei such as #“Al, B, and
5V are often present in sol-gel materials and can be
considered as spectroscopic spies. 7O (I=5/,) is obviously
a key nucleus for the description of complex oxide networks,
as well as 'H, which is present in all components of the
nanocomposite materials. Solid state J spectroscopy offers
new opportunities for the description of chemical bonding
in solids.®” This approach should be of paramount impor-
tance for the description of the covalent nature of grafting
on oxide nanoparticles. As we will show below, the 6 and J
interactions are able to characterize the chemical connec-
tivities between species.

The spatial connectivities can be established by using
the dipolar interaction and the spin diffusion process. The
CP (cross-polarization) experiment® establishes contacts
between dipolarly coupled spins. This interaction is
proportional to 1/7%, where r stands for the internuclear
distance. The CP approach is therefore a method of choice
for distance measurements and for the characterization
of hybrid interfaces through two-dimensional (2D) HET-
COR experiments (heteronuclear correlation). The dipolar
interaction can be strongly modulated by the mobility of
the involved species, leading to crucial dynamical data.

In the case of quadrupolar nuclei, alternative tech-
niques such as TRAPDOR (transfer of population in double
resonance)’ can be implemented, leading also to the
estimation of internuclear distances.

The strong 'H-'H dipolar interaction is of prime impor-
tance for the description of interfaces and can be used for
the description of proton spatial connectivities and H-
bonded networks. 2D double-quantum (DQ) experiments
(BABA or BAck to BAck)'? allow the selection of 'H-'H spin
pairs, thereby disentangling complex 'H spectra. The BABA
acronym comes from the presence of very closely spaced
pulses in the time domain (see Figure 8, bottom).

* To whom correspondence should be addressed.
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FIGURE 1. Solid state NMR approach presented in this work.

In parallel to this experimental NMR approach, power-
ful first-principles calculations of NMR parameters'' can
act as an original way of improving the understanding of
the spectral data and can be safely transposed to the study
of ill-defined interfaces.'? The various aspects of the solid
state NMR approach are summarized in Figure 1. The core
of this approach corresponds to high-resolution experi-
ments, namely, MAS and MQ MAS. Starting from these
fundamental experiments, we are then able to focus on
each NMR interaction with a precise spectroscopic goal
in mind, as well as on the computer-assisted calculations
of NMR data.

During the past few years, several groups have com-
bined high-resolution "H NMR spectroscopy [single-
quantum (SQ) and DQ]J, HETCOR experiments (‘H-?°Si
and 'H-?7Al), spin diffusion, exchange spectroscopy, and
J spectroscopy for the characterization of hybrid ma-
terials,*'® functionalized nanoparticles,'”'® and tem-
plated porous materials in powder as well as in thin film
forms.!9-2¢

The aim of this Account is to illustrate the solid state
NMR approach applied to the characterization of chemical
and spatial connectivities in sol-gel materials. The chemi-
cal connectivities will be demonstrated by using the '’O
chemical shift as a probe for the study of multicomponent
sol-gel materials and by using the MAS J spectroscopy in
the case of silicophosphates and aluminophosphate clus-
ters. The silicophosphate gels are potential candidates for
biocompatible materials, whereas the AI-O-P clusters can

act as starting materials for aluminophosphate mesopor-
ous materials.?’ The next section deals with 'H high-
resolution solid state NMR and CP experiments. Distance
measurement is demonstrated in the case of silsesquiox-
anes, which are precursors for materials with controlled
porosity.?®?® HETCOR and 'H DQ experiments will be
presented in the frame of the silica—surfactant interactions
in mesophases, whereas TRAPDOR experiments will il-
lustrate the study of silica-hydroxyapatite composites.
Finally, first-principles calculations will be applied to the
structural characterization of a surfactant-templated silica
framework in the absence of three-dimensional (3D)
crystallinity.

Chemical Connectivities

Two interactions are considered in this section: the
chemical shift (6) and the scalar coupling J. We will focus
on the 6(*0) of oxo bridges in sol-gel derivatives and
MAS-J-INADEQUATE (incredible natural abundance double
quantum transfer experiment) and MAS-/-HMQC (het-
eronuclear multiple-quantum correlation) experiments in
the frame of silicophosphates and aluminophosphates.

170 MAS NMR Experiments. The degree of homogene-
ity of the multicomponent sol-gel materials depends on
the ability to favor co-condensation reactions between the
precursors, despite their intrinsically different reactivities
with respect to hydrolysis. Oxygen is a key chemical
element in sol-gel chemistry,®® and 'O solid state NMR
experiments appear to be a straightforward characteriza-
tion tool for probing the different oxo bridges. However,
one difficulty with this technique is its poor sensitivity due
to the low natural abundance of the 70 isotope (0.037%).
This problem can be overcome by using '“O-enriched
water for the hydrolysis step that ensures efficient incor-
poration of 7O into the growing oxide network. Another
difficulty results from second-order quadrupolar effects
(I="11/,), leading to broadened lines under MAS. Interest-
ingly, 'O NMR chemical shifts are very sensitive to
molecular structure and chemical environment. Coordi-
nation and bonding of oxygen atoms may be distinguished
due to a large chemical shift range (1500 ppm), as
illustrated in Figure 2a for Si-O-Si,*! Ti~O-Ti,** Zr-O-Zr,*
Ta-0-Ta,?* Nb-O-Nb,3®> Ge-0-Ge,*® V-0-V,3” Al-O-Al3®
and B-O-B*® bonds. Signals from co-condensed Si-O-M
species are expected at intermediate chemical shift values
between Si-O-Si and M-O-M shifts, as already reported
for M = Ti,*%4! Ta,3* v,*? B,*3 Al,%® Zr, Nb, or Ge.**

The YO MAS NMR spectra of several polydimethyl-
siloxane (PDMS)-oxide nanocomposites** prepared from
Me,Si(OEt), (dimethyldiethoxysilane) and metal alkoxides
M(OR),, where M = Ti, Zr, Nb, and Ta are presented in
Figure 2b. From Figure 2a, self-condensed Si—-O-Si (~0-100
ppm) and M-O-M (>250 ppm) bonds are evidenced.
Interestingly, several signals are observed for these latter
species, corresponding to the multiple coordination modes
of O atoms (with transition metal elements). In the
intermediate chemical shift range, co-condensed Si-O-M

VOL. 40, NO. 9, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 139



NMR Characterization of Sol-Gel-Derived Materials Bonhomme et al.

a) B0 Al-O- Al
Ogo-8
V-0-V l(‘:‘e-t?)- Ge.I
Xt I 1 1 I
(PPm) 800 600 200 HH o

0 20 echo
b) IT o k“I"Fr\\:!t I i k"l\’rot

oTi,
2 OTi, gi0.-1i/ | Si-0-si

Si-0-8i

800 600 400 200 0 -200
(ppm)

FIGURE 2. (a) "0 isotropic chemical shifts for M—""0-M oxo bridges.
(b) "0 MAS echo experiments for several PDMS-metal-oxo
nanocomposites.**

resonances were observed with large intensities. This
proves that good interconnection within the oxide network
is attained.

The identification of mixed Si-O-M oxo bridges where
M = Al, Ge, or B is more difficult because of overlapping
signals (Figure 2a). In this case, the MQ MAS sequence*
has been succesfully applied to distinguish Si-O-Si from
Si-O-B bonds in a polyborosiloxane gel** as well as
Si-0-Si from Si-O-Al bonds in an aluminosilicate.*® More
difficult is the identification of the various Si-O-Si oxo
bridges in siloxane-silica systems because of similar '’O
chemical shifts. Nonetheless, using '"O MQ MAS NMR
experiments, (T)-O-(T), (T)-0-(Q), and (Q)-O—(Q) units
could be distinguished in gels from mixtures of MeSi(OEt)4
and Si(OEt),'® (T and Q stand for C-SiO; and SiO,, units,
respectively).

Such 7O studies can be extended to phosphonate
materials. Phenylphosphonate-functionalized titania have
been studied by 'O MAS NMR,** showing the presence
of extensive Ti-O-P bonding in the materials.

J Spectroscopy in Solid State NMR. J-derived se-
quences have been extended to the study of crystalline
and amorphous derivatives (homonuclear INADEQUATE
and heteronuclear HMQC). The facile use of the J-derived
MAS experiments relies on the fact that the characteristic
lifetimes of the involved coherences are long enough for
efficient transfer of coherence or polarization.”*® Crystal-
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line phosphate phases and amorphous glasses have been
characterized by 3'P-*'P INADEQUATE, 3'P J-resolved
experiments, and HMQC experiments.”*’ ] spectroscopy
is obviously suitable for the structural characterization of
silicophosphates and aluminophosphates, in both the
crystalline and amorphous states.*® Figure 3a shows the
31p MAS spectrum of a complex mixture of SiP,0, poly-
morphs and the Si;O(PO,)s phase*® (atomic environments
are also presented). The 3*'P-*'P homonuclear INAD-
EQUATE spectrum (Figure 3b), based on ?J,_o_p constants
(~20 Hz), allows unambiguous assignment of the pairs
of atoms (P, and Py) corresponding to the various phases.
Such an experiment correlates a SQ MAS spectrum and a
DQ spectrum corresponding to the sum of the individual
chemical shifts. The INADEQUATE approach can be
extended to amorphous silicophosphate gels. In Figure 3c,
the one-dimensional (1D) INADEQUATE spectrum of a
gel [1:4:3 Si(OEt),:EtOH:H,,0, H,P,0, 1:1 Si:P, T= 136 °C]
is presented, showing the editing role of the sequence in
terms of P-O-P bonds versus 7.* Here, the notation Q'
stands for OP(OP),(OX),_, species where 0 < N < 3.
Figure 4 illustrates the heteronuclear MAS-J-HMQC
experiment, characterizing P-O-Si bonds in the complex
crystalline and amorphous silicophosphate mixtures.*84°
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FIGURE 4. (Top) 2D *Si-*'P MAS-J-HMQC experiment applied to
SiP,0, polymorphs and Si;0(P0,)s.* (Bottom) 2D 3'P-#Al MAS-J-
HMQC experiment applied to [Al,(HPO,),(C,Hs0H),,]Cl,4C,H;0H.%°

Cross-peaks indicate the chemical connections between
the 2°Si nuclei and the corresponding pyrophosphate
groups or the unique P site in the case of Si;O(PO,)q
Cloo.si ~ 15 Hz).

Various Al-O-P secondary building units (SBU) of
zeolites have been described in the literature.
[Al,(HPO,),(C,H;OH);,]Cl,;4C,H;OH*° (shown in Figure
4) can be described as a cubane-shaped cluster, involving
Al-O-P and P-OH bonds. The 27Al-3!P MAS-J-HMQC
spectrum shows the correlation between the unique *7Al
site (broadened by second-order quadrupolar effects) and
the unique 3P site (*Jy_op ~ 25 Hz).

Spatial Connectivities

In this section, the homonuclear and heteronuclear
dipolar interactions are used for spectroscopic purposes.
Such interactions involve mainly 'H, for which adequate
high-resolution techniques are required.

'H High-Resolution Solid State NMR. 'H nuclei are
mainly subjected to the homogeneous homonuclar dipolar
interaction. It follows that standard MAS experiments (v,
< 15 kHz) are generally unable to achieve reasonable
resolution. Resolution has been greatly improved over the
past few years by a combination of fast MAS,® Lee-Gold-
burg (LG) off-resonance decoupling,®® multiple-pulse ex-
periments,®” and tailored pulse schemes.®® Figure 5a
shows the dramatic increase in resolution for [Al,(HPO,) -
(C,H;0H);,]Cl,4C,H,OH>® by using fast MAS (B, = 14 T).
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FIGURE 5. (a) "H MAS SPE for [Al,(HPO,),(C,Hs0H),,ICl,4C,H,0H

for variable v,., values. (b) CRAMPS-BR24 experiment. (c) 'H-"H
correlation under LG irradiation.

When v, = 35 kHz, four isotropic resonances are
observed corresponding to CH;CH,OH molecules and
P-OH groups. The same resolution is obtained by using
the CRAMPS-BR24 sequence® (Figure 5b), as well as in a
2D 'H-'H experiment under LG irradiation during #
(Figure 5c). Fast MAS at very high field is therefore an
acceptable alternative for high-resolution '"H NMR and has
been widely used for the in-depth description of sol-gel
materials and hybrid derivatives.'3~%5°

Dipolar Interactions Assessed via CP, HETCOR, and
BABA Experiments. The CP MAS experiment® increases
the magnitude of the signal of the low-abundance nuclei
(Y) from an abundant spin reservoir (X). It relies on the
heteronuclear dipolar interaction, allowing therefore the
measurement of distances between nuclei®® and the study
of local molecular motion. The basic CP MAS experiment
is presented in Figure 6, involving three blocks. Block 1
corresponds to a t; evolution for X if 2D experiments are
performed (HETCOR). Homonuclear decoupling between
X nuclei can be applied. Block 2 corresponds to the CP
transfer (during the contact time #-p) under the Hartman—
Hahn (H-H) condition.>” Many improvements have been
proposed for the efficient broadening of the H-H condi-
tion under very fast MAS.%® LG irradiation of the X channel
can be implemented as well. Block 3 corresponds to the
acquisition of the Y signal under {X} decoupling. Spec-
tacular improvements in terms of heteronuclear decou-
pling have recently been achieved.>®

VOL. 40, NO. 9, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 141



NMR Characterization of Sol-Gel-Derived Materials Bonhomme et al.

—r—r—TT1
01 2 3 465
tep (ms) LG CP MAS

Q,
5 f Q‘ m
3 ﬂ——.o_‘_“‘n
5 \
g 7 Q, 'x}
0 M
0 10 20 30 40 50
o, ————
50 100 150 tce (ms)
tep (ms)

FIGURE 6. (a) '"H->Si LGCP MAS experiment for T8, (b) %Si MAS
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Figure 6a shows the 1D 'H-?Si LGCP MAS magnetiza-
tion versus fgp for the {SigHgzO,,} T®" silsesquioxane.
Strong dipolar oscillations corresponding to the coherent
transfer of magnetization are observed and subsequently
Fourier-transformed. A pseudo-Pake doublet correspond-
ing to a dg_y of 1.45 A is obtained,*® in very good
agreement with neutron diffraction data.

The quantification of the CP experiment remains an
open question: extreme care has to be taken when
extracting quantitative data from CP curves (Figure 6b).5%5!
The fits of the CP dynamics curves for the Q; (i =2, 3, or
4) sites present in silica and hybrid gels are generally based
on the following equation:®

Mg (tep) = vim/ 1 aosil Ming; 11/(1 = 2)]
[exp(— tep/ TlpH) — exp(—fep/ Tys) | (1)

where Mag; is the target and 4 = Tyg/ TlpH (T, CrOSS-
relaxation time constant; T; pH, 'H relaxation time in the
rotating frame). Usually, 4 <1 for Q, and Q4 units in silica
and hybrid gels. Quantitative data can then be extracted.
For weakly coupled Q, sites, an independent measure-
ment of T} pH is necessary for the correct estimation of Mesg;
by using eq 1 (Figure 6b). In the case of homogeneous
TQ gels (involving both T and Q units), the direct
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quantification of Maxg; for the Q, units is possible, as the
protons of the T units efficiently cross polarize the Q,
units.

A key NMR technique for investigating the organic—
inorganic interfaces is the 2D "H-?°Si HETCOR sequence.
Relevant examples can be found in the field of long-range
ordered silica obtained through the self-assembly of a
variety of amphiphilic templating agents with an inorganic
phase generated through the sol-gel process. Chmelka et
al. very nicely illustrated this by using 'H-*°Si and 'H-*"Al
HETCOR experiments to investigate the distribution of
PEO and PPO copolymer blocks within the silica matrix,*°
the aluminum incorporation in MCM-41 mesophases,*
and the molecular proximities between the structure-
directing surfactant molecules and the crystal-like silicate
sheets in layered silicate surfactant mesophases.?! The
silica surfactant interactions in mesophases characterized
by 2D hexagonal p6m symmetry and prepared with
cetyltrimethylammonium bromide (CTAB) were investi-
gated. The '"H-??Si HETCOR experiment recorded on the
CTA*-Si0O, sample prepared under basic conditions (Fig-
ure 7a) shows clearly strong interactions between the
positively charged polar head groups of the surfactant and
the Si-O~ surface sites (Q3), as well as the fully condensed
Q, sites. Correlations are even present between the
protons of the surfactant chain and the Q5 and Q, sites.
From this analysis, a schematic model for the surfactant—
silica interface can be proposed (Figure 7b).5?

One can also use high-resolution 'H MAS NMR to look
for proximities between the Si surface sites and the
template molecules. The most sensitive experiment for
probing homonuclear dipolar couplings in solids is the
DQ NMR experiment under fast MAS with recoupling
schemes. The BABA sequence was used.'®®® Templated
silicas functionalized with vinyl groups have been studied
in characterizing the location of the vinyl groups in the
silica framework with respect to the polar head groups of
the surfactant molecules (CTA™). In the 'H DQ experiment
(Figure 8), coherences between the vinyl protons and the
N(CH,);" head group of CTA™ molecules are observed,
which clearly indicates that most of the vinyl groups are
located at the surface. Interestingly, correlations are also
observed between the vinyl protons and those of the alkyl
chains. Reference 64 is an excellent review dealing with
'H DQ spectroscopy in the context of macromolecular and
supramolecular systems.

Finally, the CP process is strongly modulated by
molecular motions and can become rather inefficient
under some circumstances. Figure 9 presents the '*C NMR
study of entrapped ibuprofen molecules in MCM-41
materials®® (host-guest system). Due to fast reorientation
of the molecules, the 'H-'3C CP efficiency is strongly
reduced when compared to that in the '*C MAS experi-
ment. Therefore, HETCOR experiments cannot be per-
formed in this particular case. At a low temperature (—50
°C), the rate of CP transfer obviously increases. A spec-
tacular improvement in the signal-to-noise ratio is ob-
tained by using the MAS-J-INEPT (insensitive nuclei
enhanced by polarization transfer) sequence.>> CP and
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J-derived techniques are complementary for the complete
study of sol-gel-derived materials.

D-Mediated Experiments Involving Quadrupolar
Nuclei. The setup of the CP MAS experiment involving
'H and a quadrupolar nucleus (*’Al, 70, etc.)%%¢” must
take into account the following points. (i) Tpo constants
are usually small for quadrupolar nuclei, restricting #qp
to rather small values. Consequently, the signal-to-noise
ratio can be very low. (ii) Low-power RF fields (down to a
few kilohertz) are required on the quadrupolar channel
for the manipulation of the central transition of the
quadrupolar nucleus as a fictive !/, spin.®® Under such
conditions, a pure quadrupolar line shape is obtained.
Otherwise, deformed line shapes may be observed.

In Figure 10a, a pure second-order quadrupolar line
shape is obtained via a 1D 'H — 2“Al CP MAS experiment
for the [Al,(HPO,),(C,H;OH),,]Cl,-4C,H;OH cluster (at
vy = 12.5 kHz). The 2D LG HETCOR experiment with a
small 7, value (50 us) shows a strong correlation signal
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FIGURE 8. 'H-"H BABA sequence applied to vinyl-modified tem-
plated silica.

between aluminum and the proton signal at 8 ppm (OH
groups of ethanol molecules). More dipolar connections
are evidenced with larger #-p values. These experiments
show unambiguously that aluminum is coordinated to
alcohol molecules and not to ethoxy groups.

In nonfavorable cases (very short T; pQ), the implemen-
tation of CP MAS experiments becomes almost impossible.
The TRAPDOR experiment is a simple and robust alterna-
tive technique, which also relies on the heteronuclear
dipolar interaction:*%° under MAS conditions, the dipolar
interaction is reintroduced by applying a RF irradiation
during the first v period (where v = k/v,,,) of a spin echo
experiment 90°-t—180°-7-acq (Figure 10b). Consequently,
the magnitude of the signal of the observed nucleus
decreases when compared to that in the same experience
without irradiation, as soon as the detected and irradiated
nuclei are close in space. Usually, the analysis is done by
plotting (I, — I)/ I, (where I and I, are the signal intensities
with and without irradiation, respectively) versus 7. An
example of phase identification through the TRAPDOR
approach is shown in Figure 10b. The minor peak in the
31p MAS spectrum of a silica-hydroxyapatite composite
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is assigned to NaCaPO, which is submitted to a strong
{23Na}-2'P TRAPDOR effect.”® This is not the case for the
31P sites of the silica-HAP composite.

First-Principles Calculations of NMR
Parameters

Interpretation of high-resolution spectra can be a difficult
task, and in this context, first-principles calculations can
be extremely useful in providing accurate calculation of
the NMR parameters.

The quantum mechanical calculation of NMR param-
eters involving a detailed description of the electrons and
nuclei in the presence of B, is a complex many-body
problem needing approximations.'’ Density functional
theory (DFT) can be employed where the energy is
considered as a functional of the total charge density. A
possibility for describing infinite solids implies their
approximation by clusters which are terminated with
nuclei such as 'H. Alternative approaches involve the use
of periodic boundary conditions. Pickard and Mauri'!
introduced a plane wave pseudopotential method for
calculating NMR parameters, and the calculated param-
eters for a variety of silica polymorphs were shown to be
in excellent agreement with experimental data.”!

First-principles computations require a precise struc-
ture to be calculated, but sol-gel-derived oxide networks

744  ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 9, 2007

1D ZAl CP MAS

90° 180° TRAPDOR

31 T T
P i 3P MAS
zaNa | silica HAP
NaCaPO,
0.6 § .»' 1 i
s : = - ah .} A \. - »
= 0.44 1 15 10 5 0 5 -10 15
3 02] i B | {ppm)
= ®
0.0 '__ G " ....... e N_a_CaPO‘ v
° msilica HAP composite
0.2 - -
0.1 1 10 T/ms

FIGURE 10. (a) "H-*Al LGCP MAS experiment for [Al,(HPO,),-
(C,Hs0H);,]CI4C,H-0H for variable p values. (b) *'P->Na TRAPDOR
experiment for a silica HAP composite.

are not usually well ordered. Nevertheless, the structure
of a surfactant-templated silicate framework without 3D
crystallinity could be established by using a combination
of solid state NMR spectroscopy, XRD, first-principles
calculations, and extensive modeling.'> Comparison be-
tween experimental and calculated 2°Si NMR parameters
allowed confirmation of the proposed structure.

Conclusions

Solid state NMR offers a unique array of techniques
allowing the precise characterization of interfaces in
sol-gel-derived materials. All NMR interactions, ranging
from the isotropic chemical shift to the quadrupolar
interaction, can be used as spectroscopic spies. The key
experiments correspond to high-resolution techniques,
such as MAS and MQ MAS. Under fast reorientation of
the samples, a resolved dimension is usually obtained, in
connection with other spectral dimensions related to the
anisotropy of the interactions. We have shown that 6 and
J parameters are able to establish chemical connectivities
between the nuclei, leading to the notion of chemical
homogeneity at a molecular level. Dipolar interactions can
establish spatial connectivities which are of prime impor-
tance for the description of hybrid interfaces.
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We believe that in the near future, spectacular im-
provements in solid state NMR concepts and experiments
will emerge, leading to an even higher-performance
approach for investigation. The first-principles calculation
of NMR parameters for amorphous interfaces remains an
exciting challenge.

J. Maquet, G. Laurent, Dr. B. Alonso, and Dr. F. Fayon are
warmly acknowledged for technical assistance and helpful
discussions.
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