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Investigation of the Crystallization Stages of LTA-Type Zeolite by
Complementary Characterization Techniques
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This paper reports on the physicochemical reorganizations, at
40 °C, of a template-free aluminosilicate system yielding an
LTA-type zeolite. The events that take place in the system dur-
ing the transformations of the amorphous material into a crys-
talline material were monitored by various characterization
techniques which provide information from the molecular to
the micrometer scale. High-resolution solid-state 2°Si and 27Al
MAS NMR spectroscopy, small-angle X-ray scattering
(SAXS), X-ray diffraction (XRD), and scanning electron micro-
scopy (SEM) were used in order to achieve a better under-
standing of the structural properties of the precursor gel and
its transformation into a crystalline zeolite-type material. The
experimental results show that the first crystallization stage

proceeds by reorganization of the amorphous aluminosilicate
units formed during the mixing of the precursors. This reor-
ganization involves an ordering of the Si—-O-Al bond angles
and operates on aggregates of constant volume. The crystal-
lization process takes place in the volume of the aggregates by
propagation through the gel phase. This propagation through
the gel continues to complete the transformation of the par-
ticles into crystalline zeolite Na-A nanocrystals with a rough
surface. After this stage, the growth in the system is dominated
by the solution-mediated transport, which leads to the forma-
tion of well-shaped zeolite A crystals.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Zeolites are crystalline solids that have a highly regular
and open microporous structure.['l More than 130 micropo-
rous structure types are known,?! each with its own distinct
pore size, shape, and interconnectivity. The sizes of these
pore openings range from 0.3 to 1 nm. The framework com-
position (Si/Al ratio) can give rise to different ion-exchange
properties, to a hydrophilic or hydrophobic character of the
material, and to acid sites with different strengths and
densities.

Owing to its excellent ion-exchange capacity and conse-
quent use as a water-softening agent in modern-day wash-
ing powders, zeolite A boasts the greatest world-wide indus-
trial tonnage of any zeolite. Besides the important industrial
applications, zeolite A attracts the interest of researchers
with its relatively simple composition and fast crystalliza-
tion kinetics, which makes it very useful for fundamental
studies.

Many techniques have been used to gain an insight into
the complex processes occurring during the nucleation and
subsequent crystal-growth processes.l* 26 Recently, the use
of various non-intrusive and in-situ techniques have pro-
vided evidence to support the theory of zeolite crystalliza-
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tion through gel transformation, even for situations con-
sidered before as homogeneous.?%??1 The presence of alumi-
nosilicate nanoparticles in the early stages of nucleation of
zeolite A has been confirmed by quasi-elastic light scat-
tering and SAXS,'!l dynamic light scattering (DLS),[!7:18]
TEM,®l and AFM.7-'41 SAXS observations!!? 2!l have sug-
gested that some physical rearrangements occur within the
amorphous aluminosilicate particles during the nucleation
process. A number of studies on the transformations occur-
ring on a molecular scale during the nucleation and crystal-
growth processes were based on Nuclear Magnetic Reson-
ance (NMR) spectroscopy.?>231 Such a spectroscopic
method is complementary to those presented above; it fills
the gaps in the information needed between the molecular
scale entities and the crystal structure formed. Several
studiest?>~2°1 showed how the initial reactant sources
greatly affect the intermediates observed during the crystal-
lization process. These investigations showed the complexity
of the zeolite nucleation/crystallization process, which is de-
pendent on the overall composition of the initial system and
the silica and alumina sources used.

Although it was proven that the nucleation of zeolite A
is related to the presence of aluminosilicate gel, many ques-
tions concerning different stages of evolution of the system
remain to be met. The crystal growth can take place by
propagation through the gel phase or by solution-mediated
transport. In a particular reaction system, the true mecha-
nism could lie somewhere between these two extremes,
where one of those might be dominant at a certain stage. In
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order to highlight the mechanism that controls the zeolite
formation in a particular system, a link between events tak-
ing place on an atomic and on a large scale has to be estab-
lished. Therefore, valuable information on the mechanism
governing crystal growth could be obtained only by a com-
bination of methods which provide information from the
molecular to the micrometric scale.

The goal of the present study was to distinguish different
stages of zeolite A formation at low temperature, and to
investigate the mechanism controlling each of these stages
for a conventional organic-free system. The experiments
were performed at 40 °C in order to slow down crystal
growth so as to distinguish different stages of zeolite forma-
tion. High-resolution solid-state 2°Si and Al MAS NMR
spectroscopy, SAXS, X-ray diffraction (XRD), and scan-
ning electron microscopy (SEM) were used to provide infor-
mation from the molecular to the micrometer scale, and
thus to achieve a better understanding of the structural
properties of the solid gel phase and its transformation into
a crystalline LTA-type material.

Results

The XRD patterns of the samples after different crystalli-
zation times are shown in Figure 1. Traces of crystalline
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Figure 1. X-ray diffractograms of samples prepared at 40 °C for
various heating times: a) 1 h; b) 10 h; ¢) 14 h; d) 16 h; e) 18 h; f)
20h; g) 30 h

LTA-type material were detected after 14 h of hydrothermal
synthesis, whereas after 16 h, the XRD pattern showed all
the characteristic peaks of zeolite A. A gradual increase in
the crystallinity was observed between 14 and 20 h. Further
increase in the synthesis time did not yield material with
higher X-ray crystallinity.

The electron micrographs shown in Figure 2 represent the
morphological features of the materials taken after 1, 16,
and 20 h of hydrothermal treatment. The micrograph of the
material taken after 1 h shows that the material does not
have a crystalline appearance. However, isometric particles
of similar sizes, which form large aggregates can be seen.
The sizes of these primary particles are in the range
40—100 nm. The micrograph of the sample taken after 16 h
shows isolated particles with a round shape and sizes from
40 to 300 nm. All samples that were treated hydrothermally
for more than 18 h contained crystals that are of similar
sizes, with cubic morphology typical of zeolite A. The sizes
of the crystals are in the range 300—400 nm. A small frac-
tion of 40—100 nm crystallites can also be seen.

The morphologies and interfaces of the samples crys-
tallized for different periods of time were characterized by
SAXS. The SAXS data provide information on the presence
of different particle populations, and on some of their
properties such as particle-size distribution, their shape and
the type of interactions they are involved in. The intensity
of the small-angle X-ray scattering, 1(Q), is given by the
general equation

1(Q) = oP(Q)S(Q)

where ¢ is the number density of the particles in the sample
and Q is the momentum transfer [Q = 4m-A~!-sin(0/2), 0
the scattering angle, A the X-ray wavelength]. The form fac-
tor P(Q) reflects the distribution of the scattering material
in the scattering particle, and the structure factor S(Q) is
related to the spatial distribution of the scattering particles
in the material. The relation between a scattering spectrum
and the species responsible for the scattering is shown sche-
matically in Figure 3. On the scale of the primary building
units (Porod region, OR, >> 1 >> Qa, where a is the
monomer size), the form factor of the primary building
units becomes dominant in the scattering pattern, thus pro-
viding information about the surface structure of these par-
ticles. In many cases, the concept of fractal geometry?” is
used to describe scattering curves in the Porod region. Basi-
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Figure 2. SEM micrographs of samples prepared at 40 °C for various heating times: (A) 1 h; (B) 16 h; (C) 20 h
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Figure 3. Relation between a scattering spectrum and the species
responsible for the scattering: A) aggregate structure at various
scales; B) scattering profile of the aggregates presented in A) (ac-
cording to ref.34)

cally, all fractals show a power law dependence of the scat-
tered intensity 7 on the scattering vector Q: I(Q) Q™. For
3-dimensional objects with fractal surfaces,”® x = 6 — D,
where Dy is the fractal dimension of the surface (2 = D, =
3). D, provides a quantitative measure of the roughness; if
the roughness of the surface increases, Dg will increase.
Thus, Dy = 2 represents a classical smooth surface. The
I(Q) curves (Figure 4) are similar for all samples with slopes
ranging from —3.8 (£0.05) for samples with “short” syn-
thesis time (1—14 h) to —4 (+0.05) for those obtained after
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Figure 4. SAXS profiles of samples obtained after different syn-
thesis times at 40 °C
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20—30 h of thermal treatment. The initial decay of the
intensity in the Guinier region also varies slightly with
hydrothermal treatment of the samples.

The molecular organization in the samples was studied
by 2°Si and ?’Al NMR spectroscopy. The ?°Si NMR and
27A1 NMR spectra of the precursor solutions were recorded
in order to characterize the initial species before mixing.
Each spectrum presents a single line at 6 = —72.2 and
79.5 ppm, which are assigned to the monomeric Si(OH),4
and AI(OH), ™ species, respectively. The 2°Si and 2’Al NMR
chemical shifts (8) and line-widths (Av,,,) recorded for all
solid samples are summarized in Table 1. The 2°Si MAS
NMR spectra of samples obtained after a short synthesis
time exhibit broad signals between 6 = —78 and —92 ppm
(Figure 5). Sample 1 (Table 1) presents a relatively broad
signal (half-width = 668 Hz) with a chemical shift of the
peak maximum at & = —83.5 ppm. With increasing syn-
thesis time, the resonance signal becomes narrower and also
shows a change in the chemical shift distribution. After 8 h
of synthesis, the resonance signal is centered at & =
—85.9 ppm, and after 14 h of thermal treatment, an ad-
ditional shoulder appears at 6 = —88.4 ppm. The latter in-
creases with synthesis time at the expense of the higher fre-
quency resonances. After 20 h of synthesis, the spectrum
presents a single narrow signal centered at & = —89.5 ppm,
which does not change with further thermal treatment. The
27A1 MAS NMR spectra have been recorded using the same
samples (Figure 6). They all present a single signal centered
at 6 = +58 ppm. The width of this resonance signal then
decreases with the time of thermal treatment. The spectrum
collected after 1 h of synthesis presents a broad signal (half-
width = 1197 Hz), whereas the spectrum recorded after
20 h presents a narrow signal (half-width = 400 Hz) which
does not change with further thermal treatment.

Discussion

The TEM study of the initial gel showed that the
40—100 nm particles formed non-uniform gel aggregates
(Figure 7). The large-scale changes observed by SEM show
that aggregates composed of nanoparticles with a random
form are seen in the system during the induction period.
The characteristic morphological features of the product
did not change substantially after 14 h of hydrothermal
treatment, when traces of crystalline LTA-type material
were detected in the XRD pattern of the product. In the
sample crystallized for 16 h, which displayed a relatively
high crystallinity (approximately 30%) (Figure 2, B), par-
ticles without the specific morphological features of LTA-
type zeolite were observed. All these data show that the
first stage of the crystallization process is not coupled with
substantial morphological changes in the solid. This result
could be considered as reasonable if the crystallization takes
place in the volume of the gel phase. Bearing in mind the
mass of the crystallites at this stage, and the fact that the
density of the zeolite and the gel is about 2.0 and 1.0,
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Table 1. 2°Si and 2’Al NMR spectroscopic data of the samples obtained after 1—30 h of hydrothermal treatment at 40 °C

Sample Reaction time 3(Si) [ppm] Avyx(Si) [ppm] S(Al) [ppm] Avy»(Al) [ppm] Nature of the solid
at 40 °C [h] (+0.1) (£5%) (=0.1) (£5%)

1 1 —83.5 668 57.9 1197 amorphous

2 8 —85.9 668 58.4 1271 amorphous

3 14 —83.5/-88.4 802 57.7 1152 amorphous > LTA

4 16 —89.5 99.3 58.5 556 LTA > amorphous

5 18 —89.2 69 58.6 477 LTA

6 20 —89.5 74 58.3 387 LTA

7 30 —89.4 136 58.4 451 LTA
Complementary information on the morphological
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Figure 5. 2°Si MAS NMR spectra of samples obtained after differ-
ent synthesis times at 40 °C: a) 1 h; b) 10h; ¢) 14 h; d) 16 h; e)
18 h; f) 20 h; g) 30 h

Figure 6. 2?A1 MAS NMR spectra of samples obtained after differ-
ent synthesis times at 40 °C: a) 1 h; b) 10h; ¢) 14 h; d) 16 h; e)
18 h; ) 20 h; g) 30 h

respectively, a substantial decrease in the volume could not
be expected. On the other hand, if the zeolite nuclei are
released by the gel phase and grown in the mother liquor,
at 30% conversion, the formation of new particles would be
observed in the product.

changes in the course of the transformation of the initial
gel into crystalline zeolite A was obtained by the SAXS
investigation. From the initial decay of the SAXS intensity
in the Guinier region, the electronic radius of gyration, Rg,
can be deduced using the Guinier approximation for scat-
tering particles I(Q) = N-n*exp(—Q*Rg?/3), where N is the
number density of particles and » the number of excess elec-
trons in each particle.

The Guinier radius (Figure 8) is about 100 nm and does
not drastically vary with the time of thermal treatment. In
spite of the limitations of the Guinier method due to the
restricted Q range and the possible interference effects due
to multiple particle scattering, the obtained values for
samples that were heated for up to 20 h are not unreason-
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Figure 8. Aggregates radius obtained from SAXS profiles (solid

squares), SEM micrographs (open circles) as a function of heating
time at 40 °C
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Figure 7. Low (A) and high (B) magnification TEM images of the zeolite A precursor gel
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able and the estimated errors are =10 nm. For crystalline
samples (30 h of thermal treatment), the restricted Q range
of the experimental set-up may underestimate the Guinier
radius of particles larger than 250 nm, and leads to larger
experimental errors (=30 nm). However, the sizes observed
by SEM are consistent with the Guinier radii for all samples
treated for up to 30 h, and similarly do not significantly
vary during the first 14 h of thermal treatment.

Porod plots for all samples (Figure 4) show a single re-
gion with a slope of about —3.8 for the noncrystalline
samples and —4 for the crystalline samples. The SAXS pro-
files observed for all samples are rather similar and insensi-
tive to the crystallization stage. The observed Porod slopes
of about —4 indicate that the particle surfaces are smooth.
Several studies have been devoted to the characterization of
silicate networks obtained under different conditions, and
show that the scattering curves display fractal dimensions
varying from —2 to —4 depending on the polymerization
conditions.[?8%2%¢] Further, with regard to the specific case
of zeolite crystallization, there have been many studies in-
volving the crystallization of silicalite under different con-
ditions.””! Slopes observed during crystallization of these
systems ranged between —2 and —4, depending on the
composition of the system and the aging of the system.

In our case, it can be concluded that the SAXS investi-
gation is in agreement with the SEM observation, i.e. on
the morphological scale there were no changes during the
first stage of zeolite formation. In other words, as the SAXS
measurements did not detect the formation of new particles,
the nucleation and the subsequent growth of the nuclei
takes place in the volume of the gel. Thus, it appears that
the nucleation and subsequent crystallization occur with ag-
gregates of constant size. A close association of the initially
formed nuclei with the gel particles has already been de-
scribed by Gora et al.l'”l However, it is difficult, to discuss
the transport of the nutrient during this stage.

On a molecular scale amorphous highly disordered spec-
ies were detected during this stage. The broad resonance
observed between & = —78 and —92 ppm in the °Si MAS
NMR spectra of sample 1 is typical of amorphous alumino-
silicates.[*1 This broadness is mainly caused by the overlap-
ping of individual peaks with slightly different & values, due
to the small differences in the structural arrangements in
the SiO, tetrahedra of the gel skeleton. The *°Si and 2’Al
NMR spectra of aluminosilicate solutions, pertinent to zeo-
lite synthesis, indicate the formation of Si—O—Al linkages
by the appearance of up to four peaks assigned to the
Al(OSi), Al(OSi),, Al(OSi);, and Al(OSi), species.*!l For
solid samples, characteristic 2°Si NMR chemical shift
ranges for the five Q*(mAl) [i.e. Si(OSi),_,,(OAl),,] units in
framework silicates have been established by comparison
between calculated and experimental chemical shifts.??]
They range from 6 = —112 to =94 ppm for 1 = m = 4.
Thus, the presence of such units in our samples can be ex-
cluded. Further, hydroxylated units, such as HOSi(OAl)s,
for which chemical shift values may be expected in the
range of the observed signal, should be present only in

4374 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

minor amounts since no noticeable signal enhancement is
observed in the 'H-?°Si cross-polarization spectrum.

For sample 6 (20 h, 40 °C), the chemical shift of & =
—89.5 ppm reveals that the framework of the gel consists
mainly of Si(OAl), building units, i.e. of silicon atoms
linked by oxygen bridges to four tetrahedral aluminum
atoms. This chemical shift is consistent with the presence of
crystalline zeolite Na-LTA (Si/Al = 1).133

Since the 2°Si NMR spectra can be analyzed quantitat-
ively (the total area of the peaks corresponds to 100% of
the observed nuclei), the signal centered at 6 = —89.5 ppm
corresponding to Si(OAl), units in crystalline Na-A zeolite
can be deconvoluted from the spectra in order to follow the
kinetics of the formation of these units. Figure 9 presents
the proportion of Si(OAl), crystalline units as a function of
crystallization time. This curve shows an “induction’ per-
iod of about 10 h, which precedes a steep rise. After 20 h of
synthesis (#/t, = 1), 95% of the silicon species are Si(OAl)4
crystalline units. Nevertheless, an increase in the size of the
crystals and the formation of crystals with well-defined
crystal morphology was observed after this period.
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Figure 9. Proportion of crystalline Si(OAl)4 units as a function of
crystallization time (z;: time needed to obtain pure crystalline
Na-A zeolite)

The single signal centered at § = +58 ppm in the 27Al
MAS NMR spectra is typical of Al(OSi), units. The highly
symmetrical line shape indicates that the presence of hy-
droxylated AlO, species is unlikely. Moreover, no signals
corresponding to octahedral AlO¢ or tetrahedral Al(OAl),
aluminate species are detected. For the latter two units, 2’Al
NMR chemical shifts of 6 = 0 and +75 ppm, respectively,
were found in previous studies.** The observed line broad-
ening is probably caused by residual quadrupolar interac-
tions due to slight symmetry distortions in the vicinity of
the Al atoms. However, these quadrupolar interactions are
small enough such that they do not modify the line shape.

Short-range ordering in the samples can also be esti-
mated from the line-widths of the 2°Si and 2’Al NMR res-
onance signals. The most likely contributing factor to the
line-width (Av,,,) is the structural disorder which involves
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a large number of slightly different environments around
nominally equivalent Q”(1mAl) type silicon atoms, thus lead-
ing to many overlapping lines with slightly different chemi-
cal shifts. The different environments are created by distor-
tion of bond angles and bond lengths due to lattice imper-
fections. Hence, very broad signals (Av;, = 10—20 ppm)
are observed for highly disordered systems such as amorph-
ous materials, whereas narrow peaks (Av;, = 0.2—3 ppm)
are obtained for perfectly ordered systems. Figure 10 pre-
sents the evolution of the >°Si and >’Al MAS NMR signal
line-width as a function of the synthesis time for the
Si(OAl), and Al(OSi),4 species. Both curves present two re-
gions where a slight decrease in the line-width is observed
for up to 14 h, followed by a significant decrease in the line-
width after 16 h of synthesis.
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Figure 10. Width at half maximum of the Si(OAl), (A) and
Al(OSi), (B) resonance signals of the 2°Si and 2?Al MAS NMR
spectra, respectively, as a function of crystallization time at 40 °C
(t.: time needed to obtain pure crystalline Na-A zeolite)

Thus, the information collected on the molecular scale
shows that during the first 16 h, while no large-scale mor-
phological changes were observed, the first crystallization
stage involves a rearrangement of the Si—O—T bonds in
the amorphous phase formed after precursor mixing prior
to crystallization. After this induction period when a prod-
uct with zero crystallinity was observed, the above-men-
tioned transformation in the system takes place. This stage
includes the time period 12—16 h, when the increase in the
crystallinity is not coupled with large-scale changes in the
system, i.e. the crystalline particles retain the size and mor-
phology of the initial amorphous gel precursors. Obviously,

Eur. J. Inorg. Chem. 2003, 4370—4377 www.eurjic.org

during this first stage, the dominant mechanism of crystal
growth is propagation through the gel. Growth by propa-
gation through the gel network has already been observed
in the formation of zeolite L.'® During this first stage, the
solid is about 30% crystalline, according to the XRD meas-
urements (Figure 1). The nutrients for the crystal growth
are provided mainly by the amorphous gel phase, although
an extensive exchange between the solid and liquid parts of
the system is likely.

After the first stage, a very rapid increase in crystallinity
was observed which was coupled with significant changes
in the size and morphological features of the particles. Well-
shaped zeolite A crystals in the product indicate a change
in the crystal growth process. This distinct change in the
system occurred during the period 16—18 h, when the crys-
tallinity is about 50%. At this stage, a substantial part of
the amorphous material is consumed and crystallites are
either released by the gel or are in contact with the mother
liquor.?¥l The SEM study of the 18-h product does not
show much material with an amorphous appearance. At
this stage the product already contains well-distinguished
individual particles. During this latter stage, a solution-me-
diated growth mechanism seems to be dominant in the sys-
tem. This crystallization stage, where a layer growth mecha-
nism controls the zeolite A formation, has been studied and
described in detail by Agger et al.l’l The nutrients for this
crystallization stage are provided by the amorphous part of
the gel and the less stable zeolite nanoparticles. The crystal-
lization during this second stage was completed between
16 and 20 h, and further hydrothermal treatment did not
influence the morphology nor the crystallinity of the prod-
uct. The disappearance of the small crystallites and the in-
crease in the size of the well-shaped cubic crystals were ob-
served during the 20—30-h period, thus resembling
Ostwald ripening.

Conclusions

The present study reports on the results obtained during
the formation and transformations of precursor particles
for the whole course of the template-free Na-A zeolite crys-
tallization process at 40 °C, using various characterization
techniques that provide information from the molecular to
the micron scale.

The experimental results showed that in the system under
investigation the crystallization process could be subdivided
into two stages, during which the crystallization process is
controlled by different crystallization mechanisms. After the
formation of viable nuclei, the first stage of the crystal
growth process proceeded by reorganization of the amorph-
ous homogeneous aluminosilicate phase formed during the
mixing of the initial precursors. This reorganization in-
volves an ordering of the Si—O—Al bond angles of the
Si(OAl), units and operates on aggregates of constant vol-
ume to form nanocrystals with a rough surface at the end
of the process. The zeolite formation in the system was
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completed by the second crystallization stage when a fully
crystalline product containing well-shaped zeolite crystals
was obtained. A layer growth, where a solution-mediated
transport of nutrients dominates, is the controlling mecha-
nism during the second stage.

Experimental Section

Samples Preparation: The Na-A zeolite samples were prepared
from an initial gel with the following composition: 7.5Na,O/
0.5A1,05/S10,/200H,0. Sodium silicate solution (overall compo-
sition Si0,/7.5NaOH/102H,0) was prepared by dissolving sodium
silicate (2.22 g, Na,Si;07, 27% SiO,, 17% NaOH, Aldrich) and so-
dium hydroxide (2.69 g) in H,O (17.1 g). A sodium aluminate solu-
tion (overall composition Al,O3/15NaOH/197H,0) was prepared
by dissolving sodium aluminate (0.963 g, NaAlO,, 53% Al,Os3, 42%
Na,O, Riedel—de Haén) and sodium hydroxide (2.465 g) in H,O
(17.69 g). The solutions were stirred in closed polyethylene bottles
at room temperature until complete dissolution of the solid. After
mixing of the initial solutions, the resultant mixture was stirred
vigorously for 15 min. During mixing, the solution became opaque.
The syntheses were performed at 40 °C for different periods of time
ranging from 1 to 30 h. At this temperature, the crystallization of
the zeolite A was relatively slow, but still fast enough to be achieved
in a reasonable period of time. The solid phase was recovered after
5—8 cycles of centrifugation (8000 rpm, 15 min), decanting and
ultrasonic redispersion in distilled water. The solid phase was dried
over silica gel at room temperature for 48 h. The yield based on the
silica conversion was ca. 70%. A similar (slightly higher) yield
(76%) was obtained in the reference experiment performed with the
same initial system at 90 °C for 5 h.

Samples Characterization: Scanning electron micrographs were ob-
tained with a Hitachi S-4500 microscope. All samples were plati-
num-coated (2—3 nm) and mounted on aluminum mounts with
carbon conducting tape. X-ray diffraction measurements were per-
formed with a Bruker diffractometer D-5000 (Cu-K,; radiation,
0.154 nm). Small-angle X-ray scattering experiments were per-
formed with an instrument that has an incident wavelength of
0.154 nm (Cu-K,, radiation) using a high-resolution Bonse-Hart
camera. The monochromator was a three-reflection channel-cut
scattered beam. These experimental parameters allow studies in a
range of wave vectors Q from 0.02 to 1 nm~!'. The ?°Si and 2’Al
NMR spectra of the precursor solutions were obtained at 49.68
and 65.17 MHz, respectively, with a Bruker spectrometer. The >°Si
spectra were recorded using a 12-us pulse width (corresponding to
a 60° flip angle), 10 s pulse repetition time and 128 scans. The 27Al
spectra were recorded using a 4-pus pulse width (corresponding to
a 45° flip angle), 0.1 s pulse repetition time and 256 scans. The >°Si
MAS NMR spectra of the solid samples were recorded with a
Bruker spectrometer at 39.73 MHz, using 4-ps single pulses (60°
flip angle) with 60 s repetition rate, and employing high-power pro-
ton decoupling and magic-angle spinning at 3.5 kHz; 1000 scans
were accumulated. The powder samples were filled into zirconia
rotors of 4 mm diameter. The 2’Al MAS NMR spectra were meas-
ured at 104.26 MHz, using single pulses of 1 ps duration with 1 s
repetition rate, and employing magic-angle spinning at 10 kHz; 512
scans were accumulated. All 27Al and ?°Si chemical shifts were ref-
erenced to a 1% aqueous Al(H,0)¢>" solution and tetramethylsil-
ane (TMS), respectively.
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