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Abstract: Colloidal silicalite-1 zeolite
was crystallized from a concentrated
clear sol prepared from tetraethylor-
thosilicate (TEOS) and aqueous tetra-
propylammonium hydroxide (TPAOH)
solution at 95°C. The silicate speciation
was monitored by using dynamic light
scattering (DLS), synchrotron small-
angle X-ray scattering (SAXS), and
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evolution of the different nanoparticle
populations and of the silicate connec-
tivity in the nanoparticles, a refined
crystallization mechanism was derived.
Upon combining the reagents, different
types of nanoparticles (ca. 2 nm) are
formed. A fraction of these nanoparti-
cles with the least condensed silicate
structure does not participate in the

tion of the crystallization, they repre-
sent the residual silicon atoms. Nano-
particles with a more condensed sili-
cate network grow until approximately
6 nm and evolve into building blocks
for nucleation and growth of the silica-
lite-1 crystals. The silicate network con-
nectivity of nanoparticles suitable for
nucleation and growth increasingly re-

quantitative liquid-state *Si NMR
spectroscopy. The silicon atoms were
present in dissolved oligomers, two dis-
crete nanoparticle populations approxi-
mately 2 and 6 nm in size, and crystals.
On the basis of new insight into the

zeolites

Introduction

The synthesis of colloidal silicalite-1 from an optically clear
sol, introduced some 15 years ago by Persson et al. [l is a
convenient system for the experimental investigation of zeo-
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crystallization process. After comple-
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sembles that of the final zeolite. This
new insight into the two classes of
nanoparticles will be useful to tune the
syntheses of silicalite-1 for maximum
yield.

NMR

lite crystallization. The starting mixture is obtained by hy-
drolysis of tetraethylorthosilicate (TEOS) in aqueous tetra-
propylammonium hydroxide (TPAOH). Silica is mainly
present as nanoparticles 2-10 nm in size, depending on the
exact procedure. The initial mixture is transparent and usu-
ally termed a clear solution, although a clear sol would be a
better designation considering the presence of colloidal
nanoparticles. The formation of silicalite-1 is extremely slow
at ambient temperature and takes months to years.>* By
heating a clear sol, for example, at 90°C, the crystallization
time of colloidal silicalite-1 is shortened to about one day.
Because of their small size and strong sensitivity to
changes in the solution, characterization of the nanoparticles
and identification of their role in the crystallization of silica-
lite-1 is challenging. Scattering techniques carried out in
situ, such as dynamic light scattering (DLS) and synchrotron
small-angle X-ray scattering (SAXS), have been successfully
applied to determine the particle dimensions and shapes.®™!
The silicon speciation is accessible through liquid-state *Si
NMR spectroscopy.”*? Cryo-TEM analysis of frozen clear
sols and TEM analysis of dried sols revealed the presence of
a zeolite lattice in small particles collected early in the crys-
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tallization process.”!*'2  Nanoslab-shaped nanoparticles

have been observed after spreading the clear sol on a TEM
grid.™

Based on the variety of experimental approaches and in-
vestigations of clear sols, several models for the crystalliza-
tion of silicalite-1 have been proposed. The rival models
differ in the nature of the silicate species responsible for
crystal growth, the extent of zeolitic order within the nano-
particles, and the involvement of aggregation steps.

Some authors proposed growth of silicalite-1 crystals from
the silicate monomer, either all through the process’™ or
after an aggregation phase to reach a critical size."! Other
authors invoked the monomer-addition mode to explain the
last stage of the crystallization process and the development
of crystal facets in a crystal-ripening phase.” In an early
model by Burkett and Davis for the crystallization of ZSM-
5, the Al-containing counterpart of silicalite-1, particles
2.8 nm in size containing tetrapropylammonium (TPA) ions,
form aggregates of 5-10 nm.[™ Dokter et al. proposed a sim-
ilar scheme, with an aggregation of primary units into aggre-
gates 5-10 nm in size.'® Through internal structuring, these
aggregates become viable crystal nuclei. In a subsequent
step, still larger aggregates are formed, which densify and
restructure to become final crystals. In the model by de
Moor et al., a prenucleation step that involves aggregation
of elementary particles and subsequent internal restructur-
ing of the aggregate to form a nucleus were adopted (Fig-
ure 1a).l'”! Crystal growth was proposed to occur by addition
of elementary particles to nuclei. After the addition, an in-
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ternal rearrangement of attached nanoparticles is required
to become part of the crystal lattice (Figure 1a). Nikolakis
et al. adhered to a similar crystal-growth model that involves
the addition of nanoparticles.®

Several authors monitored formation of silicalite-1 from a
clear sol at room temperature over a period of months to
years.”# Almost single-crystalline, composite crystals with
domain sizes of approximately 6 nm were observed with
TEM analysis,>*!*!l thus hinting at aggregative growth
from such prestructured units. Davis et al. built a kinetic
model for this type of oriented aggregative growth (Fig-
ure 1b).F! Nanoparticles have been proposed to adopt a
range of internal structures during prenucleation, from
structureless to zeolite-like, the latter feeding nucleation
and aggregative crystal-growth processes. Internal structur-
ing of the particles was proposed to be a time-consuming
process.

An early aggregative growth model in which the silicalite-
1 framework connectivity is present at all stages of the ag-
gregation process was proposed by Kirschhock et al. (Fig-
ure 1¢).' Precursor species with 33-36 silicon atoms that
hold one TPA unit in a channel intersection were proposed
to aggregate into nanoslabs, then into tablets, and staples of
tablets that assemble into final crystals.

Evidence for aggregative steps in the formation of silica-
lite-1 is accumulating and was found in crystallizations from
both  concentrated®'***  (H,O/TEOS=15-20:1) and
dilute® (H,O/TEOS>238:1) sols. Some critical issues
remain unanswered. The key questions are: the stage at
which nanoparticles are struc-
tured and whether individual
particles and aggregates can un-

a) Zeolite framework development after nanoparticle aggregation!'?!
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prenucleation nucleation crystal growth

dergo internal structuring. The
observation of X-ray diffraction
in situ and observation of elec-
tron diffraction ex situ are obvi-
ous tools for detecting structur-
ing of particles that present sev-
eral unit cells. In smaller parti-

b) Oriented aggregation of nanoparticles with zeolitic framework connectivity!®!

prenucleation nucleation crystal growth

cles, such as the ones observed
in clear sols, one must rely on
molecular tools, such as *Si
NMR or IR spectroscopy.?!
Rimer et al. developed an indi-
rect method to probe the mo-

c) Oriented aggregation of nanoparticles with zeolite framework (nanoslabs)!'%.20]

cluster-cluster aggregation

Figure 1. An overview of aggregative crystallization mechanisms proposed previously. Particles with poorly de-
veloped framework connectivity are depicted in light gray; zones with zeolitic framework connectivity are de-

picted in dark gray; the zigzag arrows indicate an aggregation event.
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lecular structure of nanoparti-
cles by measuring dissolution
enthalpies and rates.””

The gathered evidence shows
that the crystallization of silica-
lite-1 cannot be described en-
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gaat tirely by classical nucleation
and growth theories. In addition
to the classical concept of criti-
cal nucleus size, the phenomen-
on of zeolite-framework devel-
opment must be taken into ac-
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count. In the model given in Figure 1a, the formation of a
nucleus occurs in two steps, that is, growth by nanoparticle
aggregation followed by zeolite-framework development. In
the model given in Figure 1b, the nucleus is defined in
terms of the extent of the zeolite-framework development
only. Because of the development of the framework, the for-
mation and dissociation of the nucleus is not completely re-
versible as it is in the “classical” case. In the remainder of
this report, we adhere to the term “nucleus” to define those
particles from which one crystal starts growing in the initial
stages. Herein, the concept of the nucleus is hence defined
in a broader sense, irrespective of mechanistic details.

Thus far, *Si NMR spectroscopy has been applied to the
starting clear sol and in the first period of heating before
the emergence of the first crystals.>*"! Herein, we extend
the investigation over the entire crystallization process and
combine ¥Si NMR spectroscopy with DLS and synchrotron
SAXS to seek answers to the standing questions. Gaining in-
sight into the structuring of nanoparticles involved in zeolite
crystallization not only is of fundamental importance, but
also has immediate practical impact. This insight will help to
guide syntheses to better structured materials, higher prod-
uct yields, and larger throughput.

Results

DLS: The clear sol was prepared from TEOS, TPAOH, and
water and aged at ambient temperature for 24 h. A sample
of the sol was taken and measured with DLS and viscometry
at 25°C. The sol viscosity was 6.7 mPas. This sample is re-
ferred to as having a heating time of zero. Another small
sample was introduced in the DLS instrument and heated at
95°C to provoke crystallization of silicalite-1. In parallel, a
third sample was heated at 95°C in the measuring capillary
of a viscosimeter, and the viscosity was measured (see
Figure S1 in the Supporting Information). After heating for
12 h, multiple scattering occurred due to extensive crystal
formation. Samples at heating times of more than 12 h were
obtained by heating the clear sol at 95°C in a synthesis
oven, and quenching the samples to room temperature after
selected heating times up to 32 h. To suppress multiple scat-
tering, these samples were diluted 100-fold with water (v/v)
before DLS and viscosity measurements at 25°C. The vis-
cosity of the samples after dilution was equal to that of
water.

Intensity-weighed particle-diameter distributions were ob-
tained from the DLS data through inverse Laplace transfor-
mation of the measured autocorrelation functions, viscosi-
ties, and application of the Stokes—Einstein equation (see
Figures S1-S3 in the Supporting Information). The evolution
of the peak maxima of the particle-diameter distributions
with time is presented in Figure 2. At time zero, a single
population of nanoparticles with a diameter of approximate-
ly 2.4 nm was observed, in agreement with earlier studies."
Upon heating, the maximum in the size distribution shifted
from 2.4 nm to approximately 6 nm. A second population of
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Figure 2. Hydrodynamic particle diameters determined with DLS analysis
at various reaction times. Crossed symbols refer to measurements at the
reaction temperature (95°C); open symbols refer to measurements at
25°C; open squares correspond to samples that were diluted with water
before the DLS measurement.

larger particles that measured over 20 nm emerged after
heating for 5 h. In the following, we will use the term “crys-
tals” to denote the large particles, thus realizing that they
may not be fully crystalline initially. The size of the crystals
increased almost linearly with time to about 100 nm
(Figure 2). This final crystal size corresponded well with the
crystal size obtained in similar experiments and determined
with SEM analysis.””! The continuous linear increase in the
crystal diameters at around a heating time of 12 h shows
that the influence of sample dilution and measurement tem-
perature on crystal-size determination is negligible.

For estimating the relative volume of each population, in-
tensity-weighed particle-size distributions were converted
into volume-weighed distributions. At the first observation
of the silicalite-1 phase after 5 h, the relative volume of sili-
calite-1 crystals according to DLS was below 5%. The scat-
tering by silicalite-1 particles after 8 h already represented
over 95% of the total intensity. At later times, due to in-
tense scattering by crystals, the nanoparticle population
ceased to be detectable with DLS analysis.

SAXS: The SAXS patterns of sols at different stages of the
crystallization were recorded at room temperature. The pat-
terns of the unheated sol (heating time of 0 h) and of sols
heated at 95°C and subsequently quenched to room temper-
ature after different heating times are shown in Figure 3.
The SAXS curve at a heating time of zero displayed a
maximum value at a wave vector g of 1.8 nm~!. The SAXS
pattern after 4 h of heating displayed shoulders at around
g=1 and 2.7 nm!, thus indicating that two subpopulations
of nanoparticles of discrete size were present at this stage.
The characteristic lengths 27/q associated with the shoulders
may be taken as an estimate of the average diameter of
each subpopulation, that is, approximately 6 and 2 nm. A
comparison of the sample heated for 4 h with a sample con-
taining ten times more water confirmed that the shoulder at
around g=1nm™' was caused by form factor scattering of
nanoparticles and not by structure factor contributions
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Figure 3. SAXS patterns measured at room temperature of samples
quenched after various reaction times at 95°C (reaction times in hours
are shown next to the traces). Inset: crystal yield estimated from the area
of MFI-type Bragg reflections normalized to the area after a heating
time of 32 h.

caused by interparticle interactions (see Figure S4 in the
Supporting Information). The shoulder at ¢=2.7 nm™'
evolves into a maximum at later heating times (> 16 h), indi-
cation that the shoulder and the maximum are caused by
the same population of nanoparticles. The maximum is char-
acteristic for a structure factor contribution to the scattering
pattern. The position of the shoulder and the maximum re-
lates to the mean interparticle (center-to-center) spacing.
Therefore, the value of approximately 2 nm estimated from
the position of the shoulder is an upper limit for the diame-
ter of the corresponding nanoparticle population.

The SAXS intensity at around g=1nm™' increased
during heating for 0-4 h, thus suggesting a gradual forma-
tion of ~6-nm nanoparticles. An additional SAXS pattern
after heating for 2 h is shown in Figure S5 in the Supporting
Information. The intensity above ¢=2.7 nm! remained con-
stant between 0 and 4 h of heating, thus revealing that the
size of the small nanoparticles (ca. 2 nm) did not change
during formation of the 6-nm nanoparticles. Thus, SAXS
and DLS analysis suggest that out of the initial particles
with an average hydrodynamic diameter of 2.4 nm, a frac-
tion grows to approximately 6 nm and another fraction re-
mains at approximately 2 nm. DLS analysis fails to resolve
these two populations because of their small size difference.
The single nanoparticle diameter measured with DLS is the
intensity-weighed average diameter of the populations that
are approximately 2 and 6 nm.

It was derived from the SAXS pattern after 4 h that the
scattering characteristic for 2- and 6-nm nanoparticles
occurs in the region above g=0.5 nm™' because crystals are
not yet detected in the sol at this heating time with DLS
analysis. Consequently, the increase in the scattering intensi-
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ty at values below g=0.5nm™" at heating times of more

than 4 h was ascribed to the formation and growth of silica-
lite-1 crystals (Figure 3).

When using DLS analysis, it was not possible to monitor
the nanoparticles and the growing crystals simultaneously
after heating for 8 h. When using SAXS, however, the nano-
particles and crystals can be observed in parallel during the
whole crystallization process. During the period 5-12h,
SAXS analysis revealed that the size and number of both
the 2 and 6-nm nanoparticles evolved only slightly, as evi-
denced by the small changes in the intensity and pattern
shape at ¢>0.5nm™". The intensity of the shoulder at
around g=1nm™' decreased after 16 h of heating, thus re-
vealing a decrease in the number of the 6-nm nanoparticles,
whereas the shoulder at g=2.7 nm™' developed into a local
maximum. SAXS analysis revealed, consistent with DLS
analysis, that the crystals reached their final size after 20 h.
The scattering of the final crystals showed power law decay
and extended to the tail of low g values of the local maxi-
mum at ¢=2.7 nm~'. Thus, SAXS analysis revealed that the
growth of crystals went along with depletion of the 6-nm
nanoparticles during heating for 16-20 h, whereas the sub-
population of 2-nm nanoparticles remained present all
through the crystallization process and persisted even after
the end of crystal growth.

Bragg reflections were first detected after a reaction time
of 10 h (Figure 3), at a crystal size of around 50 nm accord-
ing to DLS analysis (Figure 2). The intensity of the MFI-
type Bragg reflections provided a measure of the volume of
silicalite-1 crystalline material. The crystallization yield ac-
cording to SAXS analysis is presented in Figure 3. The
SAXS and DLS analysis define the period of 0-5h before
the detection of crystals as the induction period. Nucleation
and crystal growth proceeded during 5-20 h.

NMR spectroscopy: The *Si NMR spectra of sols at differ-
ent stages of the crystallization were recorded at room tem-
perature. Representative spectra of the unheated sol and
sols heated at 95°C and subsequently quenched to room
temperature after different heating times (up to 35h) are
shown in Figure 4.

The *Si NMR spectrum of the unheated clear sol (Fig-
ure 4a) and after different heating times (Figure 4b) dis-
played narrow, liquidlike signals with a linewidth of approxi-
mately 1 Hz superimposed on broad signals with linewidths
of 100-700 Hz. The narrow signals arose from dissolved oli-
gomeric silicate species, and the broad signals from nanopar-
ticles.”! Individual signals can be assigned to Q" environ-
ments. The spectral region of the Q" environments is indi-
cated in Figure 4b.

To verify if ageing at room temperature affected the sili-
cate speciation in the clear sol, 12 *Si NMR spectra were re-
corded in the 24-hour period after the addition of water to
the mixture of TEOS and aqueous TPAOH (40 wt % ). The
measurement time per spectrum was 2h. No significant
changes in peak intensity and chemical shift were observed,
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Figure 4. a) Liquid-state *Si NMR spectrum of the unheated clear sol
collected by using different repetition delay times (¢;) of 7, 44, and 92 s.
The fit to determine the contribution of nanoparticles and oligomers is
shown for the spectrum for #,=92s. b) Representative liquid-state *Si
NMR spectra (z,=7s) at different heating times indicated next to the
traces.

thus showing that the silicate speciation did not evolve sig-
nificantly.

The repetition delay time between radiofrequency pulses
in the *Si NMR spectroscopic experiment needed to be
long enough to ensure spin-lattice relaxation. In a previous
»Si NMR spectroscopic investigation of a clear sol, a repeti-
tion delay of 7 s for a 45° pulse was used. Provis et al. point-
ed out that this timing resulted in partial relaxation of espe-
cially Q* silicon nuclei.”’ Those authors applied a repetition
delay of 90s. In the present study, *Si NMR spectroscopy
was performed on the unheated clear sol by using either a
delay time of 7 or 92 s, thus allowing complete spin-lattice
relaxation for time constants 7; smaller than 20 and
265 seconds, respectively. For comparison, Q* sites in TPA/
silicalite-1 powder, the end-product of the synthesis, have a
T, value of 145 seconds.’™ The use of a delay time of 92 sec-
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onds instead of 7 seconds (Figure 4a) resulted in an increase
in the broad Q® signal of nanoparticles by a factor of 1.24
and Q* sites in nanoparticles by a factor of 3.30. For the Q"
signals of dissolved oligomers and the Q' and Q* signals of
nanoparticles, both repetition times were adequate. The »Si
NMR spectra of heated samples (Figure 4b) were recorded
by using a delay time of 7 s instead of 92 s, which kept the
experimentation time within reasonable limits to reach a
sufficiently high signal-to-noise ratio necessary for accurate
simulation, especially for the broad resonances. In the quan-
tification, the Q® and Q* signal intensities of nanoparticles
were corrected for incomplete 7, relaxation by using the
factors determined for the unheated sample. The correction
was applied with the assumption that the spin-lattice relaxa-
tion time of the Q° and Q* signals of nanoparticles did not
increase significantly during the course of the crystallization
process.

The averaged total intensity of the spectra in the induc-
tion stage (0-5 h), corrected for partial relaxation, remained
quasi constant and was considered as the total amount of sil-
icon atoms present in the system. The DLS and SAXS anal-
ysis revealed that the content of crystals was negligible be-
tween 0 and 5 h. In the nucleation and crystal growth period
(>5 h), the signal intensity decreased because of the forma-
tion of silicalite-1 crystals undetected by liquid-state NMR
spectroscopy. The undetected fraction amounted to 64 +5%
of the total silicon content in the sample after 35 h of heat-
ing. This value agrees well with the yield of silicalite-1 re-
covered by centrifugation (60%), thus confirming that the
undetected silicon fraction eventually represents the zeolite
crystals. The crystals are not detected because of their large
particle size, thus causing their rotational diffusion to be in-
sufficiently rapid to average the anisotropy of solid-state nu-
clear interactions effectively and resulting in extremely
broadened solid-state-like signals. Even the smallest crystals
observed by DLS analysis (20-30 nm; see Figure 2) have a
rotational correlation time, which scales with the particle
volume, two orders of magnitude larger than the nanoparti-
cles.

The large linewidth difference between the NMR signals
for the oligomers and nanoparticles enabled decomposition
of the spectrum and determination of the fraction of silicon
atoms in the oligomers and nanoparticles (Figure 5) and the
Q" silicon connectivity distribution of the particles and olig-
omers separately (Figures 7 and 8). As discussed above, the
crystal fraction was determined from the decrease in the
total signal intensity after 5 h.

The evolution of the distribution of the silicon atoms in
the oligomers, nanoparticles, and silicalite crystals (from the
undetected fraction of silicon atoms) during the crystalliza-
tion of silicalite-1 is displayed in Figure 5. During the induc-
tion period (0-5h), the silicon atoms were distributed
among the oligomeric species and nanoparticles (i.e., 6.6+
0.2 and 93.4+4.0%, respectively). The crystal fraction ob-
tained between 0 and 5h was zero within the accuracy of
the estimation from the NMR spectroscopy. Given the de-
tection of all the silicon atoms and the presence of varying
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Figure 5. Fraction of oligomers, nanoparticles, and crystals determined
from liquid-state *’Si NMR spectra of samples quenched to room temper-
ature after various heating times.

amounts of the 2-nm and 6-nm subpopulations of nanoparti-
cles according to SAXS analysis, it is concluded that the
broad NMR signals are due to both the 2- and 6-nm nano-
particles.

The crystal fraction became significant in the *Si NMR
spectrum taken after heating for 15 h. The yield of crystals
rose rapidly during the period of heating between 15 and
20 h (Figure 5). The crystal-yield curve derived from the sili-
con atoms undetected by NMR spectroscopic analysis
agrees well with the development of Bragg reflections ob-
served parallel to the SAXS analysis (Figure 3). It is re-
vealed by NMR spectroscopic analysis that approximately
20% of the silicon atoms remain present in the nanoparti-
cles in the final stage (heating for >20 h). Interestingly, over
the entire crystallization process the fraction of oligomers
remains relatively constant at around 10 %. A slight increase
in oligomers was noticed after a reaction time of around
20 h, which corresponds to the termination of the crystal-
growth phase.

The evolution of the pH values is depicted in Figure 6. An
increase in the pH value during zeolite crystallization is a
well-known phenomenon.P!! The increase is attributed to
the condensation reactions of SiOH/SiO™ groups, thus giving
rise to the formation of hydroxy anions. Apparently, the buf-
fering capacity of the system is insufficient to keep the
pH value constant. There were two increases in pH value:

13.6
13.4 1
L 13.2

13.0 A

]

12.8

I T I T 1
10 15 20 25 30
heating time /h
Figure 6. Evolution of the pH values at 22°C of quenched samples. The
black trace is a double sigmoid fit to the data.
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the first occurred in the induction period (0-5h) and pro-
ceeded in parallel with the formation of the 6-nm nanoparti-
cles. During the period 5-15 h, which includes the nucleation
and initial crystal-growth, the pH value remained constant.
The period of extensive crystal growth (15-20 h) was charac-
terized by a large increase in the pH value. This main jump
in the pH value provoked a slight shift in the solubility equi-
libria of the system and slightly favored the fraction of sili-
con atoms in the oligomeric species (Figure 5).

The distribution of the Q" environments in the oligomers
against heating time is displayed in Figure 7. During the
period that includes induction and the onset of crystal

60
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Figure 7. Q" distribution of oligomers determined with liquid-state *Si
NMR spectroscopy.

growth (0-15h), the Q" composition of the oligomers was
quite constant. The monomer and end groups (i.e., O’ and
Q', respectively) were present in insignificant amounts. The
0? and Q° silicon atoms were the main constituents of the
oligomers. After the jump in pH value at around 18 h, the
distribution of the Q" environments in the oligomers
changed. The Q? environments became more abundant than
the Q° environments. The content of the Q°, Q', and Q* sili-
con atoms remained low.

The evolution of silicate connectivity of nanoparticles is
shown in Figure 8. The average silicate connectivity of nano-
particles (average n in Q") is shown in Figure 9. During the
induction period (<5 h), the average connectivity of nano-
particles showed a significant increase (Figure 9), caused by
a drop in the Q° environments and in favor of the Q* envi-
ronments (Figure 8). The content of the Q' and Q7 sites in
nanoparticles remained essentially unchanged (Figure 8b).

The occurrence of condensation reactions in which Q° en-
vironments were converted into Q* environments was re-
flected in the evolution of the pH values, which showed a
small but significant increase during the initial hours of the
induction period (Figure 6). Such a change in connectivity
can be taken as an indication of the aggregation of nanopar-
ticles containing Q° environments. The restriction of con-
densation reactions to Q> environments is evident when the
distribution of the Q" environments in the nanoparticles in
the totality of the silicon atoms is plotted against heating
time (Figure 8b). Over the whole investigation, the Q' and
Q? sites in the nanoparticles represented a constant share of
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Figure 8. Q"-type silicon atoms of nanoparticles determined with liquid-state *Si NMR spectroscopic analysis.
a) Relative Q" sites as a fraction of the silicon atoms in the nanoparticles; b) Q" sites in nanoparticles as a frac-

tion of the total silicon content of the synthesis sol.
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Figure 9. Average connectivity n of the Q"-type silicon atoms in the nano-
particles.

the total silicon content of the sol of about 2 and 10%, re-
spectively. The Q' and Q? environments were not involved
in the condensation reactions in the induction period; fur-
thermore, such sites were not involved in the crystal-growth
phase either.

A major decrease in the concentration of the Q° and Q*
sites in the nanoparticles was observed in the period of crys-
tal growth at around 18 h (Figure 8b). Consequently, the
average nanoparticle connectivity decreased (Figure 9). The
residual nanoparticles present had low silicate connectivity,
according to their Q" distribution (Figure 8a), after the crys-
tal-growth phase (>20h). The persisting nanoparticles
hardly contained any Q* environments. The Q* and Q® envi-
ronments were present in about equal amounts, next to low
amounts of the Q' silicon atoms. This Q" distribution of the
persisting nanoparticles is similar to the Q" distribution in
the oligomers (Figure 7). The residual nanoparticles seem to
be composed of oligomers similar to those present in solu-
tion (compare the data points at heating times of >20 h;
Figures 8a and 7).

Discussion

The combination of *Si NMR spectroscopic, DLS, and
SAXS analysis leads to the following scenario in the silica
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oligomers represent a constant
10% of all the silicon atoms.
The most marked change is
some depolymerization during
the jump in pH value after
heating for around 18 h, near
the termination of the extensive crystal-growth period.

According to the SAXS analysis 2-nm nanoparticles are
present during the whole crystallization process. The 2-nm
nanoparticles are the only nanoparticles left in the final
phase of the crystallization (> 20 h). Therefore, the Q" distri-
bution in the nanoparticles observed in the final phase is
that of the 2-nm nanoparticles (Figure 8a). Roughly, the 2-
nm nanoparticles are composed of 45-50% of Q* and Q°
sites, less than 10% of Q' sites, and no Q* sites. Out of the
total amount of silicon atoms, the concentration of the Q'
and Q7 sites inside the nanoparticle fraction is invariant
during the whole crystallization process (Figure 8b). The
large content of Q* environments and the presence of Q' en-
vironments shows that these persistent 2-nm nanoparticles
are little condensed. These nanoparticles may represent the
loosely bound clusters of oligomers associated with TPA cat-
ions observed by Pelster et al. by using mass-spectrometric
analysis.” The 2-nm nanoparticles represent approximately
20% of all the silicon atoms in the period after the growth
of silicalite-1 crystals.

During the induction period (0-5h), part of the initially
present 2-nm nanoparticles grow to approximately 6 nm. In
the case of an Ostwald-ripening-type growth mechanism, it
is expected that 2-nm nanoparticles dissolve, while the 6-nm
nanoparticles are formed. However, the SAXS data suggest
that the size of the 2-nm nanoparticles is constant. This ob-
servation is consistent with an aggregative growth mecha-
nism, but is in contradiction to an Ostwald ripening process.
The nanoparticles grown to approximately 6 nm have a high
content of Q° and Q* silicon atoms. The formation of 6-nm
nanoparticles out of a fraction of 2-nm nanoparticles goes
along with a gain in Q* environments at the expense of Q°
environments. The selective conversion of Q® silicon envi-
ronments into Q* sites suggests the occurrence of condensa-
tions reactions between particle-terminating silanols groups
(i.e., Q). The fusion of particles results in a decrease in the
surface/volume ratio. Within the first hour of the induction
period, according to NMR spectroscopic analysis, the Q% Q*
ratio dropped from 1.5:1 to 0.5:1. By assuming that the
nanoparticles are spherical, the Q* environments are in the
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core, and the Q° environments are in a 0.3-nm shell sur-
rounding the core,”) a change in the Q%Q* ratio from 1.5:1
to 0.5:1 would correspond to a size increase from 2.4 to
5nm. By considering the nanoparticles to be stabilized by
electrostatic interactions at the negatively charged silica sur-
face, an additional layer of organic cations of 1 nm is expect-
ed because the ionic radius of a TPA cation is approximately
0.45 nm.P¥ From the DLS experiments discussed above, the
nanoparticles grew to such extent, that is, from 2.4 to 6 nm.
This rough simulation suggests that the 6-nm particles have
a fully condensed internal silicate network terminated with
Q’ silicon atoms. Such particles with a large number of cova-
lent bonds are expected to have a long lifetime.

The induction period is the time needed to grow a frac-
tion of the 2-nm subpopulation of nanoparticles to 6 nm. As
discussed above, the remaining 2-nm particles are only
slightly condensed and persist throughout the further crys-
tallization reaction. The 6-nm particles, on the other hand,
are consumed during the nucleation and growth of silicalite-
1 according to SAXS analysis. A consequence of the de-
crease in the Q*Q* ratio during the formation of the 6-nm
particles is the decrease in electrical-charge density. The Q*
sites do not carry SiOH groups available for dissociation
into SiO". During the nanoparticle aggregation from an
average size of 2.4 nm to 6 nm, the maximal charge density,
approximated as the number of Q° sites per particle, de-
creases about sevenfold. Consequently, the electrostatic re-
pulsive potential is greatly decreased, thus leading to an en-
hanced aggregation probability. The condensation of the sili-
cate network in the nanoparticles may thus trigger nuclea-
tion and aggregative growth. The induction period is the
time needed to reach a critical concentration of condensed
6-nm nanoparticles. The first observed crystals measure
some 20 nm (Figure 2). Bragg crystallinity was observed
with SAXS analysis when the particle size reached about
50 nm (Figures 2 and 3).

Crystallization mechanism: Herein, previous reports of the
crystallization of silicalite-1 models are confronted with the
presently revealed evolution of silica speciation.

A first assumption is crystal growth from a monomer or
dissolved oligomeric species. Given that only 10 % of all sili-
con atoms are in a dissolved state (oligomers) and that the
final crystal yield is 64 %, such a solution-mediated mecha-
nism necessarily would involve nanoparticle dissolution.
Thermodynamically, the smallest of nanoparticles, that is,
the 2-nm subpopulation, is the most sensitive to dissolution.
However, according to both SAXS and NMR spectroscopic
analysis, the 2-nm nanoparticles undergo little change in par-
ticle size and number.

A crystal-growth mechanism that involves the gradual dis-
solution of the ~6-nm nanoparticles also seems improbable
because the Q%Q* ratio of dissolving nanoparticles is ex-
pected to increase, especially in the exponential growth
stage at around 18 h, which was not observed (Figure 8a).
The NMR spectroscopic data consistent with the SAXS
analysis, show that the number rather than the size of the 6-
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nm particles decreases during crystal growth. The presence
of nanoparticles of discrete sizes (i.e., 2 and 6 nm) is an ar-
gument against a mechanism that involves the gradual disso-
lution of nanoparticles to feed crystal growth. Growing crys-
tals with sizes between 6 and 20 nm, if present at all, re-
mained below the detection limits of DLS. Growth by mo-
nomer or oligomer addition in the size range 6-20 nm is un-
likely. A mechanism that involves aggregation steps is more
consistent with the presented results.

During the induction period, the nanoparticles undergo
differentiation with respect to the structure and size of the
silicate framework. To account for the observations, we pos-
tulate that the unheated system consists of two groups of
nanoparticles. One group is too poorly polymerized to trans-
form during heating into suitable building blocks for the
crystallization, and one group that can aggregate to 6 nm
with an increased degree of connectivity. By assuming that
the insufficiently polymerized particles are formed upon
mixing of the reagents and that these particles persist till the
end, their Q" distribution corresponds to the nanoparticle
Q" distribution observed after 20 h. In this hypothesis, the
first nanoparticle population is rather insensitive towards in-
creased temperatures on the crystallization timescale and re-
mains small (ca. 2 nm) and poorly condensed. This small-
size population of nanoparticles bears a resemblance to the
oligomeric species, which also shows negligible changes
upon heating. At the end of the induction period, the exper-
imental data indicate that about 70% of the silicon atoms
reside in 6-nm nanoparticles with a highly connected silica
framework, 10 % in dissolved oligomers, and 20% in poorly
polymerized nanoparticles. The high concentration of 6-nm
nanoparticles is consistent with the notion that silicalite-1
crystals nucleate and grow by direct addition of these parti-
cles, without involvement of oligomeric silicate species.
Based on their high Q* content, we infer that the ~6-nm par-
ticles have zeolite-like connectivity. The connectivity and
size of these particles remains constant during the major
part of the growth stage. Mechanistically, the data are con-
sistent with a growth mechanism through aggregation. The
onset of aggregation into crystals may be related to the low
electric charge density of the 6-nm building blocks, which
eventually leads to colloidal destabilization.

On the basis of these arguments, a refined crystallization
model is proposed (Figure 10). At the stage of preparing the
clear sol, two groups of 2-nm particles are formed. A frac-
tion of these nanoparticles contains merely aggregated olig-
omers, which do not contribute to the nucleation or growth
processes and represent some 20 % of the silicon atoms. The
main part of the nanoparticles (70% of the total silicon
atoms) has a suitable degree of internal condensation. These
particles grow by aggregation to approximately 6 nm. A crit-
ical concentration of the 6-nm particles eventually is
reached. Silicalite-1 nucleates and grows through the addi-
tion of these units. Although no direct evidence is provided,
the 6-nm units presumably have a zeolitic character and ori-
ented growth is presumed. Aggregative models presented in
previous reports assume that the as-prepared nanoparticle
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Figure 10. Scheme of the crystallization mechanism proposed herein. Particles with poorly developed framework connectivity are depicted in light gray;
zones with zeolite-like framework connectivity are depicted in dark gray; the zigzag arrows indicate an aggregation event.

population is unstructured®!” (Figure 1a,b) or entirely
MFI-structured™* (Figure 1c). The silicate framework of
initial nanoparticles in the model of Figure 10 is not uni-
form, but is either poorly or highly connected. This differen-
tiation of nanoparticles already takes place during the syn-
thesis of the clear sol at room temperature. Their framework
connectivity determines their propensity for aggregation.
During a prenucleation stage, the highly connected 2-nm
nanoparticles selectively aggregate form to 6-nm nanoparti-
cles. The framework connectivity of the 6-nm nanoparticles
after prenucleation resembles the final zeolite and is invaria-
ble during a further course of crystallization. In terms of
framework connectivity, the population of 6-nm nanoparti-
cles is comparable to the nanoslabs or tablets of model ¢ in
Figure 1.

The aggregation of a fraction of nanoparticles with poorly
developed topology during prenucleation, and subsequent
transformation of the aggregate into a viable nucleus with
zeolite framework connectivity (Figure 1a) was proposed by
de Moor et al."! Whereas Davis et al. proposed that the for-
mation of a nucleus takes place at the end of a chain of
equilibria that connect nanoparticles with different degree
of MFI framework structure (Figure 1b).”! The nucleation
event in the model presented herein is the aggregation of a
fraction of Q* rich 6 nm nanoparticles.

It was proposed by de Moor et al. that crystal growth pro-
ceeds through the attachment of unstructured units to the
surface of the nucleus and consequent development of the
zeolite framework."? A quantitative model for growth
through the aggregation of nanoparticles and subsequent
framework rearrangement was developed by Nikolakis
et al.™ It was suggested by Davis et al. that growth occurs
by the oriented attachment of intermediately structured
nanoparticles to the nucleus.” It was also proposed that the
attachment rates increase with the increasing degree of MFI
structuring.® A common feature of models a and b in
Figure 1 is that these show a well-defined nucleation event
followed by growth by addition of individual nanoparticles.
The initial system in model ¢ only contains fully zeolitic
nanoslabs followed by growth through consecutive oriented
aggregation steps, that is, the nanoslabs couple sideways two

2772 — www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

by two to form tablets, which staple to intermediates that
further cluster sideways to the crystals. This mechanism cor-
responds to the cluster—cluster aggregation of zeolite build-
ing blocks of increasing size. Similarly, Watson et al. pro-
posed consecutive oriented aggregation that starts from cy-
lindrical rather than slablike MFI-structured particles.*)

In the model of Figure 10, growth starts by oriented ag-
gregation of additional 6-nm nanoparticles with the nuclei.
Attachment of individual 6-nm nanoparticles to the growing
crystal is proposed rather than consecutive cluster—cluster
aggregation steps (Figure 1¢) because the 6-nm nanoparti-
cles are observed throughout crystal growth and their size
does not gradually increase during crystal growth.

The proposed model stresses the importance of the prepa-
ration of a clear sol at room temperature. The framework of
nanoparticles already is determined to a large extent during
the initial condensation reactions that take place after hy-
drolysis of TEOS in aqueous TPAOH. Only the fraction of
nanoparticles with high connectivity in the starting clear sol
is incorporated into the crystals. Methods to increase the
amount of highly connected nanoparticles in the starting
clear sol may therefore provide a pathway to increase the
final yield of the crystal.

Conclusion

A refined model for the crystallization of silicalite-1 from a
TEOS/TPAOH clear sol has been derived based on DLS,
SAXS, pH, and *Si NMR experiments. The as-prepared
clear sol contains oligomeric silicate species and two discrete
populations of 2-nm nanoparticles with different framework
connectivities. Oligomers and nanoparticles with low silicate
framework connectivity do not participate in the crystalliza-
tion. Nanoparticles with a highly connected silicate frame-
work that resemble the final zeolite grow to approximately
6 nm during prenucleation. These 6-nm particles are the
units for further nucleation and aggregative growth of colloi-
dal silicalite-1 crystals.
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Experimental Section

TEOS (Acros, 98%) was added to an aqueous solution of TPAOH in
water (Alfa, 40 wt%) in a polypropylene vessel at room temperature
with stirring. Water was added to the mixture after stirring for 20 min,
thus resulting in a molar TEOS/TPAOH/H,0 composition of 25:9:400.
This clear sol was aged for 24 h at room temperature before further ma-
nipulation or measurement.

DLS experiments: Analysis of a sample of an unheated clear sol at 25°C
and a sol heated at 95°C for up to 12 h of reaction was performed on a
CGS-3 apparatus from ALV (Langen, Germany) with a 22-mW HeNe
(632.8 nm) laser. As the particle sizes are at the lower limit of the DLS
technique, measurements were carried out at seven different scattering
angles between 25 and 150°. The samples were filtered with 0.2-pm poly-
tetrafluoroethylene (PTFE) membrane syringe filters (Alltech) and were
introduced in glass tubes. The tubes were inserted after sealing into the
preheated (25 or 95+1°C) measuring cell filled with cis-decaline as an
index-matching fluid. The measurement time for each autocorrelation
function was 60 s. DLS of the clear sol heated for between 10 and 32 h at
95°C in a synthesis oven and subsequently quenched to room tempera-
ture under flowing water was performed with an ALV NIBS apparatus at
25°C. These samples were diluted with water (100x ) and filtered before
measurement. At all times, the angular dependence of the scattered in-
tensity was absent, which shows that the experiments were performed in
the Rayleigh scattering regime. The measured autocorrelation functions
(see Figure S1) were transformed to intensity-weighed relaxation-rate
distributions, which was achieved by an inverse Laplace transformation
least-squares fitting algorithm with maximal entropy regularization with
NPK software.™ The decay rates I, which correspond to the peak
maxima, were determined by fitting Gauss curves to the peaks of the in-
tensity-weighed decay-rate distributions. Diffusion coefficients D were
calculated by linear fitting of the decay rates I" at different scattering vec-
tors Q according to the relationship I'=Dg? A linear relation was found
at all times, thus revealing diffusive processes. The viscosity of the react-
ing solution was determined in situ at 95°C, using an AMVn rolling-ball
viscosimeter (Anton Paar) calibrated with water at the measurement
temperature. The viscosities of the unheated sol and the heated,
quenched, and diluted samples were measured at 25°C by using the same
procedure. Hydrodynamic particle sizes were calculated from the diffu-
sion coefficients and the corresponding viscosities with the Stokes-Ein-
stein relation. Volume-weighed particle-size distributions were calculated
with the ALV analysis software.

SAXS: Samples were prepared by reaction of a clear sol at 95°C between
2 and 32 h and subsequent quenching to room temperature. The SAXS
patterns of the unheated and heated sols were recorded at the ID02 high
brilliance beamline (ESRF, Grenoble, France). The samples were loaded
into 1.6-mm quartz capillaries. The X-ray wavelength was 1=9.95063
107" m. A FReLoN Kodak CCD mounted in a vacuum tube was used at
a sample-to-detector distance of 0.8 m. Data treatment involved various
detector corrections for flat-field response, spatial distortion, and dark
current of the CCD, as well as normalization by the incident flux, sample
transmission, sample path length, and exposure time. The resulting nor-
malized two-dimensional images were averaged to obtain /(g), which es-
sentially refers to the differential scattering cross section dX/d€2 per unit
length in mm'sterad .

NMR spectroscopy: Samples for NMR spectroscopy were prepared by
heating the initial clear sol at 95°C and quenching to room temperature
after 11 reaction times between 0 and 35 h. The ’Si NMR spectroscopic
experiments were carried out in 10-mm quartz tubes with a modified
background-free commercial probe in a Bruker Avance 500 spectrometer
at a resonance frequency of 99.353 MHz. The spectra of the heated sols
were recorded with single-pulse acquisition at room temperature (24—
25°C) with a pulse of 8.5 us (45°), a repetition delay time of 7s, and
1024 accumulations. The spectra of the unheated sol were recorded with
12x1024 accumulations that started 5 min after adding water to the
TEOS/TPAOH mixture. Under such conditions and on the basis of the
Ernst angle equation, the measurements were quantitative for any reso-
nance with a longitudinal relaxation time 7 up to 20 s. Typical 7; relaxa-
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tion times in concentrated aqueous solution of silicate are below 17 s.**!
Longitudinal relaxation-time measurements in typical clear precursor
sols of silicalite-1 have been investigated.’ The T values for silicate
oligomers were within 8-18 s, whereas the T values of the silicate species
in the nanoparticles were one order of magnitude higher, that is, in the
range 15-126s. To overcome the effect of incomplete relaxation due to
shorter repetition time, spectra of the unheated clear sol were recorded
twice with repetition delay times of 7 and 92 s, which are long enough for
full relaxation of all resonances with a pulse angle of 45°. This compari-
son allows determination of a correction factor for quantitative estima-
tion of NMR spectra recorded when using a reduced recycle delay. Fit-
ting of the spectra by following a procedure described previously™® re-
sults in the quantification of three fractions: oligomers (narrow lines),
nanoparticles (broad lines), and solid material (signal intensity loss). The
silicon connectivity pattern of the two former fractions was therefore
provided in terms of Q", where n=0-4 represents the number of siloxane
bonds of a silicon nucleus. Assignment of the Q" environment was per-
formed in accordance with previous work.[>2¢%¢!

pH values: The pH value of the sols was measured at 22°C with a Met-
tler Toledo SevenMulti S40 equipped with an Inlab 418 electrode. Stable
readouts of the pH values were obtained after 1 min.
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