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In concentrated clear sol prepared from tetraethylorthosilicate, tetrapropylammonium hydroxide,
and water suitable for crystallization of Silicalite-1 zeolite, the main part of the silica is present in
nanoparticles. The nature of these nanoparticles and their evolution during the induction period and
the stage of early crystal growth was investigated via dissolution experiments in the presence of excess
TPAOH. The dissolution process was monitored in situ using static and dynamic light scattering
(SLS/DLS) and synchrotron small-angle X-ray scattering (SAXS). The complete dissolution of an
individual nanoparticle was observed to occur in one step. Dissolution transformed a nanoparticle
into a cluster of silicate oligomers. Larger grown nanoparticles dissolved slower. Exponential
dissolution rate constants scaled inversely proportional with the volume of the nanoparticle’s silica
core. This experimentally observed dissolution behavior was modeled by assuming that a nanopar-
ticle dissolved to oligomers via a series of partially dissolved nanoparticles that correspond to
metastable intermediate states of increasing free energy. The resulting free energy barrier that has to
be overcome by a dissolving nanoparticle could be derived from the experimental input. The idealized
free energy profile provided a qualitative explanation for the apparent instantaneous disintegration
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of entire nanoparticles.
Introduction

Zeolites are technical materials designed for applica-
tion in various domains such as heterogeneous catalysis,'
pollution abatement,> > and sensors.®’ Silicalite-1 is an
all-silica zeolite with MFI framework topology that can be
synthesized from a clear sol.® The optically transparent
clear sol is obtained upon the reaction of tetraethyl ortho-
silicate (TEOS) in an aqueous solution of tetrapropyl-
ammonium hydroxide (TPAOH). When this mixture is
heated, Silicalite-1 crystallizes within a time frame of hours.
In the clear sol, silica speciation is complicated. Besides
the dissolved silicate monomer and oligomers, the sol con-
tains nanoparticles. These nanoparticles adopt specific sizes
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(2—10 nm) and various internal silicate connectivities de-
pending on conditions.”'® Their internal structure is diffi-
cult to determine. They appear amorphous in XRD and do
not show lattice spacings in electron microscopy. On the
basis of indirect experimental evidence, the internal struc-
ture of the nanoparticles has been described in different
ways. The models differ essentially with respect to the
specificity of the silicate connectivity and the occlusion of
TPA. Description in terms of amorphous versus crystalline is
less appropriate in a discussion of the properties of these
small silicate nanoparticles. The term structured will be used
here to refer to the development of a tridimensional silicate
network with zeolite-specific loop configurations.'!

Some authors proposed the nanoparticles to be merely
the silicate source providing dissolved oligomers and mono-
mers for crystal growth.'>!® Others, including some of us,
attributed a more prominent role to the nanoparticles, and
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proposed their involvement in an oriented aggregation
process.m_l7 De Moor et al.,'® Burkett et al.,'”?® and Hsu
et al.>! postulated that the nanoparticles occluded TPA and
had some initial ordering, but zeolitic internal structuring
according to those authors was reached only after aggrega-
tion. In more recent aggregative growth models, aggrega-
tion is believed to proceed seclectively from the most
structured nanoparticles that exist in small concentration
in the clear sol.??>7?* In such kinetic models, the internal
structure of the nanoparticles is assumed to improve pro-
gressively, thus increasing the probability for involvement in
aggregation processes contributing to crystal growth. The
structural evolution of the nanoparticles is a time limiting
factor in such aggregative growth processes. The formation of
fully structured nanoparticles with TPA molecules occluded
in channel intersections has been proposed in the nanoslab
model,”> %" which has been discussed controversially.?*
Because of its nanodimensions, the zeolitic network in a
nanoslab does not immediately reach the permanence and
stiffness of a zeolite crystal but transforms into increasingly
stable silicate species over time. The evolution toward more
zeolite-like connectivity was deduced from the shifting of the
fingerprint IR absorption band with the size of the MFI
fragment.®' In the latest formulation of the model, it was
proposed that only part of the nanoparticles, namely, those
with a condensed zeolite-like framework, evolve into building
blocks for Silicalite-1 nucleation and growth.*?
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Several experimental techniques have been used to
monitor the size and the internal structure of the nano-
particles during Silicalite-1 crystallization. Pioneered by
Schoeman and co-workers,”® dynamic light scattering
was used for simultaneous detection of nanoparticles
and growing crystals at hydrothermal conditions.?!**
During the induction stage of the crystallization, the size
of the nanoparticles slightly increases.*>*> This process
was found to be irreversible upon cooling.*® Also during
induction, infrared and 2*Si NMR spectroscopy revealed
that the silicate connectivity of the nanoparticle frame-
work increased.>*>”® The onset of crystal growth was
marked by a sudden jump of the effective diameter
measured by DLS.?> At this stage, small-angle X-ray
scattering (SAXS) patterns evidenced the formation of a
low concentration of larger particles (~10 nm) next to the
nanoparticles.** Cryo-transmission electron microscopy
(cryo-TEM) revealed the presence of ~10 nm particles
with crystal lattice spacings.!” These early crystals had an
aggregate-like morphology with crystalline domain sizes
similar to the size of nanoparticles,'”**** supporting the
model of crystal formation through an oriented aggrega-
tion mechanism.

Disturbing the sol by dilution, changing alkalinity, or
cooling is an alternative approach that has been used
to investigate the properties of the nanoparticles. In a
recent study, the dissolution of nanoparticles was inves-
tigated, after increasing the sol alkalinity by adding extra
TPAOH.* With increasing hydrothermal treatment
time, the nanoparticles showed increasing resistance to-
ward dissolution. Nanoparticle dissolution rates and
enthalpies evolved toward the values for Silicalite-1 crys-
tals, and it was concluded that the nanoparticles exhibit
an internal reorganization toward a material that is more
zeolite-like in structure.*® A model originally developed
for nanoparticle growth was found to give a reasonable
description of the dissolution process.*® This model was
based on the assumption that nanoparticle growth and
fragmentation occurs via addition or subtraction of
silicate monomers.

The investigation of zeolitic nanoparticle dissolution thus
provides insight into their formation and their structural
evolution during crystallization. Previous studies of nano-
particle dissolution were performed on dilute clear sols
(TEOS/TPAOH/H,O of Y:X:9500) with Y varying bet-
ween 40 and 80, and X between 4.5 and 27).* In the present
work, we investigated more concentrated sols with molar
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Table 1¢
TPA™ (mol) OH™ (mol) H>O (mol) Msioz (mol Lfl) Mon (mol Lil) pHav, 0 n PHav, g n
starting clear sol 9 9 400 1.76 0.63
TPAOH13 13 13 467 1.54 0.80 13.34+0.1 13.3+£0.5
TPAOHI19 19 19 570 1.29 0.98 13.8+0.1 13.8+0.7
CsOH19 9 19 570 1.29 0.98
TPABrl19 19 9 570 1.29 0.63

“(Columns 2—4) molar ratios of TPA™, OH ™, and water, for 25 mol TEOS; (columns 5—6) molar concentrations of SiO, and OH™; (column 7)
average pH of sols at the start of dissolution; (column 8) average pH of sols after 48 h of dissolution.

TEOS/TPAOH/H,>0 composition of 25:9:400. Dissolution
was initiated by increasing the alkalinity of the sol by adding
concentrated TPAOH. Because of the high silica concentra-
tion, it was possible to monitor the dissolution process by in
situ static and dynamic light scattering. In situ synchrotron
SAXS was used to study structural evolution at length scales
of the nanoparticles. We performed dissolution experiments
on sols at different stages of the crystallization process,
starting from the unheated sol of nanoparticles up to the
point where relatively large crystals were observed. Our data
suggested a peculiar dissolution mechanism, converting
entire nanoparticles spontaneously into open clusters of
oligomeric silicate species and no gradual decrease of the
nanoparticle size. A mathematical model is developed that
qualitatively explains the observed dissolution behavior.

Experimental Section

Clear sol was prepared according to the method by Persson
et al.® TEOS (tetracthylorthosilicate, Acros, 98%) was added
at room temperature to a concentrated aqueous solution of
TPAOH (tetrapropylammoniumhydroxide, Alfa Aesar, 40 wt.%)
under stirring. After hydrolysis of TEOS, bidistilled water was
added to the mixture, resulting in a molar TEOS/TPAOH/H,O
ratio of 25:9:400. The mixture was stirred overnight, resulting in
the as-prepared clear sol. Before further experiments, the sol was
kept at 6 °C.

For SLS/DLS experiments, samples of the as-prepared clear
sol were heated at 95 °C in sealed polypropylene bottles for 1, 2,
3,4,6,and 8 h for crystallization. The samples were quenched by
submerging the hot bottles in cold water and storing at 6 °C.
Nanoparticle dissolution was initiated at room temperature by
adding amounts of TPAOH 40 wt %, TPABr (98%, Acros), or
CsOH (Cesiumhydroxide Monohydrate, 99.5%, Acros) to SmL
of as-prepared clear sol and each of the 6 heated samples. The
molar composition of the samples after the addition of TPAOH,
TPABr, or CsOH is given in Table 1. The samples were subse-
quently stirred for 35 min to ensure homogeneity and then
filtered using a 0.2 um PTFE membrane syringe filter (Alltech)
to remove unwanted dust particles that would perturb light
scattering experiments.

The addition of extra TPAOH caused a jump of the pH value
from 12.5° to above 13 (Table 1). The pH values did not show a
clear trend with either heating or dissolution time, i.e., the time
after the addition of TPAOH (see Supporting Information,
Figure SI-1). pH values averaged over all heating times, with
one standard deviation errors, are presented in Table 1.

Filtered samples were loaded into 8 mm diameter glass tubes
that were inserted in the sample compartment of an ALV-CGS3
DLS/SLS apparatus equipped with a HeNe laser with a wave-
length of 632.8 nm and a power output of 22 mW. cis-Deca-
hydronaphtalene (Sigma-Aldrich, 99%) was used as the index
matching fluid (n = 1.49). For each sample, the static scattered

intensity (SLS) and autocorrelation (DLS) were measured re-
peatedly at 8 geometrically progressing times between 2 and
170 h after the addition of TPAOH, CsOH, or TPABr, at scatter-
ing angles of 45, 60, 90, and 150°. The measurement time per
angle was 30—60 s. Relaxation rate distributions were calculated
from the autocorrelation functions (ACFs) using the inverse
Laplace transformation (ILT) procedure included in the ALV
software. ILT analysis with maximum entropy regularization
was performed using the Igor Pro software from Wavemetrics.
Both analysis methods gave similar results.

For synchrotron SAXS experiments, as-prepared clear sol
and clear sol heated at 95 °C for 10, 20, 40, and 70 min, 2 h, and
6 h were combined with 40 wt % concentrated TPAOH solution
to provoke dissolution. The final molar TEOS/TPAOH ratio
was 25:19. The 7 samples were then stirred at room temperature
for 20 min and put into 1 mm glass capillaries (Hilgenberg) that
were sealed. The 7 capillaries were mounted on a rack, and
SAXS patterns were recorded each 5 min during 5 h at ambient
temperature. SAXS patterns were recorded at DUBBLE, the
Dutch Belgian Beamline at the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble, France. The accumulation
time per sample was 60 s, using a monochromatic X-ray beam
(wavelength = 0.1 nm; energy = 12 keV). SAXS patterns were
recorded on a two-dimensional (2D) multiwire gas-filled detec-
tor with a spatial resolution of 250 um. The sample-to-detector
distance was 1.50 m. The g-axis was calibrated using a Ag
behenate specimen. Under these conditions, a ¢ range between
0.3 and 6.4 nm ™" was covered. The scattering patterns were
corrected for detector response, and the intensity was normal-
ized to the intensity of the incoming beam, measured by an
ionization chamber placed downbeam from the sample. The
background of an empty capillary was subtracted from the
sample patterns, according to standard procedures, taking into
account the sample and sample—holder transmission.

Results

Static (SLS) and dynamic light scattering (DLS) were
used to monitor the dissolution of nanoparticles and
crystals to silicate oligomers at different stages of the
crystallization reaction. For this purpose, a series of seven
clear sol samples was prepared, with molar TEOS/
TPAOH/H-O ratio of 25:9:400. A first sample consisted
of as-prepared, unheated clear sol. The other samples
were obtained by heating the as-prepared clear sol at
95°C and quenching the reaction after six selected heating
times, viz. 1, 2, 3, 4, 6, and 8 h.

Dissolution was performed at room temperature and
initiated by adding concentrated 40 wt % aqueous TPAOH
solution to small volumes of the unheated and the six heated
clear sols. The molar TEOS/TPAOH ratio was decreased
from 25:9t0 25:13 (TPAOH 13 sample series) and in a second
series to 25:19 (TPAOH19 series) (Table 1). Dissolution was
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Figure 1. (a) Hydrodynamic diameters d}, of oligomers (ol), nanoparticles (np), and crystals (cr) in sols heated at 95 °C for different times (TPAOH13
series). The data were obtained early (1.9 h) after the start of dissolution at room temperature. The dotted line represents in situ measurements conducted at
95 °C.3? (b) Static intensity scattered by each population and total static intensity /. Error bars represent the standard deviation of the values at four

different scattering angles.
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Figure 2. Hydrodynamic diameters d, of oligomers, nanoparticles, and crystals during dissolution at room temperature. Data for sols heated for 0—8 h at
95 °C before the dissolution experiment are presented. (Left) TPAOH13 series; (right) TPAOH19 series. Each data point is the average value at four

scattering angles with error bars representing one standard deviation.

monitored with in situ, multiangle, light scattering between
ca.2and 170 h after the addition of extra TPAOH to the sols.

Light scattering measurements revealed up to three
particle populations, depending on heating time and
dissolution time. A representative set of light scattering
data and their analysis is shown Figure SI-2 of the
Supporting Information. For each of the populations,
the average hydrodynamic diameter was calculated from
the measured diffusion coefficients using the Stokes—
Einstein equation. The two particle populations with
the smallest diffusion coefficient (largest particle size)
were assigned to nanoparticles and crystals.”'® The
third DLS signal, having the largest diffusion coefficient,
was attributed previously to a second diffusive motion of
nanoparticles termed collective diffusion.”'” Collective
diffusion occurs in concentrated systems and involves the
correlated motion of many particles, as opposed to the
self-diffusive motion of individual particles.*' However,
in the present work, the fast diffusing population was still
observed when nanoparticles had completely dissolved

(41) Pusey, P. N.; Fijnaut, H. M.; Vrij, A. J. Chem. Phys. 1982, 77,4270.

into silicate oligomers (see Figures 2 and 3 below). This
strongly suggested that the fast DLS signal was caused by
the diffusion of oligomers instead of the collective diffu-
sion of nanoparticles.

Crystallization Monitored with Light Scattering. Sols at
different stages of the crystallization, i.e., after different
heating times, were characterized by light scattering.
These measurements were conducted early in the dissolu-
tion process (1.9 h after the addition of extra aqueous
TPAOH) to evaluate the initial state of the sols before
significant dissolution had occurred.

Until 4 h of heating, only oligomers and nanoparticles
were observed (Figure 1). Note that oligomers were already
observed in this early stage of the dissolution process. This
was expected because a clear sol of the present composition
contains a small amount of oligomers even before the
addition of extra TPAOH.”'® Oligomers in the clear sol
typically consist of 1 to 10 Si atoms.*?

With increasing heating time, the average oligomer size
fluctuated between 0.2 and 0.6 nm. It was not possible to

(42) Haouas, M.; Petry, D. P.; Anderson, M. W.; Taulelle, F. J. Phys.
Chem. C 2009, 113, 10838.
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Figure 3. Evolution of static intensity of nanoparticles and crystals during dissolution at room temperature. Data for sols heated for 0—8 h at 95 °C before
the dissolution experiment are presented. The solid traces are exponential fits to the data. (Left) TPAOH 13 series; (right) TPAOH 19 series. Each data point
is the average value at four scattering angles with error bars representing one standard deviation.

identify a trend of the oligomer size within experimental
error. But the order of magnitude of the oligomer size
was realistic, given that the length of a Si—O—Si bond
is 0.3 nm.

The size of nanoparticles increased from 3 to 5 nm, in
agreement with previously reported DLS data measured
at crystallization temperature (95 °C, dotted line in
Figure 1a).** After 6 h, the first crystals were resolved.
The diameter of the first crystals was ca. 30 nm, growing
to ca. 50 nm after 8 h.

The total static intensity I, and that of the three
populations separately are shown in Figure 1b. The
intensity of the oligomers was small and constant within
experimental error. The intensity of nanoparticles 7,
increased with heating time, consistent with the increase
of their size. On the basis of the sudden increase of the
total static intensity, the onset of crystal growth occurred
between 4 and 6 h of heating (Figure 1b). After 8 h, the
intensity of oligomers and nanoparticles became very
small relative to that of the crystals. The oligomers could
not be observed any more, but the nanoparticle popula-
tion was still detectable, and its size was in agreement with
the previously reported DLS data at 95 °C. However,
the intensity scattered by nanoparticles in the 8 h was
underestimated in the DLS analysis. A large fraction of
the nanoparticle intensity was counted as a part of the
crystal intensity. This was further evident from the evolu-
tion of static intensity during the dissolution described
below.

For the more alkaline TPAOH19 series, similar trends
of the particle size and intensity with heating time were
observed (Supporting Information, Figures SI-3 and
SI-4). The hydrodynamic particle sizes differed slightly
in magnitude from those of the TPAOH 13 series, but the
intensities, after correction for the silicon concentra-
tion in the sols, superimposed.

On the basis of these results, the period between 0—4 h
of heating was taken as the induction stage of crystal-
lization and is characterized by the growth of nanoparti-
cles. Nucleation and growth of crystals started between
4 and 6 h. Under the present synthesis conditions, the

crystals grew further, reaching a final diameter of 100 nm
after 20 h.** Thus, the investigated 8 h heating period
covered the induction stage, nucleation, and the onset of
crystal growth.

Dissolution Monitored with Light Scattering. Between
2 and 170 h after the addition of extra TPAOH to the
samples, the hydrodynamic diameter of the three popula-
tions remained almost constant (Figure 2). The static
intensity scattered by nanoparticles decreased strongly
(Figure 3), whereas the intensity of oligomers (Supporting
Information, Figure SI-5) and crystals (Figure 3) re-
mained at the same level. The constant nanoparticle
diameter was a surprising result and was most clearly
observed for the sols heated between 1 and 4 h (see Figure
SI-6 of the Supporting Information for samples heated for
1 and 3 h). Among the different heating times, the 1—4 h
data are probably the most accurate because the share of
nanoparticles in the total intensity is highest (Figure 3).

The combined trends of size and intensity suggested
that nanoparticles dissolved by rapid disintegration of
entire particles. At constant nanoparticle diameter d, the
principal cause for the strong decrease of the nanoparticle
intensity is a decrease of the number of nanoparticles N
because the intensity is proportional to Nd®.

Crystals dissolved at a much slower rate than nano-
particles, revealed by their almost constant hydrodynamic
diameter and intensity (Figures 2 and 3). The crystals
intensity of the 8 h heated sols showed a small decrease,
but this could be accounted for by the intensity loss caused
by the dissolution of nanoparticles that were not resolved
from the crystal signal in DLS.

The constant diameter of oligomers suggested that
oligomers of similar size were formed during the entire
dissolution process. The continuous formation of new
oligomers out of dissolving nanoparticles should result in
an increase of the corresponding static intensity. How-
ever, a significant increase was not observed (Supporting
Information, Figure SI-5), probably because the oligomer
intensity was too small compared to the background.
Oligomers were still observed after complete nanoparticle
dissolution. This observation confirmed the assumption
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Figure 4. Rate constants (k,,) of the exponential decay of intensity
scattered by nanoparticles during their dissolution at room temperature,
for sols heated at 95 °C for different times. Data for two TPAOH
concentrations are shown (TPAOH13 and TPAOH19 series). The error
bars represent one standard deviation of the fitted rate constants.

that this DLS signal specifically relates to the diffusion of
oligomers.

To quantify the influence of different heating times on
nanoparticle dissolution rates, the decrease of nanopar-
ticle intensity with dissolution time, I,,(¢), was fitted,
error weighted with an exponential decay to a baseline
intensity 7, (Figure 3):

Inp(t) = Ip(0)exp( — kupt) + Iy (1)

The dissolution rate constants k,, decreased monoto-
nously with heating time up to 4 h (Figure 4). The
decrease of rate constants was largest between 0 and 1 h
of heating. At 6 h, a slight increase was observed, prob-
ably arising from the difficult simultaneous analysis of
nanoparticles and crystals, evident from the large error of
the 6 h data points. The rate constants of the more
alkaline TPAOH19 dissolution series were consistently
5 times larger than those of the TPAOH13.

A control experiment in which aqueous TPABr was
added to the sols instead of TPAOH (Table 1) did not
result in an evolution of the static scattering intensity.
This experiment showed that the changes observed when
adding aqueous TPAOH are predominantly caused by
the increase of hydroxyl anion concentration rather than
by the increase of [TPA™] or dilution effects. In another
series of experiments, CsOH was added to initiate dis-
solution (Table 1). The addition of CsOH and TPAOH at
the same molar concentration had a similar dissolution
effect (data for CsOH not shown). The nature of the
cation (Cs™ versus TPA™) had little influence on nano-
particle dissolution kinetics, confirming that the hydroxyl
anion concentration was the relevant parameter.

Dissolution Monitored with SAXS. The dissolution of
nanoparticles into oligomers after adding TPAOH was
also monitored with in situ SAXS (for the TPAOH19
composition; Table 1). SAXS patterns were recorded
approximately every 15 min over the first 5.5 h of the
dissolution process, and a final pattern was recorded after
18—19 h. Dissolution experiments were carried out on
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sols quenched during the induction period of the crystal-
lization, viz., after heating times between 0 and 120 min.
In this period, the nanoparticles showed the largest
evolution of their size (Figure 1) and dissolution rate
(Figure 4). Representative SAXS dissolution data of sols
heated for 10 and 120 min are shown in Figure 5. Patterns
for four other heating times are provided in Supporting
Information (Figure SI-7).

The patterns showed two features. The intensity decay
below ¢ ~2.5 nm™ ! was associated with the form factor of
individual nanoparticles. The peak at ¢ ~3.2 nm~' was
ascribed to oligomers. The clear peak suggested that the
oligomers were strongly correlated in the sols. During
dissolution, the intensity of the low-¢ nanoparticle feature
decreased, whereas the oligomer scattering at ¢ ~3.2 nm™'
gained intensity. After 18—19 h, light scattering showed that
the dissolution of nanoparticles to oligomers was complete
(Figure 3b). Correspondingly, in the SAXS patterns after
18—19 h, the oligomer peak was the dominant feature.

The average spacing between oligomers could be esti-
mated from the position of the peak maximum, being
2m/q = 1.9 nm. Surprisingly, the position of the oligomer
peak was independent of dissolution time, thus revealing
a constant distance between oligomers.

Another remarkable feature was the presence of an iso-
scattering point where all of the SAXS patterns crossed
(Figure 5). The intensity and position of the iso-scattering
point were invariant during the entire dissolution process.
The iso-scattering point indicated that only two types of
structures were involved during dissolution, which chan-
ged in relative population, but not in size, shape, or
structure. Consistent with the analysis of diffusion coeffi-
cients and static intensity (Figures 2 and 3), the iso-
scattering points hence indicated that nanoparticles dis-
integrated directly to oligomers. This process leads to a
decrease of the nanoparticle number but not of their size.

On this account, the SAXS patterns X(7) at different
dissolution times ¢ were simulated with a weighted sum of
the pattern of 100% nanoparticles Xy, and that of 100%
oligomers X,:

a(t)Xnp +[1 = a(t)]Xor = X (1) 2)

Details on the calculation and examples of simulations
are provided in Supporting Information. Briefly, the
100% nanoparticle pattern was first calculated, assuming
power law decay at large ¢. The weighing factors a(r) were
determined by minimizing the sum of squared differences
between experimental and calculated composite patterns.

The weighing factors a(f) and 1 — a(¢) in eq 2 are pro-
portional to the number of nanoparticles and oligomers,
respectively, although the proportionality constants are
unknown and are for certain different for both species.
The evolution of the weighing factors a(¢) with dissolution
time is shown in Figure 6a. Analogous to the analysis
of light scattering intensity, the weighing factors were
fitted with a single exponential decay (Figure 6a). The
exponential function described the data remarkably well.
The decay rate constants from fits to a(f) (Figure 6b)
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Figure 7. (a) Calculated SAXS patterns of 100% nanoparticles for different heating times at 95 °C. The solid lines are fits with an oblate ellipsoid form factor; (b)
major ellipsoidal axis () derived from SAXS fitting. The dotted line is the hydrodynamic diameter (¢/,) of nanoparticles determined with i situ DLS at 95 °C.32.

decreased with heating time and were in good agreement
with the corresponding rates determined from light scat-
tering.

From the simulations, the 100% nanoparticle patterns X,
at different heating times could be calculated (Figure 7a). At
all heating times, the patterns exhibited power law exponents
of ca. —2 at high g-values, in agreement with open, mass
fractal aggregate, or disk- or sheet-like structures. To estimate

the size of the nanoparticles, the patterns were fitted with an
oblate ellipsoidal form factor. This shape was used previously
to describe the scattering of nanoparticles in dilute sols.** The
ellipsoidal model described the data with reasonable accuracy

(43) Fedeyko, J. M.; Vlachos, D. G.; Lobo, R. F. Langmuir 2005, 21,
5197.

(44) Groen, J. C.; Hamminga, G. M.; Moulijn, J. A.; Perez-Ramirez, J.
Phys. Chem. Chem. Phys. 2007, 9, 4822.
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(Figure 7). In the present case, only the length of the major
ellipsoidal axis could be determined from the fits because the
—2 power law decay extended to the end of the measured
¢ range, i.e., there was no transition to surface scattering at
length scales of the minor ellipsoidal diameter. Irrespective of
the exact shape and structure of the nanoparticles, however,
the fitted ellipsoidal diameter provided an estimate of the
largest dimension of the nanoparticles.

The diameter of nanoparticles derived from SAXS analy-
sis increased with heating time, following a trend similar to
that of the hydrodynamic diameters determined by DLS
(Figure 7b). There was a difference of about 1 nm between
SAXS and DLS diameters, which could be attributed to the
core—shell structure of the nanoparticles.*> Because of its
high scattering contrast, only the nanoparticle silica-rich
core is measured with SAXS, whereas DLS measures the
hydrodynamic size which includes a shell of adsorbed TPA
and solvent molecules. On the basis of the present results,
the thickness of the shell was about 0.5 nm.

Discussion

Nanoparticles in clear sol dissolved into smaller sili-
cate oligomers when the alkalinity was increased by the
addition of aqueous TPAOH. Light scattering and
SAXS consistently revealed that the number rather than
the size of the nanoparticles decreased during dissolu-
tion. The single exponential decay of the intensity sug-
gested that the dissolution rate was first order in the
nanoparticle number density (number of nanoparticles
per unit volume sol).

The dissolution rate constants of the nanoparticles
decreased with heating time of the sol (Figures 4 and
6b). This decrease was attributed previously to the in-
creasingly zeolite-like silicate structure of the nanoparti-
cles during the induction stage.*’ The present results
revealed a clear trend between dissolution rate constants
kyp and the particle size, i.e., the size of the nanoparticle’s
silica core as estimated by SAXS (Figure 7b). This
observation suggested that particle size effects, besides
structural changes of the silicate framework, contributed
to the decrease of the nanoparticle dissolution rate. In
particular, the relationship between nanoparticle size and
dissolution rate constants could be described with a
power law with an exponent close to —3, suggesting that
the rate constants were inversely proportional to the
nanoparticle core volume (Figure 8). This observation
will be taken into account in a mathematical dissolution
model that is outlined below.

The decrease of nanoparticle number rather than size was
unexpected. Large colloidal silica particles, such as 100 nm
amorphous silica and 65 nm Silicalite-1, dissolve through
gradual, linear decrease of the particle radius with dissolu-
tion time, at constant particle number density.* In these
cases, dissolution was described by stepwise detachment of
silicate monomers from the silica particle. However, at
elevated pH and silica concentration, dissolution proceeds
by detachment of silicate oligomers rather than monomers.
This was observed for amorphous silica and quartz, and
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Figure 8. Dissolution rate constants determined with SAXS and light
scattering versus reciprocal nanoparticle core volume. The solid line is a
linear fit to the data. One standard deviation error bar of the rate
constants was determined from exponential fitting of the intensity decay
curves.

more recently for MFI-type zeolite crystals using in situ
ATR-IR spectroscopy.**

The dissolution of Silicalite-1 precursor nanoparticles
of ca. 3—4.5 nm diameter was studied by Rimer et al.*
Initially, the dissolution of these nanoparticles was
similar to that of much larger silica particles, i.e.,
through linear decrease of the particle size with dissolu-
tion time at constant particle number density. However,
after longer dissolution times, the authors observed the
fragmentation of nanoparticles.*’ These fragments were
described as small nanoparticles rather than as large
oligomers. In the present study, dissolution was carried
out at comparably high silica concentration and alkali-
nity. Therefore, it is likely that dissolution proceeded
through the detachment of silicate oligomers rather
than monomers.

The silicate oligomers gave rise to a correlation peak in
the SAXS patterns, which increased in intensity but
remained at the same position while dissolution pro-
ceeded (Figure 5). If the oligomers formed upon dissolu-
tion would be distributed uniformly in the sol, a shift of
the correlation peak to larger ¢ would be expected
because the increase of the number density of oligomers
would cause a reduction of the average distance between
them. The constant position of the SAXS oligomer peak
hence suggested that the oligomers were not uniformly
distributed in solution but were confined in a separate
phase that expanded upon dissolution and in which their
number density was constant. However, actual phase
separation was not observed at macroscopic length scales,
nor at length scales monitored by light scattering (277/q =
600—1900 nm). The constant interoligomer spacing and
the absence of large-scale phase separation are rationa-
lized by accepting the fact that after dissolution of a
nanoparticle, the resulting oligomer fragments form a
stable cluster in which the average separation between
individual oligomers is constant, approximately 277/3.2 =
1.9 nm from the position of the peak. The size of the
cluster can be estimated from the nanoparticle diameter
before dissolution. A nanoparticle core diameter of 3.5 nm
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(after 1 h of heating; Figure 7b) corresponds to ~10 Si—
O—Si bonds, each measuring ~0.3 nm. Assuming that the
nanoparticle is transformed to a cluster with oligomer frag-
ments that typically contain 2 silicon atoms in one dimension
(e.g., a cubic octamer oligomer), the cluster will contain
approximately 5 fragments along its diameter, giving a
diameter of roughly 10 nm. The open clusters may be
stabilized by the incorporation of TPA™ captions between
oligomer fragments. TPA ™" is known for its affinity for small
silicate oligomers.* The formation of physically bound
clusters of oligomers is consistent with the recent work by
Petry et al. who observed that nanoparticles are formed by
physical aggregation of oligomers with partial siloxane bond
formation between the aggregated oligomers.*® The scatter-
ing of entire oligomer clusters is not observed with SAXS or
light scattering, probably due to their low contrast with the
surrounding sol at length scales of the cluster size. After all,
the solvent surrounding the clusters (or nanoparticles) con-
tains a low concentration of isolated oligomers (~10% of the
total Si atom content), even before dissolution.”'°

Mathematical Model for Nanoparticle Dissolution. We
here propose a phenomenological model based on the
following experimental observations: (i) nanoparticles
seem to decompose in one step into oligomers, i.e., no
intermediate particles are found (nanoparticles with one
or more detached oligomers). (i) The rate of the effect
scales is inversely proportional with the nanoparticle
volume (Figure 8). Observation i indicates that the dis-
solution of the particle is initiated by a sudden event, the
rate-determining step, after which the particle quickly
falls apart. The most straightforward mechanism for such
an initiating event would be the extraction of one molec-
ular oligomer cluster from the surface of the nanoparticle
after which the whole nanoparticle destabilizes and de-
composes into a cluster of oligomers. However, one
would expect that the rate (the probability of extraction)
of such a process scales with the surface r2 of the
nanoparticle, r being the radius of the nanoparticle,
instead of the observed r* (Figure 8).

We will show that the observed experimental behavior
can be modeled by a discrete random motion along a one-
dimensional (1D) reaction coordinate which we take to be
the number of extracted oligomers from the nanoparticle.
From the experimental observations, we can show that
the corresponding free energy barrier, which is a function
of the reaction coordinate, is sharply increasing at the
start and then continues to increase with a positive,
though declining, slope. This shows that the extraction
of the first oligomer from the nanoparticle is the most
difficult, but the extraction of the following oligomers
becomes more and more easy along the way. However, as
long as the partly dissolved nanoparticle is still of appre-
ciable size, it is likely that it will regrow to its original size
rather than dissolve completely.

(45) Pelster, S. A.; Schriader, W.; Schiith, F. J. Am. Chem. Soc. 2006,
128, 4310.

(46) Petry, D. P.; Haouas, M.; Wong, S. C. C.; Aerts, A.; Kirschhock,
C. E. A.; Martens, J. A.; Gaskell, S. J.; Anderson, M. W.; Taulelle,
F. J. Phys. Chem. C 2009, 113, 20827.

Chem. Mater., Vol. 22, No. 12, 2010 3627

For a barrier, consisting of a 1D sequence of metastable
states, exact expressions for the reaction rate can be
derived.*” In this view, M, and M, label the stable states
A (initial nanoparticle) and B (final oligomer cluster). The
rate kap thus equals the experimental rate k,, shown in
Figure 8. However, to go from state M to M,,, the system
has to surpass n — 1 metastable states (partially dissolved
nanoparticles; n equals the number of detached oligo-
mers) in between, M;, M, ..., M,_,. These states are
considered to be higher in free energy and, therefore,
relatively low in population. Transitions will only occur
between neighboring states after which we assume the
system will always equilibrate before a new transition
takes place. The transition from A to Bis then determined
by discrete Markovian hopping dynamics determined by
the hopping probabilities.

The overall rate kag = ko, obeys the following recur-
sion relationship:

k()’,z = k(),]T[l _’g] '
AT ~Th =B
T =4 = (1=, 1)T[1 —7]

Equation 3 is equivalent to eq 2 in ref 47 (see Supporting
Information) but is more convenient to derive the forth-
coming expression for the free energy barrier.

Here, ky ; is the initial rate of M, — M;, which is assumed
to be the rate determining step. 7;,; is the one-step hopping
probability to transfer from metastate j to j + 1 rather than
toj— 1. Conversely, 7;,-1 = 1 — 75,1 is the chance that the
system moves backward instead of forward. 71 —] is the
probability that a sequence of hopping transitions starting
from M, will first visit M; before M,. The transition
probability 7; ;| on the barrier is related to the rates k; ;4 via

Kjyj+1
Tjj+1 Ko+ K (4)
Hence, the absolute rates k;;; (as long >k ;) have no
influence on the overall rate; only the relative value is
important.

Once all transitions probabilities 7;;, and the initial
rate ko are known, eqs 3 allow one to calculate the
overall rate kap = ko, in an iterative manner. Starting
from 7[1 —§] =land T[1 — 3] = 715, We can successively
solveeq 3 forj=2,3,...n

We can distinguish the following characteristic type of
dynamics.

(@) 741> 15, forallj: the overall rate kq ,, ~ ko ; is
independent of n (for the moment, we are treating
ko.1 as a constant, but we will come back to this
point when discussing the dissolution dynamics).

(b) 141 = a<<1;;forallj: the overall rate will show
an exponential dependence on n: kg, ~ ko1 d".

(¢) 741 = T;;—1 = 1/2forallj: the overall rate becomes
inversely proportional with 7*": ko = koa/n.

(47) Moroni, D.; Bolhuis, P. G.; van Erp, T.S. J. Chem. Phys. 2004, 120,
4055.
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Figure 9. Freeenergy barrier profile derived from the theoretical model with 4 = 5/3. Panel a shows the definitions of k¢ 1, 75 1, 723, AF3,and AF: . (Panel
b) The free energy profile for a particle consisting of n = 20 silicate oligomer units. Depth of the wells and initial and final free energy plateaus are chosen
arbitrarily, as they do not follow from the model. Only the free energy differences between the maxima of the intermediate barriers (black dots) are given by
the model. Panel ¢ shows the same free energy profile at a larger scale (up to n = 1000). (Panel d) Pictorial sketch of the nanoparticle’s dissolution process.

In relation to the dissolution experiment, M; would refer to
a state in which jsilicate oligomers (units) have been extracted
from a nanoparticle. When the initial nanoparticle consists of
n units, the reactant and product states are denoted by M,
and M, respectively. ko ; is the rate to extract the first cluster
from the nanoparticle. We will assume that every silicate unit
at the surface has an equal chance to be dissolved and that the
rate of dissolution is independent of heating time, which
implies that it is independent of the size of the nanoparticle
and of the nanoparticle framework structure. However, the
dissolution rate of any silicate unit, k ;, scales with the surface
of the nanoparticle or & jo< 1” o< n?. Naturally, this requires
that 71 — 2] o< n~>" to explain the scaling kap = fknp 2 1/n
that was found experimentally (Figure 8).

Although we should bear in mind that the experimental
scaling law is only valid up to some very crude approxima-
tions, in the following we will assume that 7]1 —] is exactly
proportional to j . For 4 = 1, we obtain dynamics c. When
u > 1 the dynamics are in between that of b and c. Bringing
7;;41 in front of eq 3 and substituting 7[1 —4] = j * yields

(=1
G+ =G =17

From this, we can get partial information about the free
energy barrier as follows:

()

Tjj+1 =

T Kjj+1 Ae” P
it1 = = — -
o kiji-1+ki i1 Ae PAET 1 4o PO
— BAFE
e J
= ——2F (6)
1+e BAF}

with 4 being the pre-exponential constant and AFJ-i
AF;" — AF;” whichis the free energy difference between

the left and right transition barrier viewed from M; (see
Figure 9).
Inverting eq 6 and substituting eq 5 gives

— T —
pAFE = (1Tt gy (UFE) )
’ Tij+1 ==

The overall free energy profile is then obtained by
BF, = £/_ |AF;*, which is depicted in Figure 9. In the
limit j— oo we can expand eq 7 in terms of 1/j which results
in BAF= = (u — 1)/j. This implies that such a barrier is
indeed flattening but that the overall barrier does not
have a final maximum plateau as 3"~ |1/j = eoif n— oo,

Although eq 7 has been derived on the basis of a single
experimental approximate scaling law, the model offers
explanations for several other experimental observations.
The rapid initial increment of the free energy barrier
accounts for the absence of intermediately sized particles
in the dissolution process. Moreover, the experimental
evidence that the nanoparticle’s oligomer fragments do
not spread but remain confined within a cluster corrobo-
rates with diffusive dynamics along the reaction coordi-
nate; as the extracted silicate cluster remains close to the
dissolving nanoparticle, it can easily reattach again. In
conclusion, although eq 7 is based on crude approxima-
tions, it elegantly explains the experimental findings. We
therefore believe that the idealized model as depicted in
Figure 9 might actually give a good qualitative picture of
the actual mechanism.

In the model, the decrease of nanoparticle dissolution rate
with heating time is a consequence of particle size only.
Changes of the silicate framework are not accounted for.
Thus, the model is consistent with crystallization models in



Article

which the increase of the nanoparticle size is the dominant
phenomenon during the induction stage (until 4 h in the
present work). In the nanoslab model,>> >’ nanoparticles
are uniformly zeolite structured and maintain this structure
during induction while their size increases. Dissolution rates
of such uniformly structured particles are expected to be
dependent on particle size only. However, Davis et al.
suggested that during the induction stage only a minor
fraction of nanoparticles obtains zeolite-like structure.??
The majority of nanoparticles do not undergo structural
changes. Structural changes of a small fraction of nanopar-
ticles should not affect the overall dissolution rate. There-
fore, also in the model by Davis et al., dissolution rates
should be predominantly determined by particle size.

Conclusions

Insight into the chemistry of precursor nanoparticles in
concentrated clear sols at different stages of Silicalite-1
zeolite synthesis was gained through in situ static and
dynamic light scattering and small-angle X-ray scatter-
ing. The dissolution process of nanoparticles upon the
addition of TPAOH solution could be investigated using
these techniques. Light scattering experiments showed
that nanoparticles retain their original size until they are
decomposed rapidly into a cluster of oligomers. Consis-
tent with these observations, SAXS patterns during dis-
solution could be modeled assuming a decreasing number
of nanoparticles of constant size and an increasing num-
ber of oligomers. Nanoparticle decomposition rates
could be determined from the decay of light scattering
intensity and SAXS modeling. Among the nanoparticles,
the largest ones occurring in the course of crystallization
disintegrated most slowly. The disintegration rate con-
stant scaled inversely proportional to the nanoparticle
volume.

The experimentally observed disintegration behavior
was modeled by assuming that a nanoparticle dissolved to
oligomers via a series of partially dissolved nanoparticles
that correspond to metastable intermediate states of
increasing free energy. A dissolving nanoparticle has to
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overcome the free energy barrier imposed by partially
dissolved states before complete conversion to oligomers.
Using the experimental input, the free energy barrier
could be derived and was found to have a positive, though
declining, slope. The idealized free energy profile pro-
vided a qualitative explanation for the apparent instan-
taneous disintegration of entire nanoparticles. The model
supports the assumption that an increase of the nanopar-
ticle size contributes to its stability during the induction
stage of zeolite crystallization. This size-based stabiliza-
tion adds to the earlier observed evolution of the internal
connectivity toward a more zeolite-like structure. The
results of this work are useful to understand and predict
the response of nanoparticles to the upswing of the sol
pH occurring spontaneously near the end of zeolite
crystallization.
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