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We have modelled the thermal stability of silica nanoparticles commonly observed as
precursors in the synthesis of zeolites. We performed canonical Monte Carlo and parallel
tempering simulations on a lattice model that describes the self-assembly of nanoparticles
under conditions at which they are observed experimentally. The effect of heating on the
relative stability of the phases of the model was analysed by running simulations at various
temperatures. At low temperature, the model yields a metastable multi-particle phase with
a characteristic size distribution, which is separated by an energy barrier from the true
equilibrium phase, a dense silica solid. As temperature increases, the system enters a transition
region and eventually reaches the bulk phase. This transition is reminiscent of the
experimentally observed transition from nanoparticles to zeolite. The transition temperature
scales with the inverse of the system volume, approaching an asymptotic value for large system
sizes. This indicates the transition temperature is a reproducible macroscopic property of the
system. The transition temperature in the model is within the range of temperatures at which

§Department of Chemical Engineering, University of Massachusetts, Amherst, MA 01003, USA

nanoparticles form zeolite crystals in experiments.

1. Introduction

Zeolites are crystalline alumino-silicates with a regular
nanoporous network, and are thus employed in many
industrial processes such as catalysis and separations [1].
The range of applications of zeolites has been expanding
rapidly, and now includes hydrocarbon conversions [2],
optical electronics [3], bio-implants [4] and enantiose-
lective separations [5]. Due to this growing interest,
it has become crucial, from both a scientific and
a technological perspective, to develop a detailed
understanding of the synthesis of these materials. The
ability to control the synthesis of zeolites would not only
allow for optimization of the above processes, but would
also permit the design of new materials tailored for
specific applications. This has led to many experimental
and theoretical studies of zeolite synthesis [5, 6]. More
recently, molecular modelling efforts have also been
directed toward this area of research, yielding important
insights [7]. In the past decade, evidence has pointed to
an important role played by silica nanoparticles in
zeolite formation [8—13]. We have recently developed

*Corresponding author. Email: miguel.jorge@fc.up.pt

a lattice model to simulate the formation and properties
of these nanoparticles [14], and have obtained good
agreement with experimental observations on the varia-
tion of nanoparticle size with synthesis conditions [15].
Here, we expand on this work by studying the effect
of temperature on the stability and size of the
nanoparticles for the model.

The synthesis of silicalite-1, the pure-silica form of
zeolite ZSM-5 (framework code MFI), has been one
of the most well studied cases. This material was first
reported by Flanigen et al. [16] and is composed of
parallel straight cylindrical channels, connected by
cylindrical zigzag channels [17]. One may synthesize
silicalite-1 crystals starting from a clear solution of
tetraethyl orthosilicate (TEOS), tetrapropylammonium
hydroxide (TPAOH) and water. Heating of this solution
to ~100°C for a few hours yields high-quality crystals of
silicalite-1 [18]. After this step, the channel intersections
are occupied by tetrapropylammonium cations (TPA),
with the four propyl groups extending into the adjacent
channels. The TPA can be removed by calcination to
produce a nanoporous crystalline solid.

The mechanism of zeolite formation from solution is
still poorly understood. One of the facts that is generally
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agreed upon is the presence of an apparently stable
suspension of nanometre-sized silica particles at room
temperature, prior to the observation of any zeolite
crystals [8-13]. The structure of these nanoparticles and
their precise role in the zeolite synthesis are still the
subject of debate [8, 10-12, 19]. Recently, however,
substantial progress has been made in understanding the
processes by which silica nanoparticles are formed and
stabilized in solution at room temperature. A critical
aggregation concentration of SiO, has been identified,
below which the solution contains primarily silica
monomers and small oligomers, and above which
nanoparticles spontaneously self-assemble [15]. In situ
small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS) studies have shown that the
particles are composed of a core of mostly amorphous
silica, which is negatively charged at the surface,
surrounded by a shell of organic cations [15, 20].
Nanoparticle size was seen to be independent of the
type of alkyl-ammonium cation used, and particles were
even observed in silica solutions containing only small
inorganic cations [20].

Monte Carlo (MC) simulations of our lattice model
have qualitatively captured all of these experimental
observations [14]. Furthermore, the model has yielded
several predictions that have since been confirmed from
analyses of experimental data. Rimer ez a/. [21] have
characterized solutions with different concentrations
of TPAOH and TPABr to distinguish between the
effects of pH and TPA concentration. These experiments
have confirmed our theoretical prediction that nano-
particle size is controlled by the initial pH of the
solution, rather than by the cation concentration.
Other studies [21, 22] have supported our hypothesis
that, following a rapid initial period of monomer
aggregation to form many small clusters, the silica
particles grow by Ostwald ripening, rather than by
nanoparticle aggregation. In a recent paper, Davis et al.
[19] have presented experimental results on nanoparticle
evolution at room temperature over a long period of
time. These authors have observed the formation of
zeolite crystals after a prolonged nucleation stage,
establishing conclusively that the nanoparticles are a
metastable phase as put forward in our simulation work
[14]. Both our simulations and a subsequent experi-
mental study [23] suggest that the particles are stabilized
at least partially by electrostatic interactions at the
surface, caused by the presence of the cation shell.

From the experimental and theoretical studies men-
tioned above, a picture has been emerging in which the
nanoparticles are amorphous silica entities that serve as
a source of material for the growth of zeolite crystals
(see [24] and references therein). Formation of zeolite
crystals from nanoparticles occurs upon heating of the

solution, making temperature a key variable to be
studied. Indeed, it is known that silica nanoparticles
exhibit irreversible structural changes at high tempera-
tures [15]. In a recent study, Rimer ef al. have examined
in more detail the effect of temperature on a solution of
TEOS and TPAOH [21]. They have shown that the
nanoparticles increase in size with temperature, growing
by Ostwald ripening, but still retain their core-shell
structure. However, they have also concluded that at
high temperatures TPA cations (and possibly water) are
incorporated into the nanoparticle core, the composition
of which starts to become more zeolite-like. In spite of
these insights, a molecular-level understanding of the
nature of these changes, as well as their importance in
the zeolite nucleation and growth processes, is still
lacking. In this paper, we address this issue by
examining the effect of temperature on our previously
developed lattice model for the formation of silica
nanoparticles [14]. We analyse the relative stability
of the phases of the model at different temperatures,
and look more closely at the transition from the
nanoparticle phase to a phase of bulk silica. A parallel
is drawn between our model and the real silica solution,
which can provide insight into the problem of zeolite
crystal growth.

The paper is organized as follows. Section 2 presents
a brief description of the model we have developed for
the TEOS-TPAOH-water system and of the simulation
techniques employed. Section 3 presents the results
obtained from the simulations, analysing the behaviour
of the model for a wide temperature range. Finally, we
present our conclusions in section 4.

2. Model and methods

We have used a lattice model to study the formation and
stability of silica nanoparticles at a range of tempera-
tures. This model, and the simulation techniques used
here, have been described in detail elsewhere [14], so we
will limit ourselves to a short outline of the most
important aspects.

Lattice models have several advantages relative to
more fine-grained approaches, most importantly the
possibility to simulate large systems for long times.
This feature is particularly important for studying
nanoparticle formation, since large system sizes are
needed to obtain statistically meaningful collections of
nanoparticles, and long simulations are necessary to
observe the spontaneous formation and evolution of
nanoparticles. Off-lattice atomistic approaches previo-
usly used to model silica polymerization [25-30] are
currently restricted to small system sizes and/or short
times, due to limitations in available computer power.
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On the other hand, lattice models have been able
to provide qualitative information about complex
systems such as surfactant—oil-water micellar solutions
[31-35] and surfactant-silica solutions [36].

Our first step in coarse graining is to replace atomistic
detail in favour of ‘united atom’ representations, where
each molecule is represented by a single site, rather than
by an explicit representation of all its atoms. In addition,
we divide three-dimensional space into a simple cubic
lattice, with every lattice site occupied by a single
species. This implies an increase in the coordination
number of silica from 4 to 6, an approximation that will
be relaxed in a forthcoming publication.

In an alkaline solution composed of water, TPA,
Si(OH), and OH™, the main reactions taking place
(written in a generic form) are silica condensation/
hydrolysis:

R-Si-OH + R’-Si-OH = R-Si-O-Si-R"' + H,0 (1)
and silica deprotonation:
R-Si-OH + OH™ = R-Si-O™ + H,O0. 2)

The first reaction results in a multiplicity of silicate
species (dimers, trimers, rings, etc.). Instead of enumer-
ating all of these species as separate components in our
model, which would quickly become unmanageable,
we consider only silica monomers and structures derived
from them. If during the simulation two monomers
move next to each other, we say that a dimer has
formed. If a third monomer moves next to the previous
two, a trimer is formed, and so on. The energy attributed
to this move represents the internal energy of the
condensation reaction (1) (a reaction energy, not a bond
association energy). Both computational [37] and
experimental [38] studies have shown that the silica
condensation reaction is exothermic, which means that
the interaction energy in our model should be attractive.
Such an attraction drives the clustering of monomers,
while entropy tends to keep monomers dissolved
in solution. In what follows, all energies are divided
by the absolute value of the attraction between two
neutral silica monomers, and are denoted by 7.

The second reaction is accounted for implicitly
by distinguishing between neutral and ionized silica
monomers (denoted hereafter by Sy and Sj, respec-
tively). We assume that the silica deprotonation reaction
reaches equilibrium at the start of the simulation;
this assumption is supported by reaction ensemble
simulations in our earlier work [14]. We note that
we have not considered the possiblity of further
deprotonations of anionic monomers. Even though

doubly ionized monomers (Si(OH)zOé_) have been
shown to exist at high enough pH [38-40], they are
relatively unreactive in polymerization [41], and would
thus add unnecessary complexity to our model.
The mole fractions of all components (Sn, S;, TPA
and water) at the start of the simulation can be
calculated as described in detail in [14]. In this paper,
we are mainly concerned with the effect of temperature
on silica nanoparticles, since the effect of other
experimental control variables (pH, concentration
of TEOS, concentration of TPA, cation size) has been
studied in detail previously [14]. Thus, all simulations
presented here correspond to the same set of experi-
mental mole ratios, namely 40 SiO,: 9 TPAOH: 9500
H->O: 160 ethanol.

Each lattice site is occupied by one of the four
components: neutral silica monomer (Sy), anionic silica
monomer (S;), template molecule (TPA), solvent mole-
cule (W). Without loss of generality, we set all
interactions with solvent to zero; as such, we do not
account explicitly for the dynamics of solvent particles,
but rather view them as vacancies in the lattice.
The system configurations displayed below omit solvent
particles for clarity.

In addition to distinguishing between neutral and
ionized silica monomers, we also take into account the
orientation of ionized silica monomers to reflect
the localized charge in Si(OH);O™ groups. To represent
this effect, a pointer variable is assigned to each lattice
site occupied by an Sy. This variable ‘points’ to one
of the neighbours of that site, to indicate the orientation
of the negatively charged oxygen (denoted by Sy).
The remaining neighbours interact with a neutral
hydroxyl group (denoted simply by Sj). As a result
of these choices, one must set an additional 5 interaction
energies between silicate species alone, relative to |esys, |-
Please see [14] for a detailed discussion of these
interaction parameters.

The large size of the TPA cation, relative to the size
of the solvent and silica monomers, must also be taken
into account. This is done in a simplified fashion,
by including a nearest-neighbour repulsion shell around
each TPA molecule. Provided this repulsion is strong
enough, all of the first-neighbour sites of each TPA will
remain vacant, thus effectively increasing its collision
diameter. To eliminate configurations in which two
of these large molecules sit adjacently to each other
in a diagonal arrangement, one must also include a
second-neighbour repulsion between TPA molecules.
Incorporation of this repulsion shell implies that
the attraction between TPA and S;, as well as the
pointer variable, must be extended to a second-
neighbour level.
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Following the above description, the lattice model
Hamiltonian may be expressed as a sum over all
contacts between components on the lattice:

E= Z (NgNs,-jFN + N;ng-N) , 3)

4
=1

N —

i=1 j

where A is the total number of neighbour contacts
between components i and j, &; is the energy of
interaction between those species, and superscripts FN
and SN denote first- and second-neighbour interactions.
The summations run only over 4 components, not 5,
because the solvent molecules are considered as vacan-
cies (all interaction energies are zero). Tables 1 and 2
show the first- and second-neighbour reduced interac-
tion parameters for the model, respectively.

In this formulation, the state of the model is fully
specified by setting the system composition (obtained
from the experimental mole ratios, as described above)
and the reduced temperature, defined here as
T* = kgT/|esysy|, where kg is Boltzmann’s constant.
In order to obtain a correspondence between the model
(reduced) and real (absolute) temperature scales, one
must determine, at least approximately, the value of
esysx - By simulating the solubility of amorphous silica at
neutral pH, we have calibrated this effective interaction
to a value of —2.5kcalmol™" [14]. This is close to the
value of —2.2kcalmol™" obtained from ab initio
calculations of silica dimerization [37]. Using the value
obtained from our calibration, room temperature
corresponds roughly to 7% = 0.24.

We have performed simulations at several tempera-
tures using Monte Carlo in the canonical ensemble
(NVT), on a simple cubic lattice with periodic boundary
conditions in all three Cartesian directions. Two types of

Table 1. Reduced first-neighbour interaction parameters.

ep Sy Si SN TPA
ST 0 0 0 5
Sy 0 0 -0.8 5
SN 0 -0.8 —1 5
TPA 5 5 5 5

Table 2. Reduced second-neighbour interaction parameters.

e Sy S SN TPA
Sy 0 0 0 -2
S 0 0 0 0
SN 0 0 0 0
TPA -2 0 0 5

MC moves were implemented: a swap move, consisting
of an exchange in position between two molecules
located on different sites of the lattice; and a rotation of
the pointer variable placed on the anionic silica sites.
The new pointer orientation is chosen at random from
all 12 possible values (one for each second neighbour).
The trials are accepted or rejected based on the
Boltzmann factor associated with each configurational
change [42].

Except where noted, each NVT MC run was started
from a random initial configuration, in a cubic simula-
tion box of side L, and allowed to equilibrate for at least
1 million sweeps. A sweep is defined as N, attempted
moves plus Ny attempted rotations, where N, is the
number of occupied sites on the lattice (excluding
solvent). Outputs of each run are the average energy
of the system, the average cluster size and cluster size
distribution, as well as snapshots of configurations.
Cluster size distributions were computed by implement-
ing the Hoshen—Kopelman cluster-counting algorithm
[43]. Two silica monomers are considered to belong to
the same cluster if they are connected by a single lattice
bond.

We have also employed the parallel tempering (PT)
simulation technique [44, 45] to improve the efficiency of
equilibration. It is implemented by performing M
separate NVT simulations at different temperatures,
each replica equilibrating independently by virtue of
conventional MC moves. After a preset number of these
moves, a replica swap, consisting of an exchange of the
complete configuration between two replicas running at
adjacent temperatures, is attempted. The replica
exchange trial is accepted with a probability given by

1

p:min{l,exp[(ﬁ-m)(@—@)}} )
J 1

where E; is the total energy of configuration i.
Decreasing the spacing between replicas, by increasing
M, decreases the energy difference in equation (4), thus
increasing the acceptance ratio. However, the computer
time increases proportionally to M. Therefore, M must
be as small as possible, while still ensuring adequate
sampling of the desired temperature range. We have
used an iterative procedure, described in detail elsewhere
[14], to find the ideal value of M and the optimum
spacing between replicas.

3. Results and discussion

The control variables in an experiment of silicalite-1
synthesis from clear solution are the molar ratios of
the species present, the nature of the cation and
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Figure 1. Average cluster size as a function of reduced
temperature. Circles are results of NV'T simulations, averaged
over five independent runs, while triangles are results of PT
simulations. Open symbols correspond to a lattice of L =100
and closed symbols are for L=120. Lines are a guide to
the eye.

the temperature. In our previous work [14], we have
examined closely the effect of the first two, showing that
the model yields results in good qualitative agreement
with SAXS and SANS measurements of nanoparticle
size by Fedeyko et al. [15]. In this paper, the type of
cation and the species concentrations are kept fixed,
while the effect of changing the system temperature is
examined in more detail. The concentrations are chosen
so that a stable population of silica nanoparticles is
observed at room temperature in both the experiments
and the simulations, i.c. we are operating above the
critical silica concentration for spontaneous nanoparti-
cle formation [14, 15].

Figure 1 shows a plot of average cluster size as a
function of reduced temperature, obtained from NVT
and PT simulations for two different lattice sizes. In the
parallel tempering curves (triangles), one can distinguish
two phases of silica. All replicas below 7" =0.41
equilibrate to a single, very large silica cluster that
captures most of the silica in the system. This large
cluster corresponds to a bulk solid phase in equilibrium
with a dilute solution. As such, the size of this bulk solid
depends on system size, increasing proportionally to L>.
Its size decreases with temperature due to increased
silica solubility, until it undergoes a ‘melting’ transition
at 7" = 0.41, to yield a random distribution of mono-
mers and a few small oligomers.

The results from NV'T simulations (circles) have been
averaged over five independent runs, with different
initial conditions. One can identify four distinct regions
in the NVT curves: a low-temperature region (roughly
0.24 < T* < 0.3); a transition region (between 0.3 and
either 0.34 or 0.35, depending on the lattice size); a bulk

silica region (between 0.34 or 0.35 and 0.41); and a liquid
solution region (for 7* > 0.41). The bulk silica and
liquid solution regions are equivalent to those observed
in the PT simulations.

At low temperature, the average cluster size is
significantly below the parallel tempering results, and is
independent of system size. In this region, all runs yield a
population of small negatively charged clusters com-
posed of a core of silica and a layer of TPA cations at the
surface. This phase is metastable and corresponds to the
silica nanoparticle phase observed in experiments at
room temperature [8—13, 15], characterized in our
previous work [14]. During a given simulation run,
practically all neutral silica monomers quickly coalesce
to form a large number of small clusters, which
subsequently grow by Ostwald ripening (dissolution of
smaller clusters, which provide material for the growth of
larger ones [46]). At a certain point, however, particle
growth comes to a halt—the protective layer of TPA
prevents further growth of the particles, and thus
contributes to free energy barriers keeping the nanopar-
ticles metastable. Using parallel tempering, one is able to
surmount these barriers and reach the true equilibrium
state of the model, bulk silica. In contrast to the PT
curves, the average cluster size in the metastable region
increases slightly with temperature, which is once again
due to an increase in silica solubility. While in the bulk
phase higher solubility simply means more dissolved
silica (and hence less silica in the solid phase), in the
metastable phase, it increases the tendency for Ostwald
ripening, hence increasing the average cluster size at
which this process stops. This increase in particle size
with temperature, occurring by Ostwald ripening, is in
agreement with experimental observations [21].

When T% is increased further, another process
emerges—some of the NVT runs start to reach the
bulk silica phase. In this transition region, thermal
fluctuations are occasionally sufficient to overcome the
energy barriers stabilizing the nanoparticles. The
proportion of individual runs that reach equilibrium
increases with 7%, causing a steep increase in average
cluster size with temperature, widening the statistical
error in the average cluster size, and producing
a deviation between the curves for different lattice
sizes. This last effect stems from the fact that single bulk
clusters are larger for the larger lattice, and hence weigh
the average cluster size toward higher values.
At sufficiently high temperature, all runs reach the
maximum cluster size imposed by the lattice dimensions,
and the NVT curves coincide with the respective PT
plots.

The data shown in figure 1 suggest that the transition
temperature from nanoparticles to bulk silica depends
on the system size, since this transition happens at lower
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Figure 2. Transition temperature from nanoparticles to

bulk, calculated from five independent NVT simulations,
as a function of inverse system volume. The line is a linear
fit to the data points, extrapolated to infinite lattice size.

T* for the smaller lattice. To investigate this, we have
located transition temperatures for other lattice sizes
(L =60, 80 and 140) through an iterative bracketing
technique. The transition temperature is defined as the
value of T* for which all five independent runs reach the
bulk phase. Calculation of full curves analogous to those
in figure 1 for each lattice size was not attempted
because these are computationally very intensive.

The transition temperature scales as L~> as shown in
figure 2. This is consistent with the finite size scaling
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Figure 3.
(b) T =0.30; (c) T* = 0.33; (d) T* = 0.35.
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M. Jorge et al.

observed for first-order transitions in previous Monte
Carlo simulations [47, 48]. Here, however, we have a
transition from a metastable state to an equilibrium one
rather than between two equilibrium  states.
Extrapolation to infinite system size yields a transition
temperature of 7% = 0.368. Our results are consistent
with the transition being a reproducible macroscopic
phenomenon.

By averaging over 60 statistically independent NV'T
runs, we obtained cluster size distributions (CSD) for
several representative temperatures (shown in figure 3).
The CSD at the lowest temperature (7* = 0.24) shows a
peak at around 300 silica units and a tail extending to
about 2000 units. This shape is characteristic of the
metastable silica nanoparticle phase, and has been
shown to be reproducible and independent of system
size for sufficiently large systems [14]. The mean cluster
size at 7* =0.24 (500 Si units) is in reasonable
agreement with experiment at these conditions [20, 23],
which is remarkable given the simplicity of this model.
Increasing 7% to 0.30 shifts the main peak to higher
cluster sizes and pushes the tail to about 3200 silica
units. As explained above, these changes result from
Ostwald ripening progressing to larger particle sizes.
Nevertheless, the system at 7 = 0.30 remains in the
metastable region; the CSD retains the same unimodal
character as the one at 7% = 0.24. It is noteworthy,
however, that some configurations reach cluster sizes
already very close to the maximum size allowed
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0015+ i
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Cluster size distributions, averaged over 60 NVT runs, for L=100 and four different temperatures: (a) 7 = 0.24;
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(3600 units for this lattice size), suggesting that
thermal fluctuations are becoming large enough and
frequent enough to cross the free energy barriers.

The CSD at T* = 0.33 shows a substantially different
picture. The distribution is now bimodal, with a first
peak spread out over a very wide range of sizes, and a
second narrow peak at 3250 units. The latter peak
corresponds to the largest possible cluster at this system
size, and shows that a number of runs have reached true
equilibrium. The absence of a clearly defined peak at
small cluster sizes signals a breakdown of the metastable
nanoparticle phase. At this temperature, the system is in
the middle of the transition region; the average cluster
size is determined by the fraction of configurations that
reach the bulk phase (see figure 1). Finally, the CSD at
the highest temperature 7* = 0.35 shows a single narrow
peak at 3000 units. This corresponds to the bulk silica
phase, which at these conditions is accessed by all NVT
runs.

It is instructive to analyse the evolution of the average
cluster size during individual NVT runs, since this
provides information on the nature of the transition
from metastable nanoparticles to bulk silica. Figure 4
shows such plots for typical runs at the same four
representative temperatures studied in figure 1. The
configurations at the two lowest temperatures (7% =0.24
and 0.30) remain frozen once they reach a given particle
size, since they are still in the metastable region. As
expected, the curve for 7% = 0.30 yields a higher average
cluster size. In contrast, the average cluster size for
T* = 0.35 increases very rapidly, reaching the maximum
value commensurate with the system size very early in
the simulation.

4000 — T T T T T T 1

3000

2000

<Cluster Size>

1000 |-+

0 S5e+05 le+06 1.5e+06 2e+06 2.5e+06 3e+06

Number of Sweeps

Figure 4. Evolution of average cluster size throughout
individual NVT runs, for L =100 and four different tempera-
tures: 7% = 0.24 (thin solid line); 7" = 0.30 (dashed line);
T* = 0.33 (thick solid line); 7% = 0.35 (dotted line).

The plot at 7" =0.33 shows the most interesting
behaviour: it seems to settle in a plateau of about 1000
silica units, but then jumps suddenly to the bulk phase
after about 1.3 x 10° sweeps. We note that not all runs
at this 7* show identical behaviour—some remain in the
metastable state while others go straight to the bulk
phase. Thus, the average of several runs will lie
somewhere between the value for the silica nanoparticles
and that of bulk silica (see figure 1). Furthermore, even
though the transition from metastability to equilibrium
may be abrupt in a particular run, averaging over several
runs results in a smooth transition over a temperature
range, rather than at a single value of 7*.

To better illustrate the evolution of the run at
T* = 0.33, we show in figure 5 snapshots of configura-
tions obtained at several stages of the simulation. Very
early on, the silica condenses to form several small
clusters (figure 5(b)), and the system practically runs out
of free Sy monomer. Ostwald ripening then progresses
for several sweeps, until the system stabilizes in a
configuration containing three silica nanoparticles
(figure 5(c)). This configuration is quite stable, and
remains practically unchanged for almost one million
sweeps (figure 5(d)). At this point, however, a fluctua-
tion triggers dissolution of the particle closest to the
bottom of the simulation cell (figure 5(¢)). Very soon
afterwards, the topmost cluster also dissolves, yielding a
single cluster of bulk silica (figure 5(f)). The shift from
a 3-cluster phase to the bulk phase happens over the
course of only 1.3 x 10° sweeps.

4. Conclusions

We have explored a lattice model developed previously
to explain spontaneous nanoparticle formation during
clear-solution synthesis of zeolites. In particular, we
have studied the effect of heating on the relative
stability of the phases of the model. At low tempera-
ture, the model exhibits a metastable phase composed
of multiple silica clusters, and which possesses a
characteristic unimodal size distribution. The true
equilibrium phase, however, is a single large cluster
of silica, but this phase can be accessed at low
temperatures only by employing special simulation
techniques such as parallel tempering. The multicluster
phase is separated from the bulk phase by a free energy
barrier, associated with a protective layer of TPA
cations formed at the particle surface. At low tem-
peratures, the average cluster size of the metastable
phase increases mildly with 7%, since increased mobility
of the protective layer allows Ostwald ripening to
produce larger nanoparticles.
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Figure 5. Snapshots of configurations obtained at different stages of an NV T run at 7* = 0.33 and L =100, corresponding to the
thick solid line in figure 4: (a) 10 sweeps; (b) 10* sweeps; (c) 4 x 10° sweeps; (d) 1.2 x 10° sweeps; (e) 1.3 x 10° sweeps; (f) 1.4 x 10°
sweeps. Red spheres are Sy molecules, purple spheres are Sy molecules and green spheres are TPA cations. Panels (c) and (d) show

metastable nanoparticles, while panel (f) shows bulk solid.

As temperature is increased further, thermal fluctua-
tions become large enough to overcome the energy
barrier separating the two phases. In this transition
region, some individual NVT runs show abrupt shifts
from multiple clusters to bulk, and cluster size distribu-
tions become bimodal. Finally, at high enough
temperature, all runs reach equilibrium and the average
cluster sizes from NV'T and parallel tempering coincide.
The precise value of T* at which these two curves merge

scales inversely with system volume and tends asympto-
tically to a finite temperature.

It is now possible to establish a link between the
behaviour of our lattice model and that of the zeolite
synthesis process. The metastable phase present in the
model in the low temperature region (corresponding to
a room temperature aqueous solution of TPAOH and
TEOS) has been identified with the silica nanoparticles
observed in experiments [14]. The equilibrium state
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of the model may be identified with a thermodynami-
cally stable solid silica phase, which in experiments may
be template-filled silicalite-1 zeolite. The transition
between these two states in our model takes place
at temperatures close to those at which nanoparticles are
heated in experiments to produce zeolite crystals (in our
model, T =0.368 corresponds roughly to 180°C).
Furthermore, particle growth at high temperatures
proceeds by Ostwald ripening, which also agrees with
experimental observations [21]. Therefore, the results of
this work support a mechanism in which zeolite crystals
grow at the expense of nanoparticles, since these are no
longer stable and can provide a source of material for
the growth process. Of course, the present lattice model
does not reproduce a crystalline zeolite phase, so the
model nanoparticles simply feed the growth of a dense
silica solid. Further work using more realistic models
(on- or off-lattice) is necessary to realize the computa-
tional self-assembly of zeolites.
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