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ABSTRACT: The reaction ensemble Monte Carlo method
was used to model the self-assembly and structure of silica
nanoparticles found in the initial stages of the clear-solution
synthesis of the silicalite-1 zeolite. Such nanoparticles, which
comprise both silica and organic structure-directing agents
(OSDAs), are believed to play a crucial role in the formation of
silica nanoporous materials, yet very limited atomic-level
structural information is available for these nanoparticles. We
have modeled silica monomers as flexible tetrahedra with
spring constants fitted in previous work to silica bulk moduli
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and OSDAs as spheres attracted to anionic silica monomers. We have studied one-step and two-step formation mechanisms, the
latter involving the initial association of silica species and OSDAs driven by physical solution forces, followed by silica
condensation/hydrolysis reactions simulated with reaction ensemble Monte Carlo. The two-step process with preassociation was
found to be crucial for generating nearly spherical nanoparticles; otherwise, without preassociation they exhibited jagged, ramified
structures. The two-step nanoparticles were found to exhibit a core—shell structure with mostly silica in the core surrounded by a
diffuse shell of OSDAs, in agreement with SANS and SAXS data. The Q, distribution, quantifying silicon atoms bound to n
bridging oxygens, found in the simulated nanoparticles is in broad agreement with *Si solid-state NMR data on smaller, 2 nm
nanoparticle populations. Ring-size distributions from the simulated nanoparticles show that five-membered rings are prevalent
when considering OSDA/silica mole fractions (~0.2) that lead to silicalite-1, in agreement with a previous IR and modeling
study. Nanoparticles simulated with higher OSDA concentrations show ring-size distributions shifted to smaller rings, with three-
membered silica rings dominating at an OSDA/silica mole fraction of 0.8. Our simulations show no evidence of long-range

silicalite-1 order in these nanoparticles.

B INTRODUCTION

Nanoporous materials are of great importance in chemical
industries due to their wide application in many fields such as
catalysis, separation, biotechnology, and microelectronics.' >
An ongoing theme in nanoporous materials research is the
tailoring of pore structure and surface properties for specific
applications.*”” Key to tailoring and controlling nanoporous
materials is a better understanding of their formation
mechanisms. To date, over 200 different zeolite structures
have been fabricated (database of zeolite structures: http://
www.iza-structure.org/databases/ ),% and several million more
have been hypothesized.”'® However, because of limitations of
characterization techniques in the critical 5—10 nm range of
length scales, the understanding of their formation mechanisms
remains largely incomplete.”"'™'* Nanoparticles containing
both silica and organic structure-directing agents (OSDAs)
have been observed and implicated as important in the
formation of all-silica zeolites.'>'*™>° Despite the importance
of such nanoparticles, their atomic-level structures remain
poorly understood because of the difficulty of isolating and
characterizing such colloidal species. In this article, we apply
reaction ensemble Monte Carlo to simulate a detailed
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molecular model of silica—OSDA self-assembly to reveal
heretofore unknown structural properties of these nano-
particles.

The clear-solution synthesis provides an approach for
fabricating silicalite-1 at relatively low silica concentrations,
avoiding the complexities of silica gel formation. Experiments
are usually carried out by adding tetraethylorthosilicate
(TEOS) and a tetraalkylammonium (TAA) species—usually
tetrapropylammounium (TPA)—as the OSDA to a basic
aqueous solution to prepare silicalite-1.">*'7>* TEOS initially
undergoes hydrolysis to yield silicic acid monomers for silica
polymerization. Such monomers subsequently undergo con-
densation and hydrolysis over time to yield the aforementioned
silica—TAA nanoparticles. Small-angle X-ray scattering (SAXS)
and small-angle neutron scattering (SANS) experiments have
shown that the nanoparticles have a typical size of about 2—5
nm containing 250—400 Si atoms and a core—shell structure
with a silica-rich core surrounded by an OSDA-rich
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shell.'**"**%5 The core size of the obtained nanoparticles was
found to decrease with pH, increase with temperature, and
otherwise remain nearly independent of solution composition.
No reproducible evidence of silicalite-1 structure has been
observed in these silica—TAA nanoparticles.”***

These nanoparticles are believed to transform into silicalite-1
crystals at long times and/or elevated temperatures," thus
possibly holding the key to understanding the formation
mechanisms of silica zeolites. Several hypotheses have been
proposed to explain the transformation of nanoparticles to
silicalite-1 crystals. Schoeman et al. suggested that nanoparticles
simply serve as sacrificial nutrients to feed the nucleation and
growth of silicalite-1 crystallization,"" and others have suggested
a zeolite growth process via nanoparticle aggregation.”*”>’
More recently, Lupulescu et al. have applied in situ atomic force
microscopy (AFM) to study silicalite-1 growth.”® The authors
proposed a growth mechanism of silicalite-1, which is a
combination of the direct attachment of nanoparticles and the
nanoparticles acting as nutrients yielding smaller silica species
that contribute to silicalite-1 formation. Tsapatsis and co-
workers reported evidence for aggregative growth in a lengthy
room-temperature study on 2—5 nm nanoparticles charac-
terized by SAXS, atomic force microscopy (AFM), and
transmission electron microscopy (TEM)."> They observed
after several hundred days of room-temperature aging the
emergence of ~10 nm aggregates with identifiable subdomains,
clearly showing aggregation. These aggregates were subse-
quently found to provide nucleation centers for silicalite-1
nanocrystallites. Despite this progress, atomic-level structural
information on these nanoparticles and their transformations
has remained elusive.

In pursuit of such structural insights, Lesthaeghe et al.
performed a combined quantum chemistry and infrared (IR)
spectroscopy study on these nanoparticles, suggesting that
these silica—TPA nanoparticles exhibit a modified version of
the “pentasil” IR vibrational signature (~5S0 cm™') observed
from five-membered silica ring vibrations in silicalite-1.° They
reported an IR peak for the nanoparticles that shifts from 650
cm™" after 1 min of aging to ~600 cm ™" after 46 min. Quantum
chemistry calculations performed by these authors to interpret
the IR data show that such blue shifts (from the signature ~550
cm™! feature) can arise from system size effects in the growing
nanoparticles and from the details of the connectivity between
various five-membered silica rings. Lesthaeghe et al. conclude
that the synergistic combination of silica and TPA in these
nanoparticles leads to a significant population of five-membered
silica rings, a key building unit of the silicalite-1 structure. Their
interpretation of the IR data warrants further study and
exemplifies the difficulty with the direct experimental
determination of nanoparticle structure.’ Mora-Fonz et al.
applied DFT with the COSMO approximation to solvation
energy to study the chemistry of oligomerization processes of
silica.””*° Detailed thermodynamic properties of the very initial
stages of the silica polymerization process were obtained.

Several modeling techniques have been applied to investigate
the formation mechanisms of nanoporous materials, with
various levels of detail®®' The requirements of modeling
relatively long length and time scales and the interplay of
physical and chemical interactions make this class of systems
challenging to model. Rankin et al. introduced a dynamic
Monte Carlo simulation to model silicic acid polymerization,
which is a key reaction during the formation of zeolites.>> Their
method is based on solving material balances together with
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reaction rate expressions. This modeling approach has
successfully reproduced the initial behavior of the Q,
distribution, where Q, is the mole fraction of silicon atoms
connected to n bridging oxygens. Because a given Q,
distribution does not uniquely specify the atomic-level
structure, Wu and Deem developed an atomistic model to
investigate the nucleation process of pure silica in the absence
of OSDA species.*®

They applied specialized Monte Carlo (MC) simulations to
sample equilibrium structures of silica particles, suggesting that
critical nuclei for pure silica crystallization may contain as few
as 50 Si atoms but leaving the effects of OSDAs uncertain. Rao
and Gelb studied early stages of silica polymerization using
molecular dynamics (MD) simulation at high temperatures
(1500—2500 K) over a wide range of silicic acid concentrations
in water.** At high silicic acid concentration, monomers quickly
react to form a large population of dimers, which later become
depleted as larger clusters appear. At lower silicic acid
concentrations, the polymerization is reaction-limited in the
initial stages, which are dominated by the formation of dimers.
They also estimated the activation energy of condensation to be
13—15 kcal/mol in excess water. In addition, continuum kinetic
Monte Carlo simulations have been reported to model the very
early sta3ges of silica polymerization by van Santen and co-
workers.>> ">’ The silica condensation rate constants were
computed using DFT and AIMD calculations. The model was
further extended to study the silica oligomerization process by
the lattice-gas kinetic Monte Carlo method. Their results
suggest that the gelation process proceeds from four-membered
rings, whereas five-membered rings and six-membered rings
share Si with four-membered rings and form during the later
gelation stages. Because of the computational demands of such
atomistic modeling, these MC and MD methods could not
approach the length and time scales needed to simulate the self-
assembly of silica nanoparticles that lead to zeolites.

We have reported lattice model Monte Carlo simulations to
describe the formation of silica—OSDA nanoparticles in the
early stages of the clear-solution synthesis of silicalite-1.>>
Such models dramatically reduce the space of allowed
configurations, allowing the study of much larger system
sizes. Our studies reproduced the core—shell structure found in
SAXS and SANS measurements and predicted the metastable
nature of these nanoparticles found by Davis et al."* However,
such lattice models cannot reveal the detailed structural
information we seek herein.

To address this need, Malani et al. reported an off-lattice MC
simulation of silica polymerization using the reaction ensemble
MC method with specialized MC moves.***" This approach
has provided the best agreement to date with *Si NMR data on
the evolution of the Q, distribution** as well as atomic-level
structural information on the evolution of ring-size distributions
during the process of silica polymerization. The work of Malani
et al. was restricted to the isoelectric point of silica (pH ~2)
and was conducted in the absence of OSDA. We now
generalize these off-lattice reaction ensemble MC simulations
to a wide range of pH values and in the presence of a simple
model of an OSDA. We find below that reproducing known
properties of these silica—OSDA nanoparticles such as size and
shape requires a two-step process beginning with preassociation
driven by physical solution forces, followed by silica polymer-
ization with reaction ensemble MC. We also find that, when
considering OSDA/silica mole fractions that lead to silicalite-1,
the resulting simulated nanoparticles exhibit ring-size distribu-
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tions dominated by five-membered silica rings, corroborating
the work of Lesthaeghe et al.>®

The remainder of this article is organized as follows: section
2 describes the model and simulation methodology; section 3
provides our nanoparticle structure; and section 4 offers a
summary and concluding remarks.

B MODEL AND SIMULATION METHODOLOGY

Molecular Model. This work makes use of a molecular
model consisting of flexible, corner-sharing tetrahedra to
represent silicic acid (Si(OH),) and silicate molecules (Si-
(OH);07) as neutral and anionic monomers for silica
polymerization, respectively. (We do not consider species
such as [Si(OH),0,]* in the present work because these are
important only at very high pH, and we are interested here in
more moderate alkaline conditions.) We also consider hard
sphere particles with short-range attractions to represent OSDA
molecules. The silica tetrahedron model was inspired by the
“rigid unit mode” work of Dove** and was proposed in detail by
Astala et al. for modeling the mechanical properties of
crystalline silica solids.** OSDA molecules were taken to be
spherical particles for simplicity; we will consider more complex
OSDA structures in forthcoming work. Each silica tetrahedron
is represented as a hard-sphere core in the center of each
tetrahedron with four corners occupied by one of three possible
oxygenic species: (i) hydroxyl groups (OH) represented as
single particles, (ii) one oxide atom in the case of anionic
silicate, and/or (iii) bridging oxygen atoms (BO) for
condensed silica as shown in Figure la. The structure of each

(a)

(b)

Figure 1. (a) Tetrahedral unit of silicic acid. A silicon atom (brown) is
centered, and four hydroxyl groups (gray) are at the vertices. Dashed
lines (red) connecting hydroxyl groups represent springs between
them. (b) Silica dimer formed after a condensation reaction. Silicon
atoms are connected through a bridging oxygen (blue) with a Si—O—
Si angle 0.

flexible tetrahedron is maintained via harmonic springs between
the various kinds of possible oxygen atoms according to

304 g
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where U, is the internal potential energy of a tetrahedron, r; is
the position of the ith BO/OH/O™ vertex, ks is a spring
constant, and r, is the equilibrium distance between two
vertices (i.e., the oxygen—oxygen distance). The value of kg was
determined in previous work to be 851 kJ mol™ A™2* and r, is
set at 2.61 A on the basis of the geometry of silica tetrahedra
(Si—O bond length = 1.6 A and O—Si—O angle = 109.47°).*%*!

In addition to specifying the energetics of each silica
tetrahedron, it is also important to describe at a base-case
level the energetics of the silica network. A general
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condensation/hydrolysis reaction taking place during silica
polymerization can be written as
=Si—-OH+HO-Si= =Si—0-Si=+H,0

—_
~

)

where the forward reaction is condensation and the reverse
reaction is hydrolysis. The polymerization process is thus
viewed as the assembly of Si(OH), and Si(OH);0~ tetrahedra
via condensation reactions. Two tetrahedra are connected via a
bridging oxygen (Si—O—Si) after a condensation reaction
occurs (as shown in Figure 1b). In our previous lattice model
work on silica polymerization at high pH,* we have assumed
for simplicity that such condensations occur only between
terminal hydroxyls (OH) and not between OH/O~ or O~/O~
groups; we will implement herein the application of this
assumption to the present off-lattice model of silica polymer-
ization. We have modeled the Si—O—Si angle formed by the
bridging oxygen in our present work using the following
harmonic potential

ky

U, (cos @ — cos 90)2

©)
where 6 is the Si—O—Si angle formed by the bridging oxygen,
0, is a reference angle, and k, is an angular force constant. The
value of 155° was used for the reference Si—O—Si angle, and
the value of 226.74 k] mol ™" was used for k,. Those values were
determined by optimizing infinite silica chains using periodic
DFT calculations** and were found to reproduce bulk moduli
of silica polymorphs.** We note that the value of the reference
angle falls roughly midway in the range of commonly observed
Si—O—Si angles in silica materials (i.e, 130—180°).*"*®

We have simulated nanoparticle formation as one-step and
two-step processes. The one-step process goes directly into
reaction ensemble Monte Carlo to simulate polymerization. In
contrast, the two-step procedure begins with a preassociation
step to form silica—OSDA clusters that are held together by
physical solution forces. Silica polymerization is then allowed to
take place to condense the clusters into silica networks. The
rationale behind the two-step approach comes from previous
nonreactive simulations of Catlow and co-workers,” which
found that silica species tend to cluster in aqueous solutions,
even under dilute conditions, perhaps driven by a measure of
hydrophobicity. The two-step process described above is also
reminiscent of the two-step procedure for synthesizing silica
mesoporous solids such as MCM-41,* involving an initial step
to produce silica—surfactant mesoscale order, followed by silica
network condensation at elevated temperatures.

To model the preassociation of silicic acids, we applied the
Stillinger—Weber (SW) potential for the interaction between
neutral and anionic silica monomers. This potential, which
comprises two-body and three-body interactions, was first
proposed to model solid and liquid forms of silicon.*® The SW
model has also been applied to water molecules, carbon, and
germanium—all tetrahedrally coordinated units.”’ We apply
SW herein as a smooth potential that mimics the anharmonicity
of a square well because such anharmonicity provides liquidlike
flexibility that is important for facilitating subsequent silica
polymerization.

In the SW potential, tetrahedral coordination is enforced by
the three-body term. However, as introduced previously, our
model already includes harmonic interactions (eq 3) to restrict
Si—O-—Si angles. In addition, calculating three-body potentials
can become computationally intensive. As such, we apply in this
work only the two-body SW potential given by
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where A is 7.0, B is 0.602, p is 4, q is 0, and reduced cutoff a is
1.8 to ensure the potential and forces go to zero at a distance of
ac. These are the standard parameters of the Stillinger—Weber
potential. >

The SW potential well depth, €, was taken to be 6.0 and 12.0
kJ/mol for the neutral-neutral and anionic—neutral silica
interactions, respectively. These well depths were chosen to be
less than the energy scale of silica polymerization so that in the
second stage of the simulation, where such polymerization
takes place, our results will yield substantial and experimentally
reasonable degrees of condensation. This model uses 4.5 A for
0; the value has been shown to lead to a first shell at about 5 A
in the radial distribution function of the silica solution, which is
consistent with the one calculated by Pereira et al.*” Note that
there is no SW interaction between two chemically bound silica
tetrahedra (i.e., two silica tetrahedra that are connected through
a bridging oxygen).

In addition to the interaction between silica tetrahedra, an
attraction between charged species—anionic silica and cationic
OSDA—is also included. As a substantial amount of screening
between charged species is expected in the solution phase, and
the electrostatic potential is modeled using short-range
attractions with the simplified SW potential (ie, only the
two-body potential). This short-range interaction enforces local
charge balancing, which likely plays a role in inorganic material
growth. The same value of ¢ in the silica pairwise interaction
was applied to the SW potential binding anionic silica and
cationic OSDA, whereas the larger well depth of 36 kJ/mol was
applied to describe the charge-balancing interaction between
anionic silica and cationic OSDA. Previous MD simulations by
Vlachos and co-workers®” find that a free-energy well depth for
silicate—TMA interactions is on the order of 20 kJ/mol. We
apply a slightly larger well depth in our present simulations, 36
kJ/mol, which we find is necessary in the context of the present
coarse-grained model to produce nanoparticles associated with
OSDA species.

Various Stillinger—Weber potential wells for the neutral—
anionic silica interaction and the OSDA*—anionic silica
interaction were tested in our simulations. With more favorable
interactions between neutral and anionic silica (i.e., from 6 to
10 kJ/mol), the silica cluster size was found to increase. The
cluster size, however, remains nearly constant when the
neutral—anionic silica interaction is greater than 11 kJ/mol.
Varying the OSDA"—anionic silica interactions from 25 to 75
kJ/mol was found to leave the nanoparticles size essentially
unchanged.

Sampling and Methodologies. Each simulation started
with a random configuration in a cubic box with dimensions of
192 A x 192 A X 192 A, giving sufficient volume to simulate
the early stages of clear-solution zeolite synthesis. Specifically, it
needs to be large enough to accommodate several nanoparticles
without their agglomerating to form a gel as occurred in our
previous low-pH studies.*>*" For both one-step and two-step
processes, we studied compositions given by TEOS/OSDA =
1000:x including 1000 TEOS molecules and x = 0, 100, 200,
300, 400, 500, 600, 700, 800, or 900 OSDA molecules. In
general, we focus below on results from the TEOS/OSDA =
1000:200 composition because this most closely resembles
typical clear-solution zeolite synthesis conditions.”"** We
assumed that TEOS hydrolysis is rapid compared to all other

r — ao
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processes, yielding 1000 silicic acid molecules randomly placed
in the simulation box at the beginning of the simulation. We
also assumed that cationic OSDA is introduced as its hydroxide
salt [OSDA(OH™)], producing an equal number of anionic
silicate monomers and cationic OSDA molecules, assuming
completion of the strong base (OH™)/weak acid (Si(OH),)
reaction. As such, each simulation began with x OSDA species,
x anionic silicate monomers, and 1000 — x silicic acid
monomers, all initially placed randomly in the simulation cell.

In each simulation, at least 2 million MC steps were
performed to allow sufficiently complete structural assemblies.
The MC moves included random translations performed on all
species, including anionic—silicate—OSDA" pairs, and rotations
performed on all silica tetrahedron (i.e., nonspherical species)
in the canonical (NVT) ensemble to sample all possible spatial
configurations. Furthermore, to sample reaction events in our
simulations, the reaction ensemble MC (REMC) technique®***
was used to simulate silica polymerization. REMC provides a
convenient way to study self-assembly arising from silica
polymerization at ambient temperature. REMC also eliminates
the need for reactive force fields to bring about the assembly of
the polymerized silica network. Our choice for the REMC
technique is further supported by the recent simulation study of
Malani et al., where they studied silica polymerization at a low
pH value (~2) corresponding to the isoelectric point of
silica.*>*" REMC was performed on the two OH groups within
a distance of only 2 A to mimic the real behavior of the
condensation reaction. In general, our attempt probabilities for
moves were chosen to be 0.79 for translations on all species,
0.20 for tetrahedron rotations, and 0.01 for REMC moves.

In the REMC method, the probability for accepting reactive
moves is given by

= o PAUYT ﬁ

i=1

P

N! g = AU TR ﬁ N!
- (N + )t~ M (N )

©)

where AU is the change in potential energy arising from
tetrahedral and network distortions, V is the volume, n. is the
total number of components, 7 = Y.i*,v;, and g, N, and v are
the molecular partition function, number of molecules, and
stoichiometric coefficient of component i, respectively. The
molecular partition functions g; are related to the equilibrium
constant and standard Gibbs free energy of reaction via K, =
e AG/RT = TT% g We simplify the calculations by using the
standard Gibbs energy of reaction as an input parameter in the
calculation. In our study, all reaction types are assumed for
simplicity to have the same value of the standard Gibbs free
energy. We have used K, = 500 in this work and in our
previous studies, corresponding to a condensation free energy
at T = 300 K of —15.5 kJ/mol = —3.7 kcal/mol. This number,
500, is in reasonable agreement with the electronic energy
change of —3.2 kcal/mol obtained from a DFT calculation on
silicic acid dimerization in water.>> More detailed information
on our simulation methods and MC sampling moves can be
found in the previously published papers from our group.***!
As described above, we considered one-step (polymerization)
and two-step (preassociation followed by polymerization) silica
self-assembly processes. In the two-step process, we generally
carried out 2 million preassociation MC steps (translations and
rotations), followed by 2 million polymerization steps (trans-
lations, rotations, and REMC steps).
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B RESULTS AND DISCUSSION

In this section, we discuss the simulation results on the
formation and structural characteristics of the silica—OSDA
nanoparticles. We begin by briefly discussing the one-step
process, followed by a more thorough description of results for
the two-step process.

One-Step Process. We begin by discussing the one-step
simulation with the TEOS/OSDA = 1000:200 composition
system. This simulation proceeds directly to silica polymer-
ization from a random initial condition without any
preassociation. Figure 2 shows that this produces relatively

o,
s 4
O

o
o o
gt A Y ¢

o Hy

Figure 2. Ramified, highly nonspherical, and relatively small clusters of
silica and OSDA obtained from the one-step formation process. Color
code: Si (yellow), oxide (blue), bridging oxygen (red), hydroxyl
(gray), and OSDA (purple).

small nanoparticles with highly nonspherical shapes, in contrast
to the roughly spherical particles observed from experiments.”!
In particular, the one-step simulations produce nanoparticles
with diameters consistently less than 1.5 nm and with ~20 Si
tetrahedra, in comparison to the 2—S5 nm nanoparticles found
in experiments containing several hundred Si tetrahedra.'® This
result suggests that silica polymerization in the earliest stages of
nanoparticle formation may substantially suppress further
nanoparticle growth, presumably because the hydrolysis of
Si—O-—Si linkages releases too few silica tetrahedra for mass
transport among nanoparticles. This finding also suggests that
nonreactive silica preassociation may be important for nano-
particle formation,* which we discuss in the next section.

To track silica polymerization during the one-step process,
the Q, distribution was computed as the reaction proceeded.
The evolution of the Q, distribution for the TEOS/OSDA =
1000:200 system is shown in Figure 3. It can be seen that Q,
and Q, cross at a mole fraction of ~0.4, whereas the mole
fraction at the Qy/Q, crossing is around 0.2 and that for Qy/Q;
is around 0.1. In principle, the pattern of crossing points and
maxima in the Q, distribution provides a signature describing
the polymerization process; we find that the evolution of the Q,
distribution for silica gel formation simulated previously by
Malani et al,* the one-step nanoparticle formation shown in
Figure 3, and the two-step nanoparticle formation (Figure Sl in
Supporting Information) show substantially similar patterns
suggesting similar polymerization mechanisms. One difference
pertains to the overall degree of polymerization, which is given

by

c= (%)Z{zo nq,

(6)
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Figure 3. Evolution of the Q, distribution during polymerization
obtained from the one-step formation process.

where g, is the mole fraction of Q, silicon atoms and f is the
coordination number of the network (normally f = 4 in this
case).

In our previous simulations of gel formation,*' the degree of
polymerization was found to reach a value of around 0.8 after
10° MC steps, indicating that 80% of the terminal oxygens
transformed into bridging oxygens. Figure 3 shows a final
degree of polymerization of around 0.6 after 2 million MC
steps; a similar degree of polymerization was found for the two-
step process applied to the TEOS/OSDA = 1000:200 system.
This decrease of 0.2 in the degree of polymerization is
consistent with 20% of the silica tetrahedra being anionic
silicate with a maximum allowed coordination number of 3.
This finding may explain why we see so little Q, silica in our
nanoparticles, with Q4 mole fractions reaching values that are
little more than 0.1, whereas in the gel we found Q, mole
fractions of 0.3. We compare Q, mole fractions to experiment
in the next section on the two-step process, finding good
overall agreement with NMR data.

Two-Step Process. Here we show results for the two-step
process involving nonreactive preassociation MC driven by the
SW potential, followed by silica polymerization simulated with
REMC. The resulting nanoparticles were found to exhibit a
core—shell structure with most of the silica in the core and
OSDA molecules at the surface of the nanoparticles, as shown
in Figure 4.

Such core—shell structure was observed experimentally via
SAXS and SANS characterization techniques.”"** Pair—
distance distribution functions (PDDFs) can be extracted
from the SAXS and SANS data. PDDFs from SAXS are more
sensitive to the relatively high electron density of the silicon
atoms in the silica core, whereas PDDFs from SANS tend to
reveal the structure of the entire nanoparticle, receiving signals
from both lighter and heavier elements. For comparison with
PDDFs from SAXS and SANS, we have computed PDDFs
among silica tetrahedra and among all particles, respectively.
We have also computed PDDFs among OSDA molecules; all of
these and the experimental results”' are shown in Figure S. The
silica—silica PDDF has a peak at around 1.5 nm, indicating a
particle core size of around 3.0 nm, in good agreement with
experiments which find silica—OSDA nanoparticles in the 2—5
nm range.'**"** The all-all PDDF in Figure § is essentially the
same as the silica—silica PDDF because the number of silica
tetrahedra significantly exceeds that of the OSDAs, making the
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Figure 4. Snapshots of nanoparticles obtained from the two-step
formation process in the system with TEOS/OSDA = 1000:200. Color
code: Si (yellow), oxide (blue), bridging oxygen (red), hydroxyl
(gray), and OSDA (purple).
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Figure 5. Core—shell structure shown by pair—distance distribution
functions (PDDFs) among silica tetrahedra, all particles, and OSDAs;
from simulations with composition TEOS/OSDA = 1000:200; and
experimental PDDFs of SAXS and SANS patterns of a nanoparticle
solution (40:9:9500:320 SiO,/TPAOH/H,0/TEOS) from the
literature.>*

statistical effect of the OSDAs minimal in the all—all graph.
This is a consequence of the coarse graining of the OSDA from
41 atoms, in the case of TPA, to 1 lumped particle. The
simulated OSDA—OSDA PDDF reveals that OSDAs exist in a
shell about 1 nm larger than the silica core, which makes sense
given that the 4.5 A Stillinger—Weber length scale is multiplied
by 2 because distal OSDAs are on opposite sides of a given
nanoparticle. In contrast, PDDFs from experimental SAXS and
SANS data reveal a 3.5 nm difference between the silica core
and TPA shell, which likely arises from the details of Debye
screening in solution not accounted for by our model. In future
work, we will consider more complex models of OSDA
structure and OSDA-—silicate interactions to build on the
insights gained from the base case model presented herein.
Detailed visualizations of nanoparticles from a single
simulation with a range of sizes are shown in Figure 6a. The
numbers of OSDAs at the surfaces of these nanoparticles are
15, 12, and 9 for nanoparticles composed of 208, 148, and 108
silica tetrahedra, respectively, corresponding to a mean OSDA/
silica ratio of 0.09, well in excess of the ratio in as-made TPA—
silicalite of 4:92 TPA/SiO, per unit cell. The PDDFs for
distances among silica tetrahedra for these particles are shown
in Figure 6b. These PDDFs reveal that these particles have sizes
ranging roughly from 2 to 3.5 nm, in good agreement with
experimental observations.”"** In addition, the densities of the
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Figure 6. (a) Snapshots of nanoparticles with the number of silica
tetrahedra being (i) 208, (ii) 148, and (iii) 108. Color code: Si
(yellow), oxide (blue), bridging oxygen (red), hydroxyl (gray), and
OSDA (purple). (b) PDDFs (silica—silica) of nanoparticles corre-
sponding to the snapshots.

simulated nanoparticles shown in Figure 6a were calculated
from the number of atoms and the particle sizes extracted from
PDDFs. It was found that the density is in the range of 1.68—
1.83 g/cm’, which is in good agreement with the experimental
value of 1.75 g/cm?® reported by Rimer et al.*®

Now we consider the effect of varying the initial composition
according to TEOS/OSDA = 1000:x, where x varies as 0, 100,
200, .., 900. We have found that the number of OSDA
molecules has a substantial effect on the topology of the
resulting nanoparticles. For example, Figure 7 shows a
simulated nanoparticle (front and side views) from a simulation
with composition TEOS/OSDA = 1000:500 (on the left-hand
side) and TEOS/OSDA = 1000:800 (on the right-hand side),
showing an ordered arrangement of neutral silicate and anionic
silicate. We note that only a few bridging oxygens form in the

Figure 7. Snapshot of particles with an ordered arrangement of neutral
silica and anionic silica. Color code: Si (yellow), oxide (blue), bridging
oxygen (red), hydroxyl (gray), and OSDA (purple).
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particles. However, such an ordered arrangement of nano-
particles was found to exhibit lower degrees of polymerization
and hence may be too unstable to survive in experiments at
longer observation times.

We have found that the number of OSDA molecules plays an
important role in determining the sizes of clusters in the
preassociation step. Figure 8 shows the average maximum

pH Value
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Cluster Size
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0 100 200 300 400 500
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Figure 8. Maximal cluster size obtained from the preassociation
process after performing 2 million MC steps.

cluster size as a function of the number of OSDA molecules
obtained from 20 independent simulations. When considering
no OSDA, the system evolves to a single cluster consisting of
almost all available silicic acids. With the addition of 100 OSDA
molecules to the system, the interplay between OSDA and silica
leads to smaller clusters. Considering systems with >200
OSDA molecules produces cluster sizes that are roughly
constant with respect to the number of OSDAs. We have also
observed in our simulations that as the silica preassociation
process proceeds, the dissolution of smaller clusters contributes
to the growth of larger clusters, following Ostwald ripening.*®
We have also extracted OSDA surface coverages by defining an
OSDA-Si distance criterion corresponding to half the
Stillinger—Weber well depth. After analysis, we found that
OSDA surface coatings depend on the number of OSDAs in
the simulation and on the nanoparticle size, as shown in Figure
S2 in Supporting Information. Surface coverages were obtained
for TEOS/OSDA = 1000:x, where x = 100—900. We have
found a plateau effect for x > 300 and a log(OSDA) — log(Si)
slope of 0.61 =+ 0.15, indicating a surface coverage scaling
(expected exponent of */;). In the plateau range, the mole
fractions for small clusters are around 1:4 OSDA/Si, whereas
those for large clusters are around 1:12 OSDA/Si. For
comparison, silicalite-1 with TPA at each intersection
corresponds to 1:24, indicating by this standard that these
nanoparticles are generally rich in OSDA.

Table 1 shows the Q, distribution of the final configuration
of nanoparticles simulated for TEOS/OSDA 1000:200,
compared to several experimental Q, distributions. The
experimental data in Table 1 include Q, distributions from
two studies on 3—5 nm nanoparticles®”** and from a study on
smaller, 2 nm nanoparticles.”” The simulated Q, distribution
was computed from nanoparticles consisting of more than 100
silica tetrahedra to eliminate spurious statistics from small
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Table 1. Comparison of Q, Distributions for Silica—OSDA
Nanoparticle Populations of Various Sizes Obtained from
Our Simulation and from Experiments

mole fraction of Q, silicon  Q, Q Q, Qs Q4
our simulation 0 12.9 35.2 37.8 14.1
experiment a (2 nm)*’ 0 <10 40—50 40-50 0
experiment b (3—$ nm)*” 0 0 8.3 40.6 SL.1
experiment ¢ (3—5 nm)>® 0 0 6.4 435 50.1

clusters. Table 1 indicates that the simulated Q, distribution is
in much better agreement with experimental data on the 2 nm
nanoparticle population, showing high Q, and Q; fractions and
low Q, fractions. Larger nanoparticles, especially aggregates of
smaller nanoparticles, have been hypothesized to lead to
silicalite-1 crystallization.'> This is consistent with the notion
that larger nanoparticles should exhibit higher Q, fractions,
considering that crystalline silica consists almost exclusively of
Q, silicon species. The nanoparticles formed during our
simulations are in the smaller range of 2—3.5 nm, and
condensation processes have not yet plateaued by the end of
our simulations as evidenced by the nonzero slope in the
degree of polymerization (Figure 3), suggesting that the
population of nanoparticles that self-assemble in our simu-
lations represents the nascent nanoparticles isolated by Aerts et
al”” Despite the advances in model development and Monte
Carlo simulation reported in this work, it remains computa-
tionally challenging to simulate the self-assembly of larger (>4
nm) silica—OSDA nanoparticles.

Our simulations allow a detailed structural analysis of early-
stage precursor nanoparticles. The simulated nanoparticles
exhibit no discernible short- or medium-range order. In the
absence of such order, we focus on ring-size distributions as a
structural descriptor of disordered silica. Figure 9 shows the
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Figure 9. Computed ring-size distribution from the TEOS/OSDA =
1000:200 system.

computed ring-size distribution for the TEOS/OSDA
1000:200 system using an algorithm that counts primitive
rings in disordered networks.”” These results were obtained by
averaging ring-size distributions from nanoparticles with more
than 100 silica tetrahedra, consistent with the Q, analysis above.
The ring-size distribution in Figure 9 is slightly different from
that of silica gels, which was shown by Malani et al*' to be
dominated by four-membered rings (involving four alternating,
adjacent silicon and oxygen atoms). In contrast, the ring-size
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distribution in Figure 9 exhibits a plurality of five-membered
rings, a key component of the silicalite-1 framework structure.®
A detailed investigation of the simulated nanoparticles shows
no evidence of the presence of pentasil units, higher-order
building units of the silicalite-1 structure involving chains of
five-membered rings.® As such, our simulations predict that the
atomic structures of these nanoparticles show no evidence of
MFI structure other than the predominance of five-membered
silica rings. Our results nonetheless support the experiments
and quantum chemistry calculations of Lesthaeghe et al,* who
report IR spectroscopy evidence for the importance of five-
membered rings in silica—OSDA precursor nanoparticles.

We also calculated the radius of gyration of each nano-
particle, the center-of-mass of all four-membered rings and five-
membered rings, and the distance distribution of each of these
rings relative to the center-of-mass of a given nanoparticle for
the system of TEOS/OSDA = 1000:200. The relative position
of rings in the nanoparticles is defined as

o Ding
relative position =
Ry (7)
where Dy is the distance of the center-of-mass of a given

four-membered ring or five-membred ring to the center of mass
of a given nanoparticle and R, is the radius of gyration of the
corresponding nanoparticle. A histogram of the probability of
the relative position is shown in Supporting Information as
Figure S3. Figure S3 shows that five-membered rings are closer
to the surface of nanoparticles than are four-membered rings.
Computed ring-size distributions for systems with various
TEOS/OSDA ratios are shown in Figure 10. For the
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Figure 10. Ring-size distributions as a function of OSDA content.

simulations without OSDA there is a roughly equal population
of five- and six-membered rings, in contrast to the situation in
the simulated gel,*" which is dominated by four-membered
rings. Simulations with 200 and 400 OSDA molecules show a
plurality of five-membered rings, whereas 600 and 800 OSDA
molecules are dominated by four-membered rings and three-
membered rings, respectively. The trend predicted in our
simulations of the predominance of smaller rings arising from
higher OSDA content is interesting and worthy of experimental
testing, perhaps with Raman spectroscopy, which is a powerful
tool for probing collective vibrations in silica networks.® It is
also important to consider more accurate representations of
OSDAs such as TPA to determine the extent to which the
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predicted trend in Figure 10 is influenced by the assumed
representation of OSDAs. These results predict that the silica/
OSDA composition may not only influence nanoparticle shape
but also impact ring formation in the early stages of precursor
nanoparticle self-assembly. It is interesting to consider whether
the rings formed during these early stages may be important in
determining which zeolites crystallize from a sample of
precursor nanoparticles.

Bl CONCLUSIONS

We have applied the reaction ensemble Monte Carlo method to
sample an off-lattice model of silica association and polymer-
ization to investigate structures of nanoparticles formed from
silica and organic structure-directing agents (OSDAs) used for
zeolite fabrication. We are particularly interested in modeling
silica—OSDA nanoparticles that have been studied extensively
when using tetrapropyl ammonium (TPA) as the OSDA in the
clear-solution synthesis of silicalite-1. We have applied a
previously developed model of silica monomers as flexible
tetrahedra with spring constants fitted in previous work to
reproduce the mechanical properties of silica. OSDAs were
modeled in the present work as spheres attracted to anionic
silica monomers. We have studied nanoparticle self-assembly by
comparing one-step and two-step formation mechanisms. The
one-step process goes directly into sampling silica polymer-
ization via reaction ensemble Monte Carlo, whereas the two-
step process begins with the nonreactive preassociation of silica
species and OSDAs driven by physical solution forces, followed
by silica polymerization simulated with reaction ensemble
Monte Carlo. We have characterized the resulting nanoparticles
using the particle size, shape, pair—distance distribution
functions, Q, distributions, and ring-size distributions.

The two-step process with preassociation was found to be
crucial for generating sufficiently large and nearly spherical
nanoparticles; otherwise, without preassociation the resulting
nanoparticles were found to be rather small (>100 silica
tetrahedra) and to have jagged, ramified structures. The two-
step nanoparticles exhibit a core—shell structure, with mostly
silica in a core of size 2—4 nm, surrounded by a diffuse shell of
OSDAs with a thickness of about 1 nm, in broad agreement
with SANS and SAXS data. The computed Q, distribution,
quantifying silicon atoms bound to n bridging oxygens, is in
good agreement with 2Si solid-state NMR data on smaller, 2
nm nanoparticles. Ring-size distributions from the simulated
nanoparticles for systems with TEOS/OSDA = 1000:200 (i.e.,
for compositions that lead to silicalite-1) show that five-
membered rings are prevalent, in agreement with a previous IR
and quantum chemistry study. Nanoparticles simulated with
higher OSDA concentrations show ring-size distributions
shifted to four-membered silica rings. Our simulations show
no evidence of medium-range silicalite-1 order in these
nanoparticles, such as the presence of pentasil chains.

Our simulations include relatively simple, base-case repre-
sentations of the OSDA and its interaction with silica,
approximations that are crucial to our computational ability
to simulate the self-assembly of nanoparticles on the 2—3.5 nm
length scale. These initial approximations leave great scope for
further refinements to the model, allowing future investigation
into the role of OSDA molecular structure in nanoparticle
formation and network structure and the role of longer-ranged
OSDA-—silica interactions in the nature of the core—shell
structure in these nanoparticles. In particular, in forthcoming
work we will study how more accurate molecular representa-
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tions of OSDAs such as TPA influence ring-size distributions in
silica—OSDA nanoparticles. Despite the simplicity of the
present model, this work represents the first atomic-level
model of the self-assembly of precursor silica—OSDA nano-
particles, opening the door to unprecedented insights into the
formation of ordered nanoporous materials.
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Evolution of the Q, distribution during polymerization
obtained from the two-step formation process with TEOS/
OSDA = 1000:200. Surface coverage of OSDA on the obtained
silica clusters for TEOS/OSDA = 1000:x. Relative position of
four-membered rings and five-membered rings in the obtained
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