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ABSTRACT

MODELING THE SELF-ASSEMBLY OF ORDERED
NANOPOROUS MATERIALS

SEPTEMBER 2015

SZU-CHIA CHIEN
B.S. Ch.E., NATIONAL TAIWAN UNIVERSITY
M.S. Ch.E., NATIONAL TAIWAN UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Scott M. Auerbach and Professor Peter A. Monson

Porous materials are of great importance in many fields due to their wide ap-
plications. An ongoing theme in this area is the tailoring of materials for specific
applications. With a better understanding of the formation mechanisms, tailoring
and controlling the pore structure may be achieved. The objective of this research is
acquiring further understanding of the fundamental physics that govern the formation
of these materials using molecular simulations.

We are aiming to unravel the assembly process of silica porous materials using
a semi-rigid silica tetrahedral model. This model together with reaction ensemble
Monte Carlo simulations allows us to study the formation of silica nanoparticles, the
initial stages of microporous material formation. A two-step formation mechanism
was found to be crucial for generating the nanoparticles.

A replica-exchange reaction ensemble Monte Carlo sampling together with the

silica tetrahedral model is developed and applied to cross the energy barrier between

vii



amorphous silica to crystalline silica materials for searching for the ground state
structure of this model. The technique involves simulating several system copies
with different equilibrium constants controlling silica condensation/hydrolysis reac-
tions, which are essential for building higher-order network structures and eventually
crystals, was preformed. Different silica polymorphs including all-silica zeolite frame-
works were obtained. This model shows a great potential to study the crystallization
of microporous materials.

We also study the formation of mesoporous materials using molecular dynamics
simulations. We investigate the interplay of silica molecules and surfactants, and dif-
ferent mesophases such as micellar rods, hexagonal, bicontinuous and lamellar phases
were obtained. Multiple charges on silicate oligomers were found to play an important
role in the formation of hexagonal phases.

To study the later stages of MCM-41 formation, a hybrid molecular dynamics and
Monte Carlo approach is proposed. The cooperation between the physical interaction
and chemical reaction can be taken into account simultaneously. Preliminary study
shows that the ratio of silicate to surfactant higher than 4 is essential to the growth
of MCM-41. With a further enhancement on the model, this hybrid approach will be
a powerful tool to simulate the formation of MCM-41 in a large system and at a long

time scale.
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CHAPTER 1
INTRODUCTION

Nanoporous materials such as zeolites are of great importance to the chemical
industries because of wide applications in catalysis and separations.[29, 31, 32, 105,
133, 141, 150] The development of new applications in areas including drug delivery,
shape-selective sensors, and nano-electronic depends on tailoring material properties
such as pore sizes, crystallite size and shape, and crystallite surface structures.|5,
7, 10, 29, 98, 116, 125] Key to tailoring and controlling nanoporous materials is
having a better understanding of their formation mechanisms. To date, over 200
different zeolite structures have been identified[8] and several million more have been
hypothesized.[39, 46] However, due to limitations of characterization techniques in
the critical 5-10 nm range of length scales, the characterization length limits between
NMR and X-ray crystallography,[7] understanding of their formation mechanisms
remains largely incomplete.[5, 34, 58, 117, 122] Nanoparticles containing both silica
and organic structure directing agents (OSDAs) have been observed and implicated
as important in the formation of all-silica zeolites.[17, 20, 34, 36, 37, 38, 71, 72, 73,
98, 104] Despite the importance of such nanoparticles, their atomic-level structures
remain poorly understood because of the difficulty of isolating and characterizing such
colloidal species. The objective of this research is to have a better understanding of
the formation mechanism of ordered porous materials by utilizing various techniques
in molecular simulations.

We are also interested in the formation process of periodic mesoporous silicas

(PMS) such as MCM-41.[11, 12, 78] PMS materials have been extensively studied



since two decades ago because of their potential applications in catalysis and separa-
tions of species that are too large to fit into micropores.[29, 42, 97, 151] The materials
have also been applied in biotechnology as bioadsorbents, biocatalysts[53], and drug
delivery vehicles.[133, 139, 140] These materials differ from the aforementioned zeo-
lites in that the atomic level structure is amorphous rather than crystalline.

In this thesis, two types of materials are considered: silica microporous materials
and silica mesoporous materials. Silica microporous materials such as silicalite-1 are
usually obtained via clear-solution synthesis involving silica-source and structural
directing agents in an aqueous system.[34, 48, 82, 122] The fabrication method for
silica mesoporous materials is similar but the surfactants are added as structural

directing agents into the solution.[12, 7§]

1.1 Microporous Materials
1.1.1 Formation of Microporous Materials

Silicalite-1 is an all-silica zeolite with the MFI framework. The clear-solution
synthesis provides an approach for fabricating silicalite-1 at relatively low silica con-
centrations, avoiding the complexities of silica gel formation (e.g., several phenomena
such as solvolysis, acid-base equilibrium, metastability, and phase separation).[61, 67]
Experiments are usually carried out by adding tetra-ethylorthosilicate (TEOS) and a
tetra-alkylammonium (TAA) species — usually tetra-propylammounium (TPA) — as
the organic structure directing agents (OSDA) into a basic aqueous solution (i.e., pH
above 9) to prepare silicalite-1.[34, 48, 49, 119] TEOS initially undergoes hydrolysis to
yield silicic acids — monomers for silica polymerization. Such monomers subsequently
undergo condensation and hydrolysis over time to yield the aforementioned silica-TAA
nanoparticles. Small-angle X-ray scattering (SAXS) and small-angle neutron scat-
tering (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 shell.[34, 48, 82, 83] The core size of the obtained
nanoparticles was found to decrease with pH, increase with temperature, and other-
wise remain nearly independent of solution composition. No reproducible evidence of
silicalite-1 structure has been observed in these silica-TAA nanoparticles.[82, 83]

These nanoparticles are believed to transform into silicalite-1 crystals at long times
and /or elevated temperatures,[34] 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,[122] while others suggested a zeolite growth
process via nanoparticle aggregation.[1, 82, 83, 87] More recently, Lupulescu et al.
have applied in-situ atomic force microscopy (AFM) to study silicalite-1 growth.[90]
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 characterized by SAXS, atomic force microscopy
(AFM), and transmission electron microscopy (TEM).[34] They observed after several
hundred days of room-temperature aging the emergence of ~10 nm aggregates with
identifiable sub-domains, clearly showing aggregation. These aggregates were subse-
quently found to provide nucleation centers for silicalite-1 nano-crystallites. Despite
this progress, atomic-level structural information on these nanoparticles and their
transformations has remained elusive.

Based on the experimental findings, a mechanism for the evolution of precursor
nanoparticles to silicalite-1 was proposed by Davis and co-workers.[34] The precursor
nanoparticles were found at first without the evidence of zeolite crystal in it. Those

particles then evolve through several intermediates to form silicalite-1 nuclei. In the



proposed mechanism, the precursor particles were found having a silica-core/ TPA-
shell structure. Meanwhile, precursor nanoparticles have formed the structure similar
to zeolite particles gradually. The authors suggested that those intermediate particles,
not yet form the silicalite-1 nuclei, can contribute to crystal growth by attachment.
In this process, how TPA cations redistribute from the shell to the nanopores in
silicalite-1 crystals is a challenging task for researchers to understand.

In pursuit of such structural insights, Lesthaeghe et al. performed a combined
quantum chemistry and infrared (IR) spectroscopy study on these nanoparticles, sug-
gesting that these silica-TPA nanoparticles exhibit a modified version of the ” pentasil”
IR vibrational signature (~550 cm™!), observed from five-membered silica ring vibra-

tions in silicalite-1.[87] They reported an IR peak for the nanoparticles that shifts

1 1

from 650 cm™" after one minute aging to ~600 cm™" after 46 minutes. 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 in

direct experimental determination of nanoparticle structure.[7]

1.1.2 Modeling on Microporous Materials

Several modeling techniques have been applied to investigate the formation mech-
anisms of microporous materials, with various levels of detail.[6, 7] 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. Mora-Fonz et

al. applied density functional theory (DFT) with the COSMO approximation to sol-



vation energy to study the chemistry of oligomerization processes of silica.[102, 103]
Detailed thermodynamic properties of very initial stages of silica polymerization pro-
cess were obtained. The authors have found that the formation of cyclic fragments
is favored and driven by the high pH, and they suggested that the zeolite growth is
most likely to occur by condensation of relatively small units that lead to the ring
formation.

McCormick et al. introduced a dynamic Monte Carlo simulation to model silicic
acid polymerization, which is a key reaction during the formation of zeolites.[112]
Their method is based on solving material balances together with reaction rate ex-
pressions. 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.[149]

They applied specialized Monte Carlo (MC) simulations to sample equilibrium
structures of silica particles, suggesting that critical nuclei for pure silica crystalliza-
tion 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 dynam-
ics (MD) simulations at high temperatures (1500-2500 K) over a wide range of sili-
cic acid concentrations in water.[113] 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 stages of silica polymerization by van Santen and

co-workers.[154, 155, 156] The silica condensation rate constants were computed using



DFT and ab initio molecular dynamics (AIMD) calculations[134, 135]. The model
was further extended to study the silica oligomerization process by the lattice-gas
kinetic Monte Carlo method. Their results suggest the gelation process proceeds
from four-membered rings, while 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.

Jorge and co-workers presented a lattice model using simple cubic lattice to de-
scribe the formation of silica nanoparticles in the early stages of a clear-solution
synthesis of silicalite-1.[67] In addition to MC simulations in the canonical ensem-
ble, parallel tempering MC was implemented to probe the existence of metastable
states, as well as reactive ensemble MC to study reaction equilibrium. The spon-
taneous formation of silica nanoparticles with core-shell structure under conditions
was experimentally observed. In the model, silica condensation/hydrolysis is mod-
eled by a nearest-neighbor attraction, while the electrostatics is represented by an
orientation-dependent, short-range interaction. The nanoparticles are identified as a
metastable state, stabilized by electrostatic interactions between ionized silicates and
organic cations. The size of a nanoparticle is controlled mainly by the solution pH,
through nanoparticle surface charge. The increment in the pH increases the surface
charge and, hence, leads to the formation of the TAA layer for smaller particle sizes.
Increasing the temperature allows for further particle growth by Ostwald ripening,
the mechanism may play a role in the growth of zeolite crystals.

Due to the coarse-graining of the model, quantitative comparisons with experi-
mental data are difficult to make. Furthermore, the simplifications introduced herein
preclude us from predicting the internal structure of the particles. This type of in-

formation can best be obtained from off-lattice atomistic simulations of silica-TAA



alkaline solutions. Such simulations may also help clarify the precise role of TAA in
nanoparticle stabilization. On the other hand, there is scope for refining the present
model; efforts in this direction may yield additional insights into the early stages of
zeolite growth.

Recently, Lin et al. built an extension of the simple cubic lattice model developed
by Jorge et al. of nanoparticle growth in the clear solution synthesis of silicalite-
1.[62, 67] The model was implemented on a body-center cubic (bcc) lattice with
second-neighbor repulsions to generate a four-coordinate network that mimics the
tetrahedral structure of silica. With this low-coordination lattice model, it was found
that the nanoparticles are metastable, possessing a core-shell structure with mostly
silica in the core and templates forming a shell. The TPA cations tend to adsorb
to silica anions near the nanoparticle surface, thus providing a barrier protecting
the nanoparticles from further addition of silica monomers. This low-coordination
feature makes it possible to model porosity in the silica core of nanoparticles. The
most significant feature of the refined bce lattice model is that templates can and
do penetrate the interior of nanoparticles. It was found that template penetration is

rare for bulky templates.

1.1.3 Questions

Elucidating the mechanisms by which ordered nanoporous materials form has re-
mained challenging for experiment and theory alike. During the synthesis of silicalite-
1, a suspension of silica nanoparticles with the particles size around 5 nm, has been
observed prior to the appearance of zeolite crystals.[83] These nanoparticles are found
to lead to the formation of silicalite-1 crystals at elevated temperatures, are believed
as a key to understand zeolite formation. However, their structure and their pre-
cise role in zeolite synthesis remain the subject of debate. The techniques like 2*Si

NMR, has proven to be a powerful, non-destructive method for providing distances



and chemical environments within 1-2 nm, whereas SAXS and SANS techniques can
probe crystalline structure with long-range order about 50 nm above the nucleation
length scale. Characterization techniques for experiments suffer from a nanoscale
blind spot at length scales where zeolite nucleation is likely to occur.[7] The detailed
information about the structure of silica during the polymerization is lacked.

One the other hand, molecular modeling has a potential to shed light on the
problem. However, due to the requirements of relatively long length and time scales
on the system, the interplay of physical and chemical interactions makes the system
challenging to model. It is thus obvious why this problem has remained a grand
challenge for several decades. Previous simulations either dynamics MC method or
lattice model MC simulation study physical or chemical properties of the formation
of zeolites, the key information of zeolites formation, SDA effects, remain incomplete.
It is believed that SDA has great impact on the forming the porous materials from
the experiments. Several key questions s listed below remain unclear and they need

to be addressed.

e What are the structures of precursor nanoparticles form prior to the formation

of the zeolite crystals?
e What is the role of silica nanoparticles in zeolite formation?

e How do OSDAs redistribute from their shell domain into the nanopores of

silicalite-17

e How do the nuclei form? What are the critical sizes and shapes of the nuclei

lead the zeolites?

e What are the critical sizes and structure of the precursors of formation of silica

microporous materials?



1.2 Mesoporous Materials

Periodic mesoporous silicas (PMSs) materials have attracted great interest since
the first synthesis of MCM-41 in 1992.[12, 78] PMSs possess porous structure in a
long-range order while exhibiting amorphous nature at the atomic scale. This kind of
materials have been widely applied to many fields such as shape-selective catalysis,
separation and adsorption-desorption processes, drug delivery, biocatalysis, optical
and electronic devices, etc.[18, 41, 53, 54, 79, 100, 111, 131, 148, 157] PMSs are usually
fabricated via a templated sol-gel synthesis route, in which the interplay of physical
interaction and chemical reaction of surfactants, silica source, and water self-assemble
into a liquid-crystal phase. M41S family, one of the most studied PMS materials, has
different interesting morphologies: hexagonal arrays with ordered channels (MCM-

41), the cubic structures (MCM-48) and the layered structure (MCM-50).[29, 132, 136]

1.2.1 Formation of Mesoporous Materials

MCM-41 has cylindrical pores in a hexagonal array with pore sizes ranging from
1.6 nm to 10 nm.[12, 78] The synthesis of MCM-41 usually starts from a solution us-
ing alkyltrimethylammonium surfactants C,, Ho, 11 (C' H3)3N Br as structure directing
agent, together with tetramethyl orthosilicate in a solution. Surfactant micelles form
in the system, followed by addition of inorganic species (silica, silica-alumina).[78]
The final products with pore sizes around 40 A were obtained via calcination under
540°C.

Two MCM-41 formation pathways were proposed by Beck and co-workers.[12, 78]
The two pathways: liquid-crystal templating (LCT) mechanism and silicate anion
initiated mechanism. In the LCT mechanism (Pathway 1 in Figure 1.1), the au-
thors proposed the structures were determined by the liquid-crystals of the water-
surfactant, which servers as templates in the formation of MCM-41. The surfactants

form the hexagonal arrays first, and silica condenses at the surface of inorganic walls



between the surfactant cylinders. The other mechanism, the silicate anion initiated
mechanism (Pathway 2 in Figure 1.1), suggests that the addition of the incorpora-
tion between the inorganic silicates and surfactants results in the ordering of the

subsequent silicate anions-encaged surfactant micelles.[11, 29, 78]

Pathway 1

|

AR
f ’r"g'%ﬂ’:’?é'?‘v'ﬁ
RN
A
A Y

AR
T
i3

Figure 1.1. The proposed formation mechanisms of MCM-41.[51, 78]

Beck and co-workers also carried out a series of experiments with different alkyl
chain length of C, Hs,1(CHs3)3sNBr to form the porous materials.[11, 78] It was
found that the amorphous or microporous zeolitic materials were obtained only if n is
equal to 6. As increasing the alkyl chain length (i.e., n=8, 10, 12, 14, and 16), MCM-
41 is formed with increasing pore sizes in a low temperature synthesis (100°C). These
results showed that the structure of surfactants is the crucial key for determining
the structure of the final products. The formed liquid crystal structure is extremely

sensitive to the condition of solvents.|78§]
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Beside to the two proposed mechanisms by Beck and co-workers, a model to ex-
plain the formation and morphologies of surfactant-silicate mesostructures (Pathway
3 in Figure 1.1) was presented by Stucky and co-workers.[51, 59, 60, 101] The authors
had successfully synthesized mesoporous materials under a wide range of conditions,
and they proposed that the charge matching between the charged surfactant heads
and inorganic components governs the assembly process. The formation mechanism is
the so-called cooperative template mechanism (CTM). In the proposed model, three
processes are identified: multidentate binding of silicate oligomers to the cationic sur-
factant, preferential silicate polymerization in the interface region, and charge density
matching between the surfactant and the silicate. Furthermore, they proposed that
the properties and structure of a particular system were governed by the dynamic
interplay among ion-pair inorganic and organic species instead of the preorganized
order of the organic array. Through a small change of synthesis parameters, e.g.,
the composition and temperature, different mesostructures can be obtained.[51] Sur-
factants and synthesis conditions can be chosen and controlled to obtain predicted
silica-based mesophase products.

Different characterization techniques were performed to study the formation of
MCM-41. Davis and co-workers carried out In situ N nuclear magnetic resonance
(NMR) spectroscopy, which revealed that the liquid crystal phase does not exist
during the synthesis of MCM-41.[24] The authors suggested that randomly ordered
rod-like organic micelles interact with silicate species to form two or three monolayers
of silica encapsulation at the surfaces of the micelles. Then the composite species
spontaneously assemble into the long-range ordered structure characteristic of MCM-
41.

X-ray diffraction (XRD) was also performed to study the formation of ordered
mesoporous silicate/surfactant composites.[14] The formation of the MCM-41 struc-

ture was found to be kinetically controlled by the silicate condensation rates. In situ

11



electron paramagnetic resonance (EPR) was used to monitor the formation of M41S
materials.[153] The experimental evidence has shown that micelles serve as precur-
sors for the mesoporous materials. EPR and XRD studies indicate that the MCM-41
forms in two stages: Hexagonal arrays form immediately after mixing the reagent,
followed by a slow silica polymerization (1-1.5 h). The polymerization at the inter-
face is a slow process while the long-range order is acquired almost immediately after
the initiation of the reaction. The addition of TEOS first yields to rodlike, silicate
anions-coated micelles, followed by the silica condensation at the interface to form

the final MCM-41 product.

1.2.2 Modeling on Mesoporous Materials

Physical and chemical interplay of species in solutions at the initial synthesis
stages of self-assembly process remains unclear due to limitations of characterization
techniques. Whether micelle growth proceeds via successive micelle fusion or accretion
of free surfactants around silica pre-polymers remains a question of debate. Therefor
molecular simulations emerge as a powerful tool to address these issues. Due to the
complexity and multiscales of mesophase formation processes, approximations need
to be made to simulate the self-assembly process.

A kinetic Monte Carlo method was presented to simulate the hydrothermal syn-
thesis of PMS.[123] The simulation was carried out by using simplified potentials
and representations of templated micelles. The work focused mainly on the silica
condensation, assuming the geometry of the mesostructure of templating micelles.
The authors also simulated the adsorption properties of PMS using grand canonical
Monte Carlo simulations. Reasonable agreement with experimental findings was ob-
tained from the work. However, how the interplay between silica and the surfactant
determines the mesoscale structure in this model was not addressed due to the rigid

boundaries of the model. The possibility of considering variations in the pore size
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and shape created by interfacial fluctuations during the self-assembly process was
eliminated.

Siperstein and Gubbins[126] performed lattice Monte Carlo simulations to study
the behavior of surfactant-inorganic oxides-solvent systems. The authors made use
of a lattice surfactant model presented by Larson.[85] A phase separation was found:
high silica/surfactant concentration and solvent-rich phases. Ordered liquid crystal
phases are observed in the surfactant-rich region. Qualitative agreement with exper-
imental data was obtained from the model. The phase transition of hexagonal to
lamellar phases occurs while increasing silica/surfactant ratio. Reversible lamellar
to hexagonal phase was observed with the increasing temperature, and the observa-
tion is in qualitative agreement with experimental results. However, the structure of
inorganic species in the model was oversimplified.

Jin et al. recently made use a lattice Monte Carlo simulation to study the forma-
tion mechanism of MCM-41.[63] The authors took a surfactant lattice model built by
Larson[85] with a silica tetrahedron lattice model to capture the self-assembly process
of mesophase. A two-step synthesis was proposed: (i) simulating the mesostructure
formation in a silica monomer-surfactant system at high pH and low temperature;
(ii) performing irreversible silica condensation at lower pH and higher temperature.
The author also found a reversible transformation between hexagonal and lamellar
phases by changing temperature. Though the authors provide a feasible approach to
probe the formation of mesoporous materials, an off-lattice model is necessary to gain
profound insights and more realistic structure in a significant level.

All-atom MD simulations were also used to investigate the early stages of the
formation of silica mesoporous materials by Jorge and co-workers.[68, 69] Significant
level of details was obtained: anionic silicates adsorb strongly on the surface of mi-
celles, displacing some of the bromide counterions and promoting the growth of small

aggregates from micelles. The authors also found that as the degree of condensation
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increases, the multiple charges on silicate oligomers interact with more than one mi-
celle. However, the simulations were limited by the length and time scales of the PMS
formation.

Recently a coarse-grained (CG) model was carried out to study the silica/surfactant
mesostructures during the synthesis of periodic mesoporous silica.[108] The authors
made a direct comparison of density profiles of preassembled micelles obtained from
an all-atom (AA) simulation with those calculated using CG model to obtain the
CG model parameters. The micelle formation and micelle fusion/fission processes re-
vealed that the interaction between anionic silicates and cationic surfactants promotes
a sphere-to-rod transition. Key components such as surfactant, water and silicate can
be therefore all included into the system by applying this CG model, which gives a

chance to investigate later stages of silica mesostructure formation.

1.2.3 Questions

Though several mesoporous materials have been fabricated, the cooperative tem-
plating mechanism during the formation of mesoporous materials is still not well
understood. In general, there exists a broad agreement that silicate and surfactant
species cooperate is the key during the formation of mesoscale structures. More-
over, the nature and extent of polymerization of these oligomers is unclear, and the
overall scheme for mesoscale order formation in this hypothetical mechanism remains
uncertain.

Here we focus on modeling the formation of PMSs. Several issues will be explored
including modeling the effects of surfactant chain length on the cooperative templat-
ing of mesoporous structures. We will also investigate the interplay between silica
polymerization and mesoscale surfactant assembly, to identify the most likely mech-

anism for cooperative structure formation in these materials. We strive to answer
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the following questions through molecular modeling; these issues are crucial to the

formation mechanism of these kinds of porous materials:

e How does silica oligomerization alter the nature of silica-surfactant interactions?

e How is mesoscale assembly influenced by these factors and by the surfactant

chain length?

e Do silica particles condense around preformed surfactant liquid-crystal, or do

silica species actually participate and promote the formation of liquid crystals?

e How does a structural directing agent influence the way zeolites and mesoporous

materials form?

e Does polymerization process occur at the surface of preformed surfactants to

form mesoporous materials?

1.3 Summary of the Project

To facilitate the future synthesis and design of micro- and mesoporous materials,
there is a need to have a better understanding in the structural formation mecha-
nism. There are several key questions remained in the area, and we aim to unravel
these questions by using computational approaches. We also build a unified mod-
eling perspective for both microporous and mesoporous silica materials — this has
been lacking in the field. In particular, off-lattice models are adopted in this research
project. Previous modeling results from lattice model elucidate the low coordination
number model is feasible to model the formation of the porous materials. However,
structures at the atomic level can not be explored. Off-lattice models herein provide
a more realistic molecular representation to approach the problem. Moreover, infi-
nite spatial configurations generated from this model can potentially mimic actual

topologies of a huge variety of porous materials.
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1.4 Dissertation Outline

In this dissertation, we will present our work in the followed manners: Chapter
2 investigates the formation process of silica nanoparticles using reaction ensemble
Monte Carlo technique. Silica nanoparticle structure at an atomic level was obtained
from the simulation. Detailed analysis is also presented. Chapter 3 describes an
advanced sampling technique, replica-exchange reaction ensemble Monte Carlo, de-
veloped to overcome the energetic barrier between amorphous and crystalline silica
materials. Different dense silica polymorphs and all-silica zeolite frameworks can be
achieved using this simulation technique. In Chapter 4, molecular dynamics simu-
lations applied to study the self-assembly process of the mesoporous materials, such
as MCM-41 formation, in early stages is discussed. The coarse-graining of MAR-
TINI force field allows us to study large systems within a feasible computational
time. Phase diagram of a surfactant /silicates/water system was successfully obtained.
Chapter 5 proposes a hybrid MD/MC simulation to study the later stages in the for-
mation of MCM-41. Preliminary study has been launched, and several issues are
discussed to facilitate the future development of the model. Chapter 6 concludes the

summary and outlook of this work.
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CHAPTER 2

MODELING THE SELF-ASSEMBLY OF
SILICA-TEMPLATE NANOPARTICLES IN THE INITIAL
STAGES OF ZEOLITE FORMATION

In the present work, we apply reaction ensemble Monte Carlo to simulate a de-
tailed molecular model of silica-OSDA self-assembly, to reveal heretofore unknown
structural properties of these nanoparticles found in the initial stages of the clear-
solution synthesis of 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 sil-
ica bulk moduli, and OSDAs as spheres attracted to anionic silica monomers. We
have studied one-step and two-step formation mechanisms, the latter involving 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 gener-
ating 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 2?Si solid-state NMR data on smaller, 2 nm nanoparticle populations.

Ring-size distributions from the simulated nanoparticles show that five-membered
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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.

2.1 Introduction

Our group has reported lattice model Monte Carlo simulations to describe the
formation of silica-OSDA nanoparticles in the early stages of clear-solution synthesis
of silicalite-1.[67, 62] Such models dramatically reduce the space of allowed config-
urations, 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.[34] However, such
lattice models cannot reveal the detailed structural information we seek herein.

To address this need, Malani it et al. reported an off-lattice MC simulation of
silica polymerization using the reaction ensemble MC method with specialized MC
moves.[91, 92] This approach has provided the best agreement to date with 2Si NMR
data on the evolution of the Q,, distribution,[40] as well as atomic-level structural in-
formation on the evolution of ring-size distributions during the process of silica poly-
merization. The work of Malani et al. was restricted to the iso-electric point of silica
(pH ~ 2), and 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 polymeriza-

tion with reaction ensemble MC. We also find that, when considering OSDA /silica
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mole fractions that lead to silicalite-1, the resulting simulated nanoparticles exhibit
ring-size distributions dominated by five-membered silica rings, corroborating the
work of Lesthaeghe et al.[87]

The remainder of this Chapter is organized as follows: Sec. 2.2 describes the
model and simulation methodology; Sec. 2.3 provides our results and discussion of

nanoparticle structure; and Sec. 2.4 offers a summary and concluding remarks.

2.2 Model and Simulation Methodology
2.2.1 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)307) as
neutral and anionic monomers for silica polymerization, respectively. (We do not
consider species such as [Si(OH);05]*~ in the present work because these are only
important 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 M. Dove [52] and was proposed in detail by Astala et al. for
modeling the mechanical properties of crystalline silica solids.[4] OSDA molecules
were taken to be spherical particles for simplicity; we will consider more complex
OSDA structures in forthcoming work. FEach 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, (i) one oxide atom in the case of anionic silicate, and/or (¢ii) bridging
oxygen atoms (BO) for condensed silica as shown in Figure 2.1. The structure of
each flexible tetrahedron is maintained via harmonic springs between the various

kinds of possible oxygen atoms according to:
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Figure 2.1. 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.[92]

Figure 2.2. Silica dimer formed after a condensation reaction. Silicon atoms are
connected through a bridging oxygen (blue) with a Si-O-Si angle (6).[92]

U =3 Bl = o) 21)

i=1 j=it+1
where U; is the internal potential energy of a tetrahedron, r; is the position of the i*®
BO/OH/O™ vertex, kg is a spring constant, and rq is the equilibrium distance between
two vertices (i.e., oxygen-oxygen distance). The value of ks was determined in previ-
ous work to be 851 kJ mol~'A=2[3] while r( is set at 2.61 A based on the geometry
of silica tetrahedra (Si-O bond length = 1.6 A and O-Si-O angle = 109.47°).[91, 92]

In addition to specifying the energetics of each silica tetrahedron, it is also impor-
tant to describe at a base case level the energetics of the silica network. A general

condensation/hydrolysis reaction taking place during silica polymerization can be
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written as:

=Si—-OH+HO—-Si===5—-0—-5i=+H0 (2.2)

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);O0~
tetrahedra via condensation reactions. Two tetrahedra are connected via a bridging
oxygen (Si-O-Si) after a condensation reaction occurs (shown in Figure 2.2. In our
previous lattice model work on silica polymerization at high pH,[63] we have assumed
for simplicity that such condensations only occur 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 polymerization. We have
modeled the Si-O-Si angle formed by the bridging oxygen in our present work using
the following harmonic potential:
k4

Us = 7(COSQ — cosfy)?, (2.3)

where 6 is the Si-O-Si angle formed by the bridging oxygen, 6, is a reference angle,
and k4 is an angular force constant. The value of 155° was used for the reference
Si-O-Si angle, and the value 226.74 kJ mol™! was used for k. Those values were
determined by optimizing infinite silica chains using periodic DFT calculations,[3]
and were found to reproduce bulk moduli of silica polymorphs.[4] 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°).[44, 70]

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
involving several canonical MC moves to form silica-OSDA clusters held together by
physical solution forces, followed by reaction ensemble MC to condense the physical

clusters into silica networks. The rationale behind the two-step approach comes
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from previous non-reactive simulations of Catlow and co-workers,[107] 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,[63] 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 po-
tential, which comprises two-body and three-body interactions, was first proposed to
model solid and liquid forms of silicon.[129] The SW model has been also applied
to water molecules, carbon, and germanium — all tetrahedrally coordinated units.[99]
We apply SW herein as a smooth potential that mimics the anharmonicity of a square
well, because such anharmonicity provides liquid-like flexibility important for facili-
tating 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. 2.3) 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:

= ae[(2) (2 e (-25) =

where A is 7.05, B is 0.602, p is 4, ¢ is 0, and the 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.[129]

The SW potential well depth, €, was taken to be 6.0 kJ/mol 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
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in stage two 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 o; the value has been shown to lead to a first shell at about 5
A in the radial distribution function of silica solution, which is consistent with the
one calculated by Pereira et al.[107] 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, the
electrostatic potential is modeled using short-range attractions with the simplified SW
potential (i.e., 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 [22] 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 of 6 to 10 kJ/mol),
silica cluster size was found to increase. The cluster size, however, remains nearly con-

stant when the neutral-anionic silica interaction is greater than 11 kJ/mol. Varying
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OSDA*-anionic silica interactions from 25 to 75 kJ/mol was found to leave nanopar-

ticles size essentially unchanged.

2.2.2 Sampling and Methodologies

Each simulation started with a random configuration in a cubic box with dimen-
sions 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 accom-
modate several nanoparticles without their agglomerating to form a gel as occurred
in our previous low pH studies.[91, 92] 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, as this
most closely resembles typical clear-solution zeolite synthesis conditions.[48, 49] We
assumed that TEOS hydrolysis is rapid compared to all other processes, yielding 1000
silicic acid molecules randomly placed in the simulation box at the beginning of the
simulation. We also assumed that the cationic OSDA is introduced as its hydroxide
salt [OSDAT(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  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 two million MC steps were performed to allow suffi-
ciently complete structural assemblies. The MC moves included random translations
performed on all species, including anionic-silicate-OSDA™ pairs, and rotations per-
formed on all silica tetrahedron (i.e., non-spherical species) in the canonical (NVT)
ensemble to sample all possible spatial configurations. Furthermore, to sample reac-

tion events in our simulations, the reaction ensemble MC (REMC) technique[65, 128]

24



was used to simulate silica polymerization. REMC provides a convenient way to study
self-assembly arising from silica polymerization at ambient temperatures. REMC also
eliminates the need for reactive force fields to bring about assembly of the polymer-
ized 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 iso-electric point of silica.[91, 92] The REMC
was performed on the two OH groups only within a distance of 2 A to mimic the real
behavior of condensation reaction. In general our attempt probabilities for moves
were chosen as 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

TN o 17 N
— —BAUY /v 2 Vi _ —BAUY /v 2
Pr:vn € V 11 (NZ T 7l)'qz e V Keq ];Il (NZ T I/i)| (25)

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, v;, and
qi, N;, v; are the molecular partition function, number of molecules, and stoichiometric
coefficient of component i, respectively. The molecular partition functions ¢; are
related to the equilibrium constant and standard Gibbs free energy of reaction via
Koq = e 8CG0/ksT= T ¥, We simplify the calculations by using the standard Gibbs
energy of reaction as an input parameter to the calculation. In our study, all reaction
types are assumed for simplicity to have the same value of standard Gibbs free energy.
We have used Kq of 500 in this work and our previous studies, corresponding to a
condensation free energy at 7' = 300 K of —15.5 kJ/mol = —3.7 kcal/mol. This
number, 500, is in a reasonable agreement with the electronic energy change of —3.2
kcal/mol obtained from a DFT calculation on silicic acid dimerization in water.[23]
More detailed information on our simulation methods and MC sampling moves can be

found in the previously published paper from our group.[91, 92] As described above,
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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 two million preassociation MC steps (translations and rotations), followed

by two million polymerization steps (translations, rotations, and REMC steps).

2.3 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.

2.3.1 Omne-Step Process

We begin by discussing the one-step simulation with the TEOS:OSDA = 1000:200
composition system. This simulation proceeds directly into silica polymerization from
a random initial condition without any preassociation. Figure 2.3 shows that this pro-
duces relatively small nanoparticles with highly non-spherical shapes, in contrast to
the roughly spherical particles observed from experiments.[48] In particular, the one-
step simulations produce nanoparticles with diameters consistently less than 1.5 nm
and with ~20 Si tetrahedra, in comparison with the 2-5 nm nanoparticles found in
experiments containing several hundred Si tetrahedra.[34] This result suggests that
silica polymerization in the earliest stages of nanoparticle formation may substan-
tially suppress further nanoparticle growth, presumably because hydrolysis of Si-O-Si
linkages releases too few silica tetrahedra for mass transport among nanoparticles.
This finding also suggests that non-reactive silica preassociation may be important
for nanoparticle formation,[107] 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
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Figure 2.3. Ramified, highly non-spherical, 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).

the TEOS:OSDA = 1000:200 system is shown in Figure 2.4. It can be seen that
Qo and Q; cross at a mole fraction of ~0.4, while the mole fraction at the Qu/Qx
crossing is around 0.2, and that for Qq/Qs is at around 0.1. In principle, the pattern
of crossing points and maxima in the Q, distribution provides a signature describ-
ing the polymerization process; we find that the evolution of the Q,, distribution for
silica gel formation simulated previously by Malani et al.,[92] the one-step nanopar-
ticle formation shown in Figure 2.4, and the two-step nanoparticle formation shown
in Figure 2.5 show substantially similar patterns suggesting similar polymerization
mechanisms. One difference pertains to the overall degree of polymerization, which

is given by:

¢ = (1)) _gngn (2.6)

where ¢, is the mole fraction of Q,, silicon atoms and f is the coordination number

of the network (normally f = 4 in this case).
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In our previous simulations of gel formation,[92] 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 2.4 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 Q4 silica
in our nanoparticles, with Q4 mole fractions reaching values little more than 0.1,
whereas in the gel we found Q4 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.

MC Steps

Figure 2.4. Evolution of the Q, distribution during polymerization obtained from
the one — step formation process.
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Figure 2.5. Evolution of the Q,, distribution during polymerization obtained from
the two — step formation process.

2.3.2 Two-Step Process

Here we show results for the two-step process involving non-reactive 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 2.6.

Such core-shell structure was observed experimentally via SAXS and SANS char-
acterization techniques.[48, 49] 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, while
PDDF's from SANS tend to reveal the structure of the entire nanoparticle, receiving

signal from both lighter and heavier elements. For comparison with PDDFs from
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Figure 2.6. 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).

SAXS and SANS, we have computed PDDFs among silica tetrahedra and among all
particles, respectively. We have also computed PDDFs among OSDA molecules; all
these and experimental results[48] are shown in Figure 2.7. The silica-silica PDDF
has a peak 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.[48, 49, 34] The All-All PDDF in Figure 2.7 is essentially the same as the silica-
silica PDDF, because the number of silica tetrahedra significantly exceeds that of
the OSDAs, making the statistical effect of the OSDAs to be 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 one lumped particle. The simulated OSDA-OSDA PDDF reveals
that OSDASs exist in a shell about 1 nm larger than the silica core, which makes sense
given the 4.5 A Stillinger-Weber length scale multiplied by two 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 silica core and TPA shell,
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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 base case model

presented herein.

Silica-Silica —e—
All-All —=—
OSDA-OSDA ——
SAXS-exp. —
SANS-exp. ====

PDDF (a.u.)

Radius (nm)

Figure 2.7. 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 SiO5:9 TPAOH:9500 H,0:320 TEOS) from
literature.[48]

Detailed visualizations of nanoparticles from a single simulation with a range of
sizes were obtained as shown in Figure 2.3.2(a). 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 TPA:92 SiO, per

unit cell. The PDDF's for distances among silica tetrahedra for these particles is shown
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in Figure 2.3.2(b). These PDDFs reveal that these particles have sizes ranging roughly
from 2-3.5 nm, which is in good agreement with experimental observations.[48, 49] In
addition, the densities of the simulated nanoparticles shown in Figure 2.3.2(a) were
calculated from the number of atoms and the particle sizes extracted from PDDF's.
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.[118]

Now we consider the effect of varying the initial composition according to TEOS:
OSDA = 1000:z, where x varies from 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 2.10 shows a simulated nanoparticle (front and
side views) from a simulation with composition TEOS:OSDA = 1000:500 (on the left-
hand side) and TESO:OSDA = 1000:800 (on the right-hand side), showing an ordered
arrangement of neutral silicate and anionic silicate. We note that only few bridging
oxygens form in the particles. However, such ordered arrangement of nanoparticles
were 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 2.11 shows the av-
erage maximum 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 into 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.[67] We have also extracted OSDA surface coverages by defining
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Figure 2.8. Snapshots of nanoparticles with number of silica tetrahedra of (i) 208,
(ii) 148, and (iii) 108. Color code: Si (yellow), Oxide (blue), Bridging Oxygen (red),
Hydroxyl (gray), and OSDA (purple).

1 T T T T
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Figure 2.9. PDDFs (silica-silica) of nanoparticles corresponding to the snapshots in
Figure 2.8

an OSDA-Si distance criterion corresponding to half the Stillinger-Weber well depth.

After analysis, we have found that OSDA surface coatings depend on the number of
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Figure 2.10. Snapshot of particles with ordered arrangement of neutral silica and
anionic silica. Color code: Si (yellow), Oxide (blue), Bridging Oxygen (red), Hydroxyl
(gray), and OSDA (purple).

OSDAs in the simulation, and on nanoparticle size, as shown in Figure 2.12. 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 0.614 0.15, indicating
a surface coverage scaling (expected exponent of 2/3). In the plateau range, the mole
fractions for small clusters are around 1:4 OSDA:Si, while those for large clusters are
around 1:12 OSDA:Si. For comparison, silicalite-1 with TPA in each intersection cor-
responds to 1:24, indicating by this standard that these nanoparticles are generally
rich in OSDA.

Table 2.1 shows the Q, distribution of the final configuration of nanoparticles
simulated for TEOS:OSDA = 1000:200, compared to several experimental Q,, distri-
butions. The experimental data in Table 2.1 include Q,, distributions from two studies
on 3-5 nm nanoparticles,[115, 77] and from a study on smaller, 2 nm nanoparticles.[1]
The simulated Q,, distribution was computed from nanoparticles consisting of more
than 100 silica tetrahedra, to eliminate spurious statistics from small clusters. Table

2.1 indicates that the simulated Q, distribution is in much better agreement with
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Figure 2.11. Maximal cluster size obtained from preassociation process after per-
forming two million MC steps.

experimental data on the 2 nm nanoparticle population, showing high Qs and Q3
fractions and low Q4 fractions. Larger nanoparticles, especially aggregates of smaller
nanoparticles, have been hypothesized to lead to silicalite-1 crystallization.[34] This is
consistent with the notion that larger nanoparticles should exhibit higher Q4 fractions,
considering that crystalline silica consists almost exclusively of Q4 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 ev-
idenced by the non-zero slope in the degree of condensation (see, e.g., Figure 2.4),
suggesting that the population of nanoparticles that self-assemble in our simulations

represents the nascent nanoparticles isolated by Aerts et al.[1] Despite the advances
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Figure 2.12. Surface coverage of OSDA on the obtained silica clusters for
TEOS:OSDA = 1000:x, where x=100-900.

in model development and Monte Carlo simulation reported in this work, it remains
computationally challenging to simulate the self-assembly of larger (>4 nm) silica-
OSDA nanoparticles.

Our simulations allow a detailed structural analysis of early-stage precursor nanopar-
ticles. The simulated nanoparticles exhibit no discernable 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 2.13 shows the computed ring-size distribution
for the TEOS:OSDA = 1000:200 system, using an algorithm that counts primitive
rings in disordered networks.[152] 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 2.13 is slightly different

from that of silica gels, which was shown by Malani et al.[92] to be dominated by four-
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mole fraction of Q,, silicon Qo | Q1 | Qo Qs Q4
129 1352 | 378 | 14.1

<10 | 40-50 | 40-50 | O
0 8.3 40.6 | 51.1
0 6.4 43.5 | 50.1

our simulation

experiment a (2 nm) [1]

experiment b (3-5 nm) [115]

o | OO | O

experiment ¢ (3-5 nm) [77]

Table 2.1. Comparison Q,, distributions for silica-OSDA nanoparticle populations
of various sizes obtained from our simulation and from experiments.

membered rings (involving four alternating, adjacent silicon and oxygen atoms). In
contrast, the ring-size distribution in Figure 2.13 exhibits a plurality of five-membered
rings, a key component of the silicalite-1 framework structure.[8] A detailed investi-
gation of the simulated nanoparticles shows no evidence for the presence of pentasil
units, higher-order building units of the silicalite-1 structure involving chains of five-
membered rings.[8] As such, our simulations predict that the atomic structures of
these nanoparticles show no evidence of MFT structure other than the predominance
of five-membered silica rings. Our results nonetheless support the experiments and
quantum chemistry calculations of Lesthaeghe et al.,[87] who report IR spectroscopy
evidence for the importance of five-membered rings in silica-OSDA precursor nanopar-
ticles.

We also calculated the radius of gyration of each nanoparticle, 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 a system
of TEOS:OSDA = 1000:200. The relative position of rings in the nanoparticles is
defined as:

Drin s
relative position = ——2> (2.7)
R,

37



03 T T T T T T T T T T T

025 4

o
N
T
1

y

Probabilit
o
o

e
—_
T
1

0.05 r 4

3 4 5 6 7 8 9 10 11 12 13 14
Ring Size

Figure 2.13. Computed ring-size distribution from the TEOS:OSDA = 1000:200
system.

where D,jn4s is the distance of the center-of-mass of a given four-membered ring or
five-membered 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 Figure 2.14. Figure 2.14 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 2.15. For the simulations without OSDA there is a roughly equal
population of five- and six-membered rings, in contrast to the situation in the simu-
lated gel,[92] which is dominated by four-membered rings. Simulations with 200 and
400 OSDA molecules show plurality of five-membered rings, while 600 and 800 OSDA
molecules are dominated by four-membered rings and three-membered rings, respec-

tively. The trend predicted in our simulations of the predominance of smaller rings
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Figure 2.14. The relative position of four-membered rings and five-membered rings
in the obtained nanoparticles with TEOS:OSDA=1000:200.

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.[74] It is also important to consider more accurate rep-
resentations of OSDAs such as TPA, to determine the extent to which the 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 nanoparti-
cle 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.
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Figure 2.15. Ring-size distributions as a function of OSDA content.

2.4 Conclusions

We have applied the reaction ensemble Monte Carlo method to sample an off-
lattice model of silica association and polymerization 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 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 for-

mation mechanisms. The one-step process goes directly into sampling silica poly-
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merization via reaction ensemble Monte Carlo, whereas the two-step process begins
with non-reactive preassociation of silica species and OSDAs driven by physical solu-
tion forces, followed by silica polymerization simulated with reaction ensemble Monte
Carlo. We have characterized the resulting nanoparticles using 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 with 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 of thickness 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 2°Si 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 representations of the OSDA
and its interaction with silica, approximations that are crucial for our computational
ability to simulate the self-assembly of nanoparticles in 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 on nanopar-
ticle formation and network structure, and the role of longer-range OSDA-silica in-

teractions on the nature of core-shell structure in these nanoparticles. In particular,
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in forthcoming work we will study how more accurate molecular representations 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 nanoparticles, opening the door

to unprecedented insights into the formation of ordered nanoporous materials.
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CHAPTER 3

USING REPLICA-EXCHANGE REACTION ENSEMBLE
MONTE CARLO SIMULATIONS TO SEARCH THE
GROUND STATE STRUCTURES OF ALL-SILICA
ZEOLITES

We have used replica-exchange reaction ensemble Monte Carlo simulations to
search for the ground state structure of the reactive silica model. The study makes
use of a model of silica polymerization based on the reactive assembly of semi-flexible
tetrahedral units developed by us previously to reproduce silica bulk moduli as well
as self-assembly of amorphous silica gels and nanoparticles. With a replica-exchange,
the model involves simulating several system copies, each with its own value of the
equilibrium constant controlling silica condensation/hydrolysis reactions, which are
essential for building higher-order network structures and eventually crystals. Using
this replica exchange approach, the simulations successfully cross the energy bar-
rier between amorphous silica and crystalline silica, the dense silica polymorphs a-
cristobalite, -cristobalite, and keatite, as well as the porous silica materials SOD and
EDI, and porous phosphates with DFT and ATT structures were found. Simulated
crystal structures were confirmed by computing X-ray patterns for comparison with
known XRD data. The presented result shows that this reactive model has a great

potential to possibly simulate the zeolites crystallization in the future.

3.1 Introduction
Several molecular modeling studies have been reported to elucidate the process of

zeolite formation.[121] However, relatively few of these simulations actually result in
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microporous crystalline materials. Deem and co-workers have applied algorithms for
predicting hypothetical zeolite structures, resulting in extensive libraries of energeti-
cally feasible framework topologies.[46, 47, 109] Their approach used a MC procedure
to sample positions of Si atoms within a unit cell, followed by insertion of oxygens
and energy minimization to yield reasonable structures. Despite this progress, such
zeolite discovery algorithms do not follow the actual pathways of zeolite formation.

To address this issue, Jin et al. recently reported an atomic lattice model of silica
polymerization on the body-centered cubic (bcc) lattice.[64] Canonical MC simula-
tions of this model reproduce semi-quantitative NMR data on the evolution of silica
gel formation. In addition, parallel tempering MC simulations of this bcc lattice
model study a wide array of all-silica zeolite analogs, as well as layered materials
and known chalcogenides. Although this lattice model approach shows promise for
revealing qualitative aspects of zeolite nucleation and growth, the use of any lat-
tice model fundamentally limits the possible structures that may form. In particu-
lar, no known zeolite topology in the IZA database (Database of zeolite structures:
http://www.izastructure.org/databases/)[8] maps directly onto the bce lattice. As
such, there remains a need for off-lattice model- and algorithm-development to cap-
ture the early stages of zeolite formation.

Malani et al. applied reaction ensemble MC (REMC) to sample an off-lattice,
spring-tetrahedron model of flexible silica to simulate silica polymerization yielding
amorphous gels.[91, 92] This work has produced the best agreement to date of any
molecular simulation with the evolution of the so-called @,, distribution—the distri-
bution of silica atoms bound to n bridging oxygens—measured by 2°Si solid-state
NMR. These MC simulations accomplished such agreements through a collection of
targeted moves that efficiently capture the fundamental condensation and hydrolysis

fluctuations in the formation of silica networks. The same approach was recently ap-
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plied to model the self-assembly and structures of silica-SDA nanoparticles thought
to play a role in silicalite-1 formation.[27]

In this Chapter, we investigate the extent to which this reactive approach to silica
polymerization can yield crystalline silica structures, including all-silica zeolite frame-
works. Applying molecular simulations to model crystallization requires methods to
surmount free energy barriers that separate disordered and crystalline phases. Replica
exchange MC algorithms such as the parallel tempering method[45, 75, 76, 114, 130]—
simulating several replicas with different temperatures and allowing for replica ex-
change between MC configurations at adjacent temperatures—have proven useful for
equilibrating systems constrained by free energy barriers. Another replica exchange
approach developed specifically for reaction ensemble MC was reported by Turner
et al.,[138] involving simulations at various values of the appropriate standard free
energies of reaction. This method can fit naturally within our present silica reaction
ensemble model, by simulating system copies with different equilibrium constants
controlling silica condensation/hydrolysis reactions. We show below that the replica
exchange REMC (RE-REMC) approach promotes ample silica network fluctuations
while keeping silica bond lengths and angles within ranges characteristic of a tar-
get temperature. As a result, RE-REMC efficiently generates the crystalline ground
states of our off-lattice model, producing various dense silica and zeolite crystal struc-
tures as confirmed through X-ray pattern analysis.

The remainder of this Chapter is organized as follows: In Sec. 3.2, we describe
the model, simulation, and characterization methods applied herein; in Sec. 3.3, we
discuss the results of our replica-exchange reaction ensemble Monte Carlo simulations
of dense and zeolite silica phases; and in Sec. 3.4, we offer a summary and concluding

remarks on the prospects for future work.

45



3.2 Sampling and Methodologies

This work makes use of a molecular model consisting of a flexible, corner-sharing
tetrahedron to represent a silicic acid (Si(OH),) for silica polymerization.[91, 92]
Each silica tetrahedron is represented as a hard-sphere core in the center of each
tetrahedron with four corners occupied by one of two possible oxygenic species: (7)
hydroxyl groups (OH) represented as single particles, and/or (ii) bridging oxygen
atoms (BO) connecting condensed silica. A detailed description of the model has
been reported previously;[27, 91, 92] here we give a brief overview.

A general condensation/hydrolysis reaction taking place during silica polymeriza-

tion can be written as:

=Si—-OH+HO-Si===Si—0—Si=+H0, (3.1)

where the forward and reverse reactions are condensation and hydrolysis, respectively.
The polymerization process is thus viewed as the assembly of Si(OH), tetrahedra via
condensation reactions. Two tetrahedra are connected via a bridging oxygen (Si-
O-Si) after a condensation reaction occurs. The equilibrium constant for a reverse
(hydrolysis) reaction is denoted below as Kj,,.

The MC moves included random translations performed on all silica tetrahedra
and clusters. In addition, we attempted random translations on terminal hydroxyls
(OH) and bridging oxygens (BO), hence producing vibrational excitations of tetrahe-
dra, and eventually rotations from many such atomic translations. These moves were
attempted in the canonical ensemble (NVT') to sample important spatial configura-
tions. Furthermore, to sample reaction events in our simulations, REMC was used
to simulate silica polymerization. REMC eliminates the need for reactive force fields
to bring about assembly of the polymerized silica network. A detailed description
of our implementation of REMC can be found in our recent simulation studies on

silica polymerization by Malani et al.[91, 92] Monomer-monomer, monomer-cluster,
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and cluster-cluster aggregation moves where attempted with acceptance probabilities
controlled by cluster size through assumed diffusion limitations. Intra-molecular con-
densations were attempted via force-bias moves that relax strained ring structures.
The attempt probabilities for moves were chosen as 0.97 for translations on all species
mentioned above, and 0.03 for REMC moves equally split between cluster-cluster and

intra-molecular reactions.

3.2.1 Replica-Exchange Reaction Ensemble Monte Carlo (RE-REMC)
To allow efficient sampling of the assembly of zeolite structures, we have used a
replica exchange reaction ensemble MC (RE-REMC) simulation technique similar to
that presented by Turner et al.[138] In the work of Turner et al. they used the standard
Gibbs energy of reaction as a tempering variable, while in this work we use the inverse
equilibrium constant, K;,, = K, ;ql as the tempering variable. Similar to the parallel-
tempering MC (PTMC) technique,[45, 75, 76, 114, 130] RE-REMC was performed
with a number (m) of replicas with each replica having a different inverse hydrolysis
reaction equilibrium constant, Kj,,, in which Kj,,1 < Kiny2 < Kinps < ... < Kinym.
As shown in Appendix, the probability of swapping adjacent replicas, m and n, is

given by:

m nv,m

Py = min {1, (BPOV) 8 fem—tn (3 p0Y7)7Em ) Kf;ngm} . (3.2)

In Eq. (3.2), 8 = 1/kgT where kp is Boltzmann’s constant and 7" is absolute
temperature; V is volume and P is the reference pressure that connects an equi-
librium constant to a reference free energy; 7 = ). 1; is the net change in the total
number of molecules; &, and &, are the extent of reaction in the current configuration
(before performing a swapping move) in replica m and n, respectively. More detailed

derivations can be found in the Appendix.
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In the reaction system studied herein, A + B — C + D, the value of the net
stoichiometry v equals zero. Accordingly, the acceptance probability provided in Eq.

(3.2) becomes

Py = min {1, K& K.fnfﬁm} . (3.3)

nv,m inv,n
Furthermore, the quantities &,-&,, = Non — NBom, in which Ngo,, and Npgo,
are the numbers of bridging oxygens in replica m and n, respectively. The final form

of the RE-REMC probability can be used herein:

Kinon &n—E&m Kinom Npon—NBom

An adequate number of replicas and the choice of Kj,,,, values are essential to
the success of this RE-REMC approach. We have found that using 16 replicas is
sufficient for generating silica crystals in our simulations. The grid of K, ,, values
began with a minimum value of 1079, corresponding to a condensation equilibrium
constant of 10°, a value large enough to drive network formation. The rest of the
Kiny.m values were obtained through the relationship Kjnymt1/Kinpm = 4, producing
a maximum Kj,, 16 value of 537, sufficient to drive silica hydrolysis and hence network
deconstruction and annealing.

For comparison with the RE-REMC results reported below, standard parallel tem-
pering reaction ensemble MC (PT-REMC) was applied, involving the simultaneous
simulation of several system replicas, each at a different temperature. The probability

of a PT-REMC replica exchange move is given as:

inv,n

Pmn = mm {1 exp [(ﬁm - ﬁn)(Um - Un)] : (ﬁnPOV)Z<5”L7£7L) K‘Eniém : (ﬁmPOV)Z’Egnigm) Kim;,mfm_fn} .
(3.5)
In the case where f3,, = f3,,, the PT-REMC probability in Eq. (3.5) reverts back

to the RE-REMC result in Eq. (3.2). The challenge in developing an appropriate,
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Keq temperature
1000000.000 | 74.796
250000.000 | 80.336
62500.000 86.763
15625.000 94.308
3906.250 103.289
976.563 114.162
244.141 127.593
61.035 144.605
15.259 166.852
3.815 197.189
0.954 241.008
0.238 309.868
0.060 433.777
0.015 723.025
0.004 2169.074
0.002 1504231.000

Table 3.1. Parameters used in this work for PT-REMC.

"apples-to-apples’ comparison between RE-REMC and PT-REMC is generating a
prescription for computing Kj,,(7},) values in PT-REMC in agreement with the grid
of Kipym values in RE-REMC. To achieve this, we have assumed that the Kj,,(T)
formula in PT-REMC follows the Arrhenius temperature dependence: K;,,(T) = A -
eB/RT e emphasize that, in the present context, these A and B values are posited
only to provide a mapping between 7}, values in PT-REMC, and Ky, ,,, values in RE-
REMC; i.e., they may or may not take physically meaningful values. In our mapping
approach, we assumed that A = 537 = Kjnpmaee and B = 12.5 kJ/mol, a physically
reasonable reaction energy for silica hydrolysis.[102] Using these values we computed
a grid of T;,, values so that K;,,(T,,) (PT-REMC) = Kippm (RE-REMC), yielding T,

values ranging from 75 K to 150,000 K (see Table 3.1 for all T, and K, values).
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In general for both PT-REMC and RE-REMC, replica exchanges were attempted
in 10% of moves, with the other 90% of moves being the translations and reaction
moves described above. Simulations were performed generally over 100 million MC
steps, requiring in the range 1-7 CPU days on 16 2.2 GHz AMD Opteron 848 CPU-
cores.

In addition to visualizing the obtained structures, simulated X-ray diffraction
(XRD) patterns were computed to characterize the crystalline structures of the ob-
tained materials. Theoretical XRD patterns were calculated using Debyer software
(code.google.com/p/debyer/) on systems with 20 x 20 x 20 unit cells, to ensure
sufficient system size to generate reasonably narrow diffraction peaks. Comparison
XRD patterns were computed using coordinates obtained from the IZA database and

American Mineralogist Crystal Structure Database.[8, 43]

3.2.2 Simulation Algorithm

To implement the RE-REMC, 16 replicas were used with different inverse equilib-
rium constants, Kj;,,, ranging from 1076 to 536.87 with ratio of Kinpm+1 t0 Kipym of
4. Lower Kj;,, values facilitate the search for ground state structures, whereas higher
Ky, values increase the likelihood of crossing energy barriers between local energy
minima.

The probability for conventional Monte Carlo moves, Py/c, was set to 0.9, for
sufficient sampling of possible configurations with a given equilibrium constant; while
the probability for replica exchange moves, Prg, was set to 0.1, for crossing energy
barriers between replicas.

The simulation was implemented as follows: Pick a move between replica exchange
and conventional Monte Carlo using a random number. If the random number is

smaller than Py;c, conventional Monte Carlo move is performed in all replicas. If
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Structures Number of SiO, | Box dimensions (A )
a-cristobalite | 16 9.9434 x 9.9434 x 6.922
[-cristobalite | 8 7.16 x 7.16 x 7.16
keatite 12 7.46 x 7.46 x 8.61

SOD 12 8.9561 x 8.9561 x 8.9561
ATT 12 9.980 x 7.514 x 9.369
DET 8 7.075 x 7.075 x 9.023
EDI 5 6.926 x 6.926 x 6.410

Table 3.2. System parameters of studied structures in this work.

the random number is greater than P,;¢, the replica exchange move is carried out as

following:

e Using random number to pick a replica, m (the inverse equilibrium constant is
Kinym). And then m + 1 replica (the inverse equilibrium constant is K;npmt1)

is chosen for exchange.

e Determine the numbers of bridging oxygen generated from those two replicas,

Npom in replica m, and Npo,,+1 in replica m + 1, respectively.

e (Calculate the probability of replica exchange between replica m, and replica

m + 1 by using Eq. (3.5).

3.3 Results and Discussion

We now discuss results from RE-REMC simulations on systems with various den-
sities corresponding to different silica polymorphs. Simulations yielding dense silica
crystals as well as all-silica zeolite crystals are described below. All materials consid-
ered exhibit orthorhombic, tetragonal, or cubic unit cells; the system parameters of

all the investigated structures are summarized in Table 3.2.[8, 43]
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3.3.1 Formation of Dense Silica Polymorphs

To test the RE-REMC sampling technique, we started with an investigation of
B-cristobalite formation. [-cristobalite is a high temperature and low pressure poly-
morph of silica. We initialized the RE-REMC simulations with random configura-
tions; a fully condensed silica crystal was achieved in the first replica (with Kj,, =
1079) after 4 million MC steps. The X-ray diffraction (XRD) patterns of RE-REMC-
simulated and known S-cristobalite crystals[43] are shown to agree very well in Figure
3.1.

We then applied RE-REMC to study the ground state structure of the a-cristobalite
polymorph. We note that the a-cristobalite system represents the largest simulation
cell studied herein, with 4 unit cells containing a total of 16 silica tetrahedra in a
box of dimension 9.9434 A x 9.9434 A x 6.922 A. a-cristobalite crystals formed in
RE-REMC after 55 million RE-REMC steps; the XRD patterns of simulated and
known a-cristobalite structures are shown in Figure 3.2.

We also simulated the ground state structure of crystalline keatite, a silica poly-
morph with density higher than those of f-cristobalite and a-cristobalite, using the
RE-REMC sampling technique. Crystalline keatite was found in the first replica
(with Kjp, = 107%) in 4.5 million MC steps; the XRD patterns of simulated and
known keatite are shown in Figure 3.3. It is instructive to point out that the Monte
Carlo simulations without replica exchange moves did not produce crystalline keatite,
even after 26 million MC steps with Kj,, of 1075, This suggests that configuration-
exchange between adjacent replicas strongly increases the likelihood of overcoming
energy barriers and generating crystalline silica.

Having established the utility of the RE-REMC approach for generating silica
crystals, we now compare this with the PT-REMC method using the temperature
mapping discussed above. Using the initial condition that generated S-cristobalite

with the RE-REMC method, we applied PT-REMC with the temperature mapping
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Figure 3.1. Calculated XRD patterns for -cristobalite comparing RE-REMC struc-
tures and known coordinates from the experimental data.[43] Visualizations at the
bottom show the obtained atomic structure in a system box (left) and that with the
3x3x3 extension (right).

involving temperatures in the range 75 — 150,000 K (see Table 3.1). We found that
PT-REMC also produced crystalline -cristobalite after 4 million MC steps. The
PT-REMC replicas with the lowest three temperatures (75 K, 80 K, and 87 K) were
found to produce crystalline S-cristobalite. For comparison, the RE-REMC replicas

with the lowest five values of K;,, were found to crystallize S-cristobalite. In addition,
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Figure 3.2. Calculated XRD patterns for a-cristobalite comparing RE-REMC struc-
tures and known coordinates from the IZA Database.

high temperature replicas in PT-REMC produced rather distorted silica tetrahedra
that are not representative of structures found in silica materials. Finally, replica
exchange probabilities were of order 1072 in RE-REMC, but only of order 10~* in

PT-REMC, which indicates that RE-REMC can provide an efficient and effective

sampling for crossing the energy barrier to produce zeolite materials.
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Figure 3.3. Calculated XRD patterns for keatite comparing RE-REMC structures
and known coordinates from the IZA Database.

3.3.2 Formation of All-Silica Zeolites Frameworks

Sodalite (SOD) is a porous alumino-silicate material with ultra-small cages and
windows accessible only to small molecules such as water. The all-silica version of
sodalite was synthesized for the first time several decades ago.[15] We applied RE-
REMC to study the ground state structure of all-silica SOD by beginning with an
initially random collection of 12 silica tetrahedra in a box with dimensions shown in

Table 3.2. A fully condensed crystal with the SOD framework structure was obtained
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after 3.3 million RE-REMC steps. The initial and final configurations are shown in
Figs. 3.4(a) and 3.4(b), respectively. Small sodalite cages and windows can also be
seen in the 3x3x3 periodic extension of the final configuration, shown in Figs. 3.4(c)

and 3.4(d).

(@) (b)

N
A

[ 1 /4 /"

Figure 3.4. Snapshots of (a) initial configuration, (b) final structure, and (c, d) two
orthographic views of a 3 x 3 x 3 extension of the final RE-REMC configuration.
Color code: Si (yellow), Bridging Oxygen (red), Hydroxyl group (white).

Figure 3.5 shows the calculated XRD pattern of the simulated SOD crystal struc-
ture from RE-REMC, for comparison with the XRD pattern computed from the
known SOD structure.[8] The striking agreement shown in Figure 3.5 shows the quan-
titative agreement in crystal structure arising from the RE-REMC simulation.

Next we simulated the ground state structure of an all-silica EDI zeolite — a
small-pore zeolite whose tetragonal unit cell consists of five TOy (T = Al or Si) units.
Despite the fact that, to our knowledge, an all-silica version of EDI zeolite has not
yet been synthesized, EDI remains a promising target for our RE-REMC approach
because of its relatively small unit cell. The RE-REMC simulation initiated with
random configurations in each replica using the corresponding dimensions in Table
3.2, and formed EDI crystals after 3 million RE-REMC steps. The XRD patterns
of simulated and known EDI, shown in Figure 3.6, demonstrate again quantitative

agreement, between known EDI structure and RE-REMC results.
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Figure 3.5. Calculated XRD patterns for SOD comparing RE-REMC structures
and known coordinates from the IZA Database.

Non-silica based materials may also provide targets for our tetrahedral RE-REMC
approach. The open-framework cobalt phosphate material with DFT structure[26]
was studied with our RE-REMC approach. Crystals of DF'T were obtained in our
simulation after 4 million steps, giving rise to the XRD pattern shown in Figure 3.7,
again in quantitative agreement with the IZA database. We find it most interesting
that a model based on silica tetrahedra can produce crystals of a material composed
of cobalt phosphate.

We then simulated ground state structure of the alumino-phosphate (AIPO) with
ATT structure using our tetrahedral REMC approach. Fully-connected structures
were obtained after 50 million RE-REMC steps in the first two replicas. Interestingly,
in the case of the ATT study, these two replicas produced slightly different structures

as shown in Figure 3.8.
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Figure 3.6. Calculated XRD patterns for EDI comparing RE-REMC structures and
known coordinates from the IZA Database.

To examine these different crystal structures we computed their XRD patterns,
shown in Figs. 3.9(a) and 3.9(b). Figure 3.9(a) shows that the structure obtained
from the second replica exhibits the known ATT framework structure, whereas the
structure obtained from the first replica does not. This shows how subtle changes
in crystal structure manifest clearly in computed XRD patterns. However, Figure

3.9(b) shows that the structure from replica 1 agrees well with the predicted silica-
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Figure 3.7. Calculated XRD patterns for DFT comparing RE-REMC structures
and known coordinates from the IZA Database.

based structure PCOD 3102553 by Le Bail.[86] As shown in Figure 3.9(b), the major
XRD peaks of these two structures are well aligned with only small shifts.

Given that RE-REMC approach with a tetrahedral model can successfully simu-
late an open framework cobalt phosphate, DF'T, and an AIPO material, ATT zeolite,
it is worthwhile to speculate about why this is the case. The two frameworks involve
corner-sharing tetrahedra, in which Al-O bond lengths are in the range 1.70-1.75 A,
while P-O bond lengths are 1.50-1.58 A.[127, 16, 84] Averaging these ranges yields

1.6 A, close to the Si-O bond length in our model[4], which explains why this silica
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Figure 3.8. Snapshots of (a) final structure, and (b, ¢) two orthographic views of
the final structure with 3 x 3 x 3 extension obtained in RE-REMC replica 1 with
the ATT lattice parameter; (d), (e), (f) same as (a), (b), (c) except from RE-REMC
replica 2. Color code: Si (yellow), Bridging Oxygen (red).

tetrahedral model also fairly well reproduces XRD patterns for Co-phosphates and
AlPOs.

3.4 Conclusions

In summary, we have applied a replica-exchange reaction ensemble MC (RE-
REMC) approach to search for ground state structure of several open-framework
materials, including all-silica zeolites and related cobalt phosphate and alumino-
phosphate materials. Our approach is based on three-dimensional polymerization
of semi-rigid tetrahedral units undergoing condensation/hydrolysis chemistry in the

reaction ensemble. This reactive model was previously used to model the formation
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Figure 3.9. Calculated XRD patterns comparing ATT framework obtained from
(a) IZA website and RE-REMC replicas 1 and 2, and (b) predicted structure from
GRINSP 2.00 (Predicted Crystallography Open Database, PCOD 3102553)[86] and
obtained from RE-REMC replica 1.

of amorphous silica gels and silica nanoparticles, and results shown very good agree-
ment with the experimental observation. With the replica-exchange, this approach
has produced crystals of dense silica polymorphs a-cristobalite, S-cristobalite, and
keatite, as well as crystals of open-framework materials with SOD, EDI, DFT, and
ATT structures, confirmed by computing XRD patterns for comparison with known
coordinates. The reactive silica tetrahedron model can provide opportunities to study
the crystallization of zeolites in the future. Our modeling approach opens the door to
more detailed understanding of the kinetics and mechanisms of zeolite crystallization

for both all-silica and non-silica-based open-framework materials.
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CHAPTER 4

MOLECULAR DYNAMICS SIMULATION ON MCM-41
MATERIALS FORMATION

In this chapter, we use the MARTINI coarse-grained (CG) model[93, 94, 108]
to simulate the phase diagram of a CTAB-H,O system, and different mesophases
including micellar rods, hexagonal, bicontinuous and lamellar phases of CTAB-H;0O
system are obtained. The model shows good qualitative agreement with experimental
observation in the phase behavior. We observe a phase transition between hexagonal,
lamellar, and bicontinuous phases via changing the temperature. To study the silica
oligomer-surfactant-water system, we further develop CG parameters for different
silicate oligomers by comparing the density profiles in a spherical micelle obtained
from AA and CG simulations. A substantial amount of silicate dimers is found to be
crucial for generating an ordered hexagonal array due to the double charges on the
silicates that may interact strongly with two adjacent micellar rods. We also find that
multiple charges on silicate oligomers lead to a phase separation which is consistent
to the experiments.[50] Different charges on D4R result in the formation of different
mesophases: lamellar phase is observed in the system of D4R with charge of 87,
whereas D4R with mild charges (4~ and 67) results in hexagonal phase, indicating
that the D4R existed in solution are most likely remain averaged charges of no more

than 6~ in the solutions.

4.1 Introduction

Several studies have been carried out to investigate various aspects of MCM-

41 materials, one of most popular periodic mesoporous silicas (PMSs), including
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their pore structure, pore properties, structural modification, and the formation
mechanisms.[79, 80, 81, 120, 143] In order to tailor these mesoporous materials for
specific applications, a full understanding of the formation process is necessary. How-
ever, limited knowledge has been gained so far because the synthesis process of PMSs
involves complex interplay between different species in different phases (i.e., a multi-
phase and multi-component silica/surfactant/water system) and chemical reactions.
Obtaining detailed understanding of the synthesis pathway by simulations at an
atomic level is therefore restricted by this high complexity and large system size
of the self-assembly process.

To address such limitations, a coarse-grained model has been applied within molec-
ular dynamics (MD). In particular, we have applied the MARTINI CG approach|93,
94, 95], following previous work on the sphere-to-rod transition, which was created by
micelle-micelle fusion processes and silicate was found to be a key to the process.[108]
In this work, we extended the previous work for the investigation of the formation of
mesoporous materials[108] to study the later stages of the formation in larger time
and length scales. The results shown in this chapter enhance our understanding of

the formation process of mesoporous materials.

4.2 Simulations Details and Model Description

All MD simulations were carried out with the Gromacs packages[13, 55, 88, 142,
and the leapfrog algorithm[56] was adopted to integrate the equations of motion. The
temperature was fixed through the velocity-rescaling thermostat[21] while the Berend-
sen pressure coupling method[21] and the Parrinello-Rahman barostat[106] were used
to maintain a pressure of 1 bar in both CG and all-atom (AA) simulations. AA sim-
ulations were carried out in this work to validate the parameterization of CG models
by comparing the computed density profiles of a spherical micelle obtained from CG

and AA models. Periodic boundary conditions with isotropic pressure scaling were
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used. Integration time steps of 2 fs and 30 fs were used in AA simulations and CG
simulations, respectively.

Unless otherwise stated, all systems were prepared initially by randomly placing
all the molecules using the PACKMOL package.[96] The following procedure was
applied for all simulations carried out in this study: (1) use the steepest descent
algorithm to minimize the total energy of the system to prevent short-range contacts
between atoms; (2) perform a short (150 ps) simulation in the NVT ensemble to
stabilize the kinetic energy under the chosen condition; and (3) carry out production
runs in the NpT ensemble with a total simulation time ranging from a few to tens of
microseconds.

The MARTINI 2.2 force field was adopted for CG models with a dielectric constant
value of 15.[94] A 1.2 nm cutoff distance was applied in computing both Coulombic
and van der Waals interactions with the standard Gromacs shift functions suggested
by MARTINI model to mimic the distance-screening phenomena.[94] The shifting of
the potential was from 0.9 to 1.2 and 0 to 1.2 nm for van der Waals and Coulomb,
respectively. A 10 % fraction of CG water was using antifreeze particles[93] to avoid
the freezing of the CG water at a higher temperature than that of real water, which
is an unwanted phenomenon of CG model. Therefore anti-freeze particles were intro-
duced to break the freezing process. This antifreeze particle is denoted as BP,4 particle
whereas normal CG water is denoted as P4. Larger o value and greater potential well,
€, of the Lennard-Jones potential interaction between BP, and P4 compared to that
of P4-P4 were assigned to disturb the lattice generated by the uniform size of solvent
particles and to avoid the phase separation of two different solvent particles.[94] The
interaction of antifreeze particles to other type particles is the same as that of regular
CG water particles.

Different concentrations of cetyltrimethylammonium bromide (CTAB) surfactant

together with the silicic acid, Si(OH)4 under high pH conditions (~ 14) and at rela-
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tively low temperatures (from 300 to 430 K) were performed in our simulations. The
silica inorganic source holds a full charge on each silica—in fact, at pH of 11, 95 % of
silicic acids are deprotonated.|[124] Therefore each silica on the dimers, trimers, and
tetramers was assigned as a singly charged due to the high pH solution of the studied
system. The amphiphilic CTA™ surfactant is described by four C; CG beads for the
hydrophobic tail groups with a charged Q, CG bead for the hydrophilic head group.
Each anionic silicate monomer is described by one Qg; CG bead reported by Jorge
and co-workers.[108]

In addition to the non-bonded interaction (i.e., Lennard-Jones and Coulombic
terms) described above, bonded interactions including bond stretching, angle bending,
and torsion are also taken into account. More details regarding the bond length,
stretching force, bond angles, and torsion forces values can be found in previous
work.[66, 68, 69, 108]

The CG parameters for CTA™, water, bromide ions, and silicate monomers were
taken from the previous work,[108] whereas the CG parameters for dimers were ob-
tained through the comparison of CG and AA simulations carried out in this work.
The detailed procedure to acquire the CG parameters can be also found in the previ-
ous work[108]: comparing the density profile of a spherical micelle obtained in both
AA and CG simulations in the dimer-surfactant-water system. The density pro-
file was measured from the center of mass (COM) of the micelle radially.[57] In the
cluster-counting algorithm for the AA model, two surfactant molecules were consid-
ered to belong to the same cluster if any of their last four tail carbon atoms were
separated within the distance of 0.64 nm[66], corresponding to the first minimum in
the radial distribution function between tail carbon atoms. As for CG model, the two
surfactants were considered to belong to the same aggregate if the last tail groups
(CG bead) were located with a distance shorter than 1.2 nm. The density profiles

measured from the center of mass (COM) of the micelle obtained from CG and AA
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simulations were compared to parameterize the CG model. In the comparison, the
AA parameters for surfactant and silica dimers were taken from the work of Jorge
and co-workers,[69] and the standard MARTINI interaction matrix was the initial

attempt for CG parameters.

4.3 Results and Discussion

In this section, we discuss the simulation results on the formation and structural
characteristics of the surfactant-silicate-water systems in the following manner: Sec.
4.3.1 examines the surfactant-water phase diagram built by our model; Sec. 4.3.2
shows the parameterization of CG model for silicate oligomers; Sec. 4.3.3 discusses
the mesophases form from the addition of dimers; Sec. 4.3.4 provides our results on
simulating surfactant-silicate oligomer-water systems; Sec. 4.3.5 shows the addition

of benzene on changing the mesostructures.

4.3.1 Water-surfactant Phase Diagram

To test the accuracy of the model, we first calculated the phase diagram of the
ternary system of CTAT-Br~-H,O and compared the obtained phase diagrams with
experimental results.

A series of simulations were performed with different surfactant concentrations at
temperatures ranging from 300 to 430 K. These simulations were carried out with a
total MD time span of more than 10 us, sufficiently long to ensure that equilibrium
conditions have been achieved. Micellar rods, hexagonal and lamellar phases were
found as the surfactant concentration increases at a temperature of 390 K. A compar-
ison of the simulation results with the phase diagram obtained from experiments[19]
is shown in Figure 4.1. Qualitative agreement between simulations and experimen-
tal observation is obtained: different mesophases such as micellar rods, hexagonal

structure, and lamellar phase were obtained as a function of the CTAB concentra-
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tion. Surprisingly, the bicontinuous phase which is regarded as unstable and hard to

observe was also found at the CTAB concentration of 65 wt%.[89]

50 wt% CTAB

10 wt% CTAB

Bicontjffuous
cMmc1  cMc2 J spherical cubi
micelles

5001
480-1

4501

C ok 65 wt% CTAB

390

Micellar rods

300+ ;
| | ] l |

0 10 40 50 70 100
% weight CTAB surfactant concentration

3501

69 wt% CTAB

Figure 4.1. Computed graphic visualizations of phases formed in simulations ob-
tained in this work for the CTAT-Br—-H,0 system at 390 K. In this figure, the simu-
lation results are directly mapped onto an experimentally determined phase diagram
(adapted from Ref [19, 111]). Excellent agreement between simulations and exper-
iments has been achieved. Color code: green for surfactant tail groups; purple for
surfactant head groups; black for bromide ions (water molecules have been removed
for clarity).

Phase behavior studies at lower temperatures of 300 K and 350 K were also per-
formed. We note that 300 K is in the surfactant crystallization region of the phase
diagram, and no liquid crystal phase was found from our simulation. Spherical mi-

celles formed in a low CTAB concentration of ~10 wt%. Whereas the simulations
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at a temperature of 350 K, hexagonal structure and lamellar phase can be obtained
after a longer simulation time compared to the same system at 390 K (see Figure
4.2), suggesting that systems equilibrate and reach the equilibrium states faster at a

higher temperature.

18 wt% CTAB 30 wt% CTAB

CMC1 CMC2\ Spherical

micelles bicontinuous

5001
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4504
X 430+

3004 [

3501~
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I

0 10 40 50 70 100 o
% weight CTAB surfactant concentration 89 wt% CTAB

Figure 4.2. Computed graphic visualizations of phases formed in simulations ob-
tained in this work for the CTAT-Br~-H50 system at 350 K. In this figure, the simu-
lation results are directly mapped onto an experimentally determined phase diagram
(adapted from Ref [19, 111]). Color code: see Figure 4.1.

Furthermore, the phase diagram at a higher temperature (i.e., 430K) was also
calculated using the adopted model. As shown in Figure 4.3, a consistency in the

phase behavior between simulations and experiments is observed.
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Figure 4.3. Computed graphic visualizations of phases formed in simulations ob-
tained in this work for the CTAT-Br~-H,0 system at 430 K. In this figure, the simu-
lation results are directly mapped onto an experimentally determined phase diagram
(adapted from Ref [19, 111]). Color code: see Figure 4.1.

At this point, it is interesting to investigate the bicontinuous phase obtained from
our model. As seen in the phase diagram by Brinker and co-workers,[19] the bicon-
tinuous phase exists between the region of hexagonal structure and lamellar structure
at a high temperature. Simulated annealing was performed to investigate the phase
transition of bicontinuous structure to the other two phases. Two different initial con-
figurations—hexagonal structure and lamellar structure—were taken from the final
configurations in our previous studied simulations that generated hexagonal phase
and lamellar phase, respectively: (1) 52 wt% CTAB (hexagonal) using simulated an-
nealing from 390 K to 500 K with a step change of 20 K or 30 K every 0.4 us; and (2)

67 wt% CTAB (lamellar) with temperature increasing from 450 K to 500 K with a
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step change of 10 K every 12 us. The phase transition arises at around 460 K after 1
us of simulation time in case of 52 wt% CTAB whereas the phase transition is at 480
K in the case of 67 wt% CTAB after 1.4 us of simulation time. Figure 4.4 shows how
the initial ordered phases gradually yield to a compact porous bicontinuous phase. It
is noted that the concentration of the surfactant for forming lamellar phase slightly
shifts to the lower concentration, from 70 wt% in experiments to 67 wt% in our model.

This coarse-grained model has well captured the essential behavior of the interested

CTA*T-Br~-H,O system.

(b) 450K

Figure 4.4. Visualizations of system configurations for the phase change from a
initial ordered phase to a porous bicontinuous phase with concentrations of CTAB to
be (a) 52 wt% and (b) 67 wt%.[19] Color code: see Figure 4.1.

The above results indicate that this CG MARTINI model can capture essential
behavior of the CTA*-Br~-H,O system in forming different liquid-crystal structures.

The reliability of the model and the CG parameters used our simulations allows us
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to further study a more complex system in which the inorganic species, silicates, are

considered.

4.3.2 Parameterization of Silicate Oligomers

The CG parameters for silicate dimers were obtained through the comparison of
AA and CG density profiles of a preformed spherical micelle in a surfactant-dimer-
water system. A detailed process can be found in the previous work.[108] As a
Qg particle for each silica monomer (i.e., silicate-tail interaction of 3.5 kJ/mol and
the silicate-solvent interaction of 4.5 kJ/mol) was reported previously to yield good
agreement in density profiles between AA and CG simulations,[108] we first used two
Qg7 particles to represent a silica dimer in the CG simulations. In both AA and CG
simulations, a spherical micelle was obtained after 20 ns of simulation time, which
is sufficiently long to generate a dimer-surrounded micelle. The Hoshen-Kopelman
cluster counting algorithm[57] was used to identify the micellar clusters in the system.
The density profiles of a micelle for revealing dimers distribution at micelle surface
from the two models was then obtained. The density profiles, as shown in the upper
part of Figure 4.5, indicate that the peak of the CG Qg silicate dimer ranges between
surfactant head groups and surfactant tail groups. However, AA simulation shows
that the silica dimers preferably located outside the micelle.

Charged Qq, CG particles included in the MARTINI force field were then consid-
ered to represent dimers. The subscript of Qg, type, da, stands for donor-acceptor
hydrogen-bond character[93, 94, 108]. The ionized silicate dimer was represented by
two Qgu CG particles. This CG parameter has silicate-tail interaction of 2.0 kJ/mol
and the silicate-water interaction of 5.6 kJ/mol. The silicate-tail interaction is weaker
than that of Qg; particles, whereas silicate-head interaction is stronger than that of
Qs particles. Interestingly we found very good agreement between AA and CG sim-

ulations by using two Qg, particles for a dimer. The lower part of Figure 4.5 shows

71



the comparison between AA simulation and CG simulation with Qg, particles. It is
evident that the use of two Qg, particles[93, 94] for dimers well capture the behav-
ior predicted using the AA simulation, and the Qg, type was therefore chosen for

representing silicate dimers.
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Figure 4.5. Density profiles of a spherical micelle for silica dimers obtained from
AA (dashed lines) and CG simulations (solid lines) using Qgy (top) and Qg, (bottom)
particles. Tail atoms are shown in green, head atoms in purple, water in blue, and
silicates in red.

Similar procedures were followed to obtain CG parameters for different oligomers,
cyclic trimers (charge of 37), cyclic tetramers (charge of 47), and double-four-ring

species (D4R, with charges of 47, 67, or 87). In the case of cyclic molecules, the use
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of prefixed S beads is suggested by Marrink et al.[93, 94] Figure 4.6 shows the density
profile of a micelle with cyclic trimers, and consistent behavior can be found while
using SQg, CG particles for cyclic trimers. Both AA and CG simulations show that
the peak of trimers locates outside the micelle. Beside cyclic trimer, SQg, particles
for the aforementioned silicate oligomers were also found to yield good agreement
between AA and CG results, and they were therefore chosen to represent the cyclic

silica oligomers.
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Figure 4.6. Density profiles of a spherical micelle for cyclic trimers obtained from AA
(dashed lines) and CG simulations (solid lines) using Qg; (top) and SQg, (bottom)
particles. Color code: see Figure 4.5.
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4.3.3 Surfactant-Silicate Dimers-Water System

With the validated potential parameters, the CTA-silicate dimer-HyO system
was studied. A phase separation was found from the studied system with silica dimers
represented by Qg, particles. Figure 4.7 shows the visualization of phase behavior
as a function of the CTA* concentration. The hexagonal array formation in dimers
system differs from the hexagonal array formation in the CTAT-Br~-water system;
in the latter case the hexagonal structures fills the entire box.

The latter system is recognized as in the weak-screening limit, where the elec-
trostatic repulsion predominates the system and results in one single lyotropic liquid
crystals (LLC) hexagonal phase that fill the entire system box.[50] Interestingly a
phase separation was found in the CTA*-silicate dimers-water system. The phase
diagram shows the hexagonal phase forms at the surfactant concentrations ranging
form 20 wt% to 47 wt%. The double charges on silicate dimers drive the formation of
the phase separation and result in a locally high density of surfactants and silicates
for generating hexagonal array structures.

The obtained hexagonal array is the featured structure of MCM-41 materials. The
radius of the rod is about 37 A, consistent to the experimental findings on MCM-
41 pores using CTAB as a SDA.[12, 78] The wall thickness obtained from this work
ranges from 5 A to 10 A.

Inspired by the work of Chmelka and co-workers[50], in which the authors studied a
very low surfactant concentration system of different silicate oligomers and discovered
a phase separation of species in solutions driven by multiple charges on silicates
and surfactant head species, we have also performed simulations under such a low
concentration system. Figure 4.8(a) shows the visualization of phase separation found
in the CTA*-dimers-water system with concentration of CTA™ to be only about 6
wt%. In such a low concentration, phase separation was still observed. A reversible

transition was found with the exchange of silicate monomers and silicate dimers. In

74



15 wt%

P TR IS S IR Y

51 wt% 64 wt% 73 wt%

Figure 4.7. Simulations results obtained in this work for the CTA*-silicate dimer-
H50 system with different concentrations at 390 K. Color code: green for surfactant
tail groups; purple for surfactant head groups; red for anionic silicate dimers (water
molecules have been removed for clarity).

our simulations, no hexagonal structure was found in the surfactant-silica monomer-
water system (see Figure 4.8(b)).

To study the different behavior between silicate monomers and silicate dimers, two
simulations were performed. The first simulation started with a previous simulation
from 100 % of dimers followed by replacing dimers by monomers. A configuration
was taken from a surfactant-silicate monomers-water system, in which the phase
separation was observed, followed by replacing dimers with monomers. Same MD
procedures were followed: energy minimization steps, NVT, and NpT simulations. A

phase transition from close-packed micellar rods to branched rods was observed.
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The second simulation on the other hand started with using the final configuration
of a silicate monomer system, followed by replacing monomers with dimers. On the
contrary, a phase transition from branched rods that filled the entire box to hexagonal
aggregates with phase separation was observed. Figure 4.8(a) to Figure 4.8(d) and
Figure 4.8(b) to Figure 4.8(e) show the first simulation and the second simulation,

respectively.

BN

Figure 4.8. Visualizations of phase transition obtained in a low concentration of
CTA™ (6 wt%) by: (a)-(d) replacing dimers by monomers; (b)-(e) replacing monomers
by dimers; and (c)-(f) replacing bromide ions by dimers at 300 K. Color code: green for
surfactant tail groups; purple for surfactant head groups; yellow for anionic monomers;
and red for anionic dimers (water molecules have been removed for clarity).

A simulation of bromide ions replaced by silicate dimers was also performed.
Spherical micelles were obtained from a CTAT-Br~-water system, and the bromide
ions were then substituted by silicate dimers. A phase separation and aggregates
of surfactants were obtained, and the phase transition can be seen in Figure 4.8

(c) to Figure 4.8(f). All simulations here suggest that the formation of different
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mesophases depends on the species in the solution and nearly independent of the
initial configurations suggesting that these CG MD simulations are able to represent
the thermodynamically stable states of the system under study.

We also note that, to facilitate the formation of mesophases, a rectangular box
[63] with an elongated side is a better choice than a cubic box. The rectangular box
can largely enhance the likelihood for the formation of ordered hexagonal array along
the "non-elongated” direction of the box. In particular, at a low concentration of
surfactants, we found that a rectangular box is essential.

To better understand the self-assembly mechanism of MCM-41 materials, it re-
mains of utmost importance to investigate the role of silicate monomers and silicate
dimers while the self-assembly process occurs to form MCM-41 materials. To accel-
erate the simulations, we carried out simulations on studied systems with fewer par-
ticles. Each simulation contains 1,000 CTA* and 13,000 CG water particles, yielding
the concentration of CTAB in water-surfactant system to be about 26 wt%. It was
noted that branched rods form in the system of silicate monomers whereas in the
system of dimers, a hexagonal array forms. This may result from the double charges
on each silicate dimer which can interact with adjacent micellar rods, generating close
packing rods, and subsequently lead the ordered arrangement of the micellar rods. In
addition, silicate dimers were found to preferably locate at the micelles surface and
therefore can pull the micellar rods together.

Figure 4.9(a) shows the mesostructure obtained from a system of ~26 wt% of
CTA™ with the silicate contribution of 40% monomers and 60% dimers at 300 K,
hexagonal structure was observed. Compared to the system with all monomers
and dimers in Figure 4.9(b) and Figure 4.9(c), respectively, no similar structure like
branched rod was found in the system. The simulations have shown that once the
number of dimers reaches the critical fraction of the contribution of silica source, the

branched rods created by monomers was not observed.
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To explore how mesostructures form while the silica polymerization proceeds, we
further performed a series of simulations with different molar ratios of monomer to
dimer. Figure 4.9(d) shows the silica contribution with fewer dimers. Equal silicate
contribution of monomers and dimers are found to be a critical ratio for hexagonal ar-
ray formation. A phase separation with partially ordered micellar rod array is shown
in Figure 4.9(d). Minimum 60 % of silicate contribution from dimers is needed to
generate hexagonal structures. (The silicate source consists of 400 monomers and
300 dimers.) The results have shown that during the MCM-41 formation, silicate
polymerization for generating oligomers is a key step to the formation of mesostruc-
tures. A substantial amount of silicate dimers is necessary. As the ratio of dimer to
monomer increases, the hexagonal array gradually forms due to the sufficient amount

of dimers can help pull micellar together.

Figure 4.9. Visualizations of simulations at a CTA™ concentration of 26 wt% in (a)
40% monomers/ 60% dimers of silicates contribution (400 monomers and 300 dimers);
(b) monomers only; (¢) dimers only; and (d) 50% monomers/ 50% dimers of silicate
contribution (500 monomers and 250 dimers). Color code: see Figure 4.8.

We have further investigated the mesostructure obtained from a system consists of
monomers and dimers. In a system of silicate contribution of 50% monomers and 50%

dimers (i.e., positive charges were contributed equally from monomer and dimers), a
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Silicates | Number of silicate | Number of CTA™
dimer 500 1,000

trimer 333 999

tetramer | 250 1,000

D4R 125 1,000

Table 4.1. The number of silica oligomers and surfactants used in simulations cor-
responding to Figure 4.11.

hexagonal structure with ordered arrangement was not found. In this case, Figure 4.10
(a) and (b) show side/front views of the micellar rods obtained from the simulation.
It can be seen from the picture that silicate monomers are mostly located between
the alkyl chain and surfactant head groups, whereas the silicate dimers preferably

locate at the surface of micellar rods.

4.3.4 Water-CTA "-Silicate Oligomers System

We have also studied different silicate oligomers system. The total number of
silica in silicate oligomers was keeping constant to explore the effect of the degree of
condensation of the formation of mesostructures in different studied systems. Table
4.1 summarizes the number of silicates oligomers and surfactants in the studied sim-
ulations. Figure 4.11 shows the visualizations of mesophases obtained from different
oligomers with the almost the same number of water and CTA™ in a rectangular box
(13,000 CG water and 1,000 surfactants). At least 6 us simulation time was performed
in all simulations to ensure properly equilibrated mesostructures were achieved. Vi-
sualizations show that the hexagonal arrays can be found in the systems of silicate
dimers, cyclic trimers, and cyclic tetramers. Interestingly, the hexagonal structure
formed in the silicate oligomers system is flattened. The rod shape is found to change
with degree of condensation from circular rod to ellipse-shaped rod. On the other

hand, a lamellar phase with a phase separation is found in D4R system.
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Figure 4.10. (a) Side view and (b) front view of distribution of monomers and
dimers on micellar rod obtained from a system with 50 % monomers and 50% dimers
of charge distribution in silicate source (the system consists of 500 monomers and 250
dimers). Color code: Yellow for monomers; red for dimers; purple for surfactant head
groups; and green for surfactant tail groups.

Previous study on surfactant-silica monomer-water system has shown that the
silicate monomer promotes the fusion of micelles to micellar rods.[108]. We have used

the model to study the phase behavior the surfactant-silicate monomer-water system
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(c)

Figure 4.11. Visualizations of simulation results obtained in this work for the CTA -
H,O-silicate (a) dimers, (b) cyclic trimers, (c¢) cyclic tetramers, and (d) D4R systems
at 300 K in rectangular boxes. Color code: green for surfactant tail groups; purple for
surfactant head groups; red for silicate oligomers (water molecules have been removed
for clarity).

and found that no hexagonal arrays form as changing the surfactant concentration.
However, from the study of silicate oligomers, a hexagonal array was found. The
oligomers contain higher charges shown hexagonal phase at a surfactant concentra-
tion of ~ 26 wt%. Based on the results obtained from our simulations, the branch
rods form in the monomer system whereas the hexagonal array forms in the dimer
system. The results indicate that multiple charges on the silicate oligomers may result
in hexagonal and lamellar phases. The electrostatic attraction between counterions
(negatively charged silicate and surfactant head group) with the shorter distances of
charges on silicate oligomers is the key to the formation of a hexagonal array. The
high charge density of silicate oligomers might play an important role in facilitating
the assembly of micellar rods to form an array with ordered arrangement.

Our simulation results show that D4R silicates with charge of 8 in at surfactant

concentration of about 26 wt% form lamellar phase. Simulations with D4R silicate of
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charges of 6~ and 4~ were also performed. From the simulations, we found that in the
systems of D4R silicates with 6~ and 47, a hexagonal phase can be observed. A phase
separation was also found with a silica-surfactant-rich region and a solvent-rich region.
All the obtained mesophases were found in the silica-surfactant-rich region. Compared
to the experimental results reported by Chmelka and co-workers[50], in which the
authors shown that the hexagonal array can be obtained in the system of surfactant-
D4R-water at a low surfactant concentration of ~ 6 wt%. A phase separation was also
observed. The experimental condition was fixed at pH of 13, sufficiently high enough
to form multiple charges on silicate D4R. The authors estimated a maximum charge
of 6= on each D4R. Our simulation shows a good agreement with the experimental

observations. The D4R is likely possess charges of 6~ or even 47

Figure 4.12. Font and side view of the final configuration obtained from the system
of CTAB + H,O + D4R with charge of (a) and (b) 67, and (c) and (d) 4~. Color
code: green for surfactant tail atoms; purple for surfactant heads; red for silicate
oligomers (water molecules have been removed for clarity).

4.3.5 Addition of Benzene
Furthermore, Chmelka and co-workers have studied the effect of co-solutes in the
mesophase, and they found that the addition of trimethylbenzene results in hexagonal

array-lamellar phase transition.[50] A CG benzene molecule is represented as three
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SC, particles, and no charge is assigned on any of them (see Figure 4.13).[94] This
SC, particle, C stands for apolar molecules and the prefix S denotes a class of CG
model for rings. A similar result is found in our simulations that add/remove of
benzene results in a reversible phase transition (see Figure 4.14). Our simulations
started with a hexagonal phase obtained from the final configuration of CTA-silicate
dimers-water system with the addition benzene with a benzene to silicate ratio of 0.75.
Simulations show the transformation of hexagonal arrays to lamellar phase after few
nanoseconds. Most benzene molecules penetrate into micellar rods and gradually
result in a phase transition. The incorporation between benzene and surfactants as
well as the penetration of benzene to micelles may result in phase transition and the

change of the packing parameter of the surfactants.
sC,

oA o SC,

Figure 4.13. Schematic diagrams of the coarse-graining model employed for a ben-
zene molecule: a benzene is represented by three SC, particles.

It is instructive to investigate whether if this planar benzene molecule has a prefer-
ential orientation that results in the phase transition. Therefore, an order parameter
was proposed to investigate the orientation of the benzene molecule. The parameter

is calculated by averaging the normal vectors of all benzene molecules:

1 .
order parameter = ||E Zk: | (4.1)
where n is the normal vector of a benzene molecule and k is the total number of

benzene molecules. The absolute value of this order parameter locates between 0 and
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Adding benzene Removing benzene

Figure 4.14. Reversible phase transition between hexagonal and lamellar phase with
the (a) addition and (b) removal of CG benzene molecules.

1, corresponding to no preferential orientation of benzene to all benzene have united
direction, respectively.

The calculated order parameter is about 1072 while the phase transition proceeds
from hexagonal phase and lamellar phase, which indicates this phase transition is

independent of the planar structure of benzene molecules.

4.4 Conclusions

In the presented chapter, we have shown that MARTINI CG model predicts the
phase diagram of CTAB-H50O system well. Different mesophases such as micellar
rods, hexagonal, bicontinuous and lamellar phases of CTAB-H;O system were ob-
tained. Phase transition between hexagonal, lamellar, and bicontinuous phases can
be also obtained via changing the temperature. This model has shown good qualita-
tive agreement with experimental observation in the phase behavior. Thus it makes
the study of such large and complicated systems feasible. The development of the
simulations is also important to the further study on the formation of mesoporous
materials.

In this work, we have developed CG parameters for different silicate oligomers

by comparing the density profiles in a spherical micelle obtained from AA and CG
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simulations. From the study of different silicate oligomers, we have found that a
substantial amount of silicate dimers is crucial for generating the ordered hexagonal
arrays due to the double charges on the silicates may interact strongly with two
adjacent micellar rods. A phase transition from branched rods to hexagonal phase
with a phase separation can be observed as the degree of condensation of silicate
increases. From our simulations, multiple charges on silicate oligomers were found
to generate a phase separation that was also observed experimentally.[50] Different
charges on D4R result in the formation of different mesophases. Lamellar phase is
observed in the system of D4R with charge of 87, whereas D4R with mild charges
(4= and 67) results in hexagonal phase. This observation indicates that the D4R
existed in solution are most likely remain averaged charges of no more than 6~ in the
solutions.

Our simulations have shown that the CG model can capture the behavior of species
in solutions while different mesostructures form. The simulations can be carried out
with an assigned number of oligomers and charges, which cannot be directly accessed
by experiments. The model can predict the formation of different mesostructures,
leading to a powerful tool for tailoring silica mesoporous materials. With a precise
control of silicates source in solutions, different materials can be achieved. Our sim-
ulations also show evidence that the incorporation of the silica anions and cationic
surfactant heads results in different mesostructures, consistent with the cooperative

templating mechanism.[51, 59, 60, 101]
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CHAPTER 5

STUDYING THE FORMATION OF MCM-41 USING
HYBRID MD/MC SIMULATIONS

In this chapter, we propose a hybrid molecular dynamics/Monte Carlo (MD/MC)
approach to study the later stages of MCM-41 formation. This hybrid approach can
capture the physical interaction among solvents, inorganic, and organic species by
MD simulations while the reaction events are also explicitly considered by REMC
simulations. The study shows that the silica surfactant ratio of 4 may be essential
to form the MCM-41 materials. The preliminary study of this work also reveals
several crucial elements that need to be considered to enhance the approach. First,
a more consistent CG model in both MD and MC simulations is necessary. Second,
the fluctuation between silica and surfactant in MC simulations may generate more

realistic MCM-41 structure.

5.1 Introduction

MCM-41 is usually obtained via the synthesis starting from a solution contain-
ing alkyltrimethylammonium surfactants C,, Hs,1(CH3)3N Br as structure direct-
ing agents, together with a tetramethylammonium silicate solution, followed by a
calcination.[78] Though this material has been widely studied experimentally, the na-
ture and insights of silica polymerization during the formation of MCM-41, such as
the relative roles of silica monomers and small oligomers, vs. larger oligomers and
rings formation, remains unclear.

Different simulation approaches were also proposed to study the formation mech-

anism and atomic structures of MCM-41.[63, 68, 69, 108, 123] As introduced in the
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previous chapter, due to the large length- and time-scale of the formation process, it
remains a great challenge to computationally describe later stages of MCM-41 for-
mation. Given current computer capabilities, some extent of coarse-graining is thus
needed to help better understand the interplay between silica polymerization and
mesoscale surfactant assembly and identify the most likely mechanism for coopera-
tive structure formation MCM-41, involving simultaneous fluctuations and structure-
formation of both surfactant and silica species in solution.

We continue the previous work described in Chapter 4 on studying the formation
of different mesophases using molecular dynamics (MD) simulations. The previous
study shows that the multiple charges on silicate oligomers lead the formation of the
hexagonal array (MCM-41 structure). The dominant reaction, silica polymerization,
however was not investigated. Thus in this work we combine the off-lattice model of
silica polymerization and a coarse-grained (CG) model of the surfactant to elucidate
the formation mechanism of silica mesoporous materials. In particular, we integrate
our silica polymerization model and coarse-grain model of unpolymerized silica built
by Jorge et al.[108] to study the later stages of silica polymerization. In the proposed
approach, molecular dynamics can describe the behavior of surfactants in the solution,
and on the other hand, our silica polymerization model with a reaction ensemble
Monte Carlo (REMC) approach can sample the silica polymerization.

This chapter will present the preliminary results for the proposed hybrid MD/MC
approach. To examine the feasibility of this idea, we start our simulations by gener-
ating the MCM-41 structure using MD simulations, followed by a reaction ensemble
Monte Carlo simulation (REMC) for the sampling of silica polymerization to simulate

the MCM-41 formation.
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5.2 Model and Simulation Methodology

Seaton and co-workers[123] have used kinetic Monte Carlo simulations to study the
formation of silica mesoporous materials. The silica condensation reaction was sam-
pled on a preformed mesostructure. The ring-size distribution was obtained; however,
the cooperativity between silica and the surfactant in determining the mesoscale struc-
ture is missing, such as: How does silica polymerize during formation of mesostruc-
ture? Does larger silicate oligomers form before the formation of the MCM-41 (hexag-
onal arrays) structure? Similar to the work of Seaton and co-workers, we prepared
a preformed mesostructure from our study of silica-surfactant-water system using a
MD simulation, followed by a silica condensation simulated by a REMC simulation.
Using the MD simulations together with the MARTINI model can prove a more re-
alistic mesostructure by simulating motions of particles in the solutions compared to
generating the structure geometrically. The mesostructure was taken as a template
for the following silica condensation. A REMC approach was later performed to take
the silica polymerization into account with the aim to obtain a completed MCM-41
structure, leading to a better understanding of the formation mechanism.

The MARTINI 2.2 force field was implemented to represent molecules in the
system.[35, 93, 94] The force field has been shown to represent the essential character-
istics of several different molecules well. The simulation procedure follows the work of
Pérez-Sénchez et al.[108] and our previous study on the formation of mesostructures
of water-surfactant-silicate systems in Chapter 4.

The CTA™ molecule is described by five beads with four tail beads correspond-
ing to alkyl groups, and the last bead represents the hydrophilic head groups.[108]
A C; (nonpolar) type CG particle was chosen to represent the surfactant tail bead,
and Qo (charged) type particle was chosen for the surfactant head bead. The bro-
mide CG bead is represented by Q, type which is implicitly solvated by six water

molecules. For silica monomer and silica dimer, the CG representations are deter-
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mined by a comparison between AA and CG simulation results of the density profile
in a preformed micelle with the same size. Fach silicate monomer is represented by a
single CG bead, Qgr type, and each silicate dimer is represented by two Qg, type CG
beads. The Lennard-Jones potential is used to describe the interaction between CG
beads with different potential well depths, €, and different o value, the finite distance
at which the inter-particle potential is zero. The depths of the potential well for
different coarse-grained particles can be found in literature[108] and Chapter 4. In
addition to the Lennard-Jones potential, each charged particle (type Q) bears a full
charge and interacts via the Coulombic potential with a relative dielectric constant

of 15. Figure 5.1 shows the schematic representations of molecules by our CG model.

CTA*

o &

% Q, Q.

Anionic silicate monomer and dimer

Cl
bi; ,«9'( 9 °
g O J -
C )
1 Y" po &"\z “?
P, Q,
C, CG water Solvated Bromide ion

Figure 5.1. Schematic representations of the coarse-graining procedure employed in
this work for the CTA™ surfactant; neutral and anionic silicate monomers; solvated
bromide ion (solvated by six water molecules), and water (representing four real
water molecules). The labels correspond to MARTINI bead types (except for the
new silicate beads).
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Simulations for silica polymerization were carried out by an off-lattice REMC sim-
ulation, which has been implemented for studying microporous materials as shown in
Chapters 2 and 3. In this model, as introduced in Chapter 2, 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) repre-
sented as single particles, (ii) one oxide atom in the case of anionic silicate, and/or
(73) bridging oxygen atoms (BO) for condensed silica.[27, 91, 92] The structure of
each flexible tetrahedron is maintained via harmonic springs between the various kind

of possible oxygen atoms according to:

=3 3 Byl = o) 5.1)

where U is the internal potential energy of a tetrahedron, r; is the position of the
i'" BO/OH/O~ vertex, kg is a spring constant, and rq is the equilibrium distance
between two vertices (i.e., oxygen-oxygen distance). The value of ks was determined
in the previous work to be 851 kJ mol~*A~2 [3] while ry is set at 2.61 A based on
the geometry of silica tetrahedra (Si-O bond length = 1.6 A and O-Si-O angle =
109.47°).191, 92]

The silica polymerization process is thus viewed as the assembly of Si(OH), and
Si(OH)30~ tetrahedra via condensation reactions. Two tetrahedra are connected
via a bridging oxygen (Si-O-Si) after a condensation reaction occurs. We have mod-
eled the Si-O-Si angle formed by the bridging oxygen in our present work using the
following harmonic potential:

ka

U, = 7(0089 — costy)?, (5.2)

where 6 is the Si-O-Si angle formed by the bridging oxygen, 6, is a reference angle,
and k4 is an angular force constant. The value of 155° was used for the reference

Si-O-Si angle, and the value 226.74 kJ mol~! was used for k. Those values were
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determined by optimizing infinite silica chains using periodic DFT calculations,[3]
and were found to reproduce bulk moduli of silica polymorphs.[4] 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°).[44, 70]

All MD simulations are carried out with Gromacs 4.6.1 package[13, 55, 88, 142]
with the leapfrog algorithm[56] for integration of equations of motions. The temper-
ature is fixed at 300 K and controlled by an Berendsen thermostat, and the pressure
is fixed at 1 atm by an Berendsen barostat[13]. The Coulomb potential is shifted
smoothly to zero between 0 and 12 A, and van der Waals interaction is shifted to
zero between 0.9 and 1.2 nm to achieve high simulation speeds. The time step for
the simulations is 30 fs.

The initial configuration was built by randomly placing all particles in a rectan-
gular system box of 79 A x 79 A x 279 A using PACKMOL package,[96] followed by
energy minimization and quick NVT and NpT equilibration runs. Periodic boundary
conditions were applied on the X, Y, Z directions. 10 % fraction of CG water are an-
tifreeze particles[93] to avoid unphysical freezing of the CG water. Hexagonal arrays
were obtained after 6 us with 500 silica dimers, 1,000 CTA™ and 8,120 CG water.
The obtained mesostructure of surfactants was taken as a template for followed silica
condensation using REMC that was implemented in our in-house code.

In the REMC simulations, more than 50,000 MC steps were performed to allow
sufficiently complete structural assemblies. MC moves including random translations
and rotations for all silicate species in the canonical (NVT) ensemble are carried out
to sample all possible spatial configurations. Furthermore, to sample reaction events
in our simulations, the reaction ensemble MC (REMC) technique[65, 128] was used
to simulate silica polymerization. Our choice for the REMC technique is further
supported by the recent simulation study of the formation of silica gels and silica

nanoparticles.[27, 91, 92] In general our attempt probabilities for moves were chosen
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as 0.79 for translations on all species, 0.20 for tetrahedron rotations, and 0.01 for

REMC moves.

5.3 Results and Discussion

In Chapter 4, we found that the multiple charges on silicate oligomers are im-
portant to the formation of hexagonal phases. To further explore the formation of
MCM-41 (silica with a hexagonal array in an ordered arrangement), we have com-
bined the MD simulation with REMC simulation to consider the silica polymerization
in the simulations of MCM-41 formation. Our previous study has shown that the ad-
dition of silicate dimers promotes the formation of the hexagonal structure. This
structure was obtained by the MD simulation began with a random position of 1,000
CTA™, 500 silicate dimers, and 8,120 CG water particles after a simulation duration
of 6 us. The final configuration, the hexagonal array, was taken as a template for the
following sampling on silica polymerization using the REMC simulation.

Figure 5.2 shows the hexagonal structure obtained from the MD simulation. Wa-
ter molecules were removed for a clearer visualization. Front and side views show
that few micellar rods form and self-assemble in partially ordered arrangement. The
obtained hexagonal phase exhibited the micellar rods with radius ~ 37 A, which is
corresponding to the MCM-41 pore size reported by Beck and co-workers.[12, 78]

To perform REMC for sampling the silica polymerization using the flexible corner-
sharing tetrahedral model[3], we removed all water molecules from the initial config-
uration given that our REMC method uses an effective force-field to consider water
implicitly. In addition, in order to mimic the final stage of MCM-41 formation in
which most of the silica posses no charge within the MCM-41 material, each spher-
ical silicate dimer anion was replaced by two neutral silica monomers. Due to the
different CG levels in MD and MC simulations (e.g., explicit solvents vs. implicit sol-

vents), the force-field applied in MC simulations needs to be adjusted. Hard sphere
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Figure 5.2. Schematic visualizations of (a) front and (b) side views of a hexagonal
phase obtained for surfactant-silicate dimers-water system by the MD simulation.
Color code: green for surfactant tail groups; purple for surfactant head groups; red
for anionic silicate dimers (water molecules have been removed for clarity).

interaction between silicon and silicon was applied. The Lennard-Jones potential was
assigned between a silica tetrahedron and a surfactant head particle. Due to the
strong attraction between surfactant head groups and silicates (i.e., Coulombic po-
tential), relatively strong potential well (2 kJ/mol) for surfactant heads to silicates
was implemented. After carrying out 30,000 MC steps, few oligomers formed. Vi-
sualization is shown in Figure 5.3. Voids were found between the micellar rods. We
note that the number of silica is not enough to cover the surface of all micellar rods.

The Q,, distribution, which is defined as the fraction of silicon atoms connected
to n bridging oxygens, was calculated as well as the degree of condensation. The
evolution of the Q,, distribution and degree of condensation of MC steps is shown in

Figure 5.4. The degree of condensation reached a plateau to a value around 0.19. The

93



Jm{;'

Figure 5.3. Visualization of MCM-41 structure with (a) surfactants and silicates,
(b) silicates only. Color code: green for surfactant tail groups; purple for surfactant
head groups; yellow for silicons; white for hydroxyl groups; and red for oxygens.

low degree of condensation and the visualization clearly suggests that more silicates
are necessary to cover the micellar rods and polymerize to form a realistic structure
of MCM-41.

This initial study for the hybrid MD/MC approach reveals that the ratio of silica to
surfactant is not high enough to cover the surfactant of micellar rods in the hexagonal
arrays. As a result, another approach to study the feasibility of the simulation is
proposed: inserting more silica species to study the evolution of formation process of
MCM-41.

In order to mimic the final stage of MCM-41 formation to obtain connected silica
with porous structure, we removed the doubly charged dimers in the system and
inserted neutral silica monomers randomly until reaching a silica to surfactant ratio of

4. Therefore 4,000 neutral silica monomers were added into the surfactant-rich region.
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Figure 5.4. Evolution of the Q,, distribution during polymerization.

Figure 5.5 shows the visualizations of the final configuration of the simulation after
REMC simulation was performed. Silicate-encapsulated hexagonal array is found.
The Q,, distribution is shown in Figure 5.6. A MCM-41 structure was obtained
with a higher degree of condensation of silicates. However, we also found that the
degree of condensation reached a plateau. Therefore, two systems with larger silica to
surfactant ratios were further tested (silica to surfactant ratios of 5 and 6), and similar
results were obtained: the degree of condensation is around 0.31 after performing
3,000 MC steps, and it remains constant as the simulation proceeds. This low degree
of condensation suggests that collective fluctuations of both surfactant location and
silica polymerization are necessary to reach higher, experimentally relevant, degrees
of condensation. According to the findings from the simulations, the future work

of this hybrid MD/MC approach should involve a flexible template, in which the
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Figure 5.5. Visualizations of resulting MCM-41 structure obtained from a system
consists of 1,000 surfactants and 4,000 silicate monomers: figures show (a) surfactants
and (b) silicates only.

silicates-surfactant fluctuation can be well simulated, allowing more accurate results
to be obtained.

Wakihara and co-workers[147] performed the reverse Monte Carlo simulations to
calculate the ring-size distribution from the neutron and X-ray diffraction data, and
larger fractions of 3-membered rings and 4-membered rings and broader ring-size are
found in MCM-41 and SBA-15 than that in the bulk amorphous silica. We have
also computed the ring-size distribution of the MCM-41 structure obtained from our
simulations. Interestingly we found a prominent 3-membered ring in the obtained
MCM-41, which differs from the study on silica-OSDA core-shell nanoparticles that
have dominant 5-membered rings.[27] There are, however, only a total of approxi-

mately 20 rings formed in this simulated structure, and a larger number of rings is
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Figure 5.6. Evolution of the Q,, distribution during silica polymerization for MCM-
41 formation with 1,000 surfactants and 4,000 neutral silicate monomers.

necessary to carry out a detailed comparison between experiments and our simula-
tions.

Due to the different nature of the two models (MD uses spherical CG particles to
represent all molecules whereas the REMC simulation adapts the silica tetrahedral
model with implicit water), it is difficult to correctly simulate. Therefore future work
should address on how to accommodate the two models with a better consistency for

simulating the MCM-41 formation in the later stages.

5.4 Conclusions
In this chapter, we show the preliminary results of studying the formation mecha-

nism of MCM-41 using a hybrid MD/MC approach. We aim to unravel the formation
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mechanism of MCM-41 using the proposed approach in which the MD simulations
can capture the complex interplay of physical interactions between different species
whereas the MC simulations can sample the chemical reaction events of silica poly-
merization. A more realistic mesophase with detailed information of the atomic-level
structure can be obtained from this work. Our preliminary study has shown that
there are several elements that are essential for carrying out this study.

First of all, a compatible level of coarse-graining of the models is necessary. In
MD simulations, the MARTINI model is applied, in which on average a group of four
heavy atoms are represented as a spherical particle: a CTA™ is viewed as a linear
chain of five beads with a charge on the first one, four water molecules are represented
as one polar CG bead, and every silicate is represented as a CG bead. On the other
hand, in our MC model, the water molecule is implicitly considered using an effective
force-field, and a flexible, corner-sharing silica tetrahedron model is used to represent
the silicates. Because of the difference between the two models, while switching the
simulations between MD and MC simulations, the system fluctuates greatly. Due
to the solvent is the majority in our simulation system, a MD simulation with the
implicit water model is considered as a future research subject.

Our simulation results showed that the same amount of silicates as surfactants is
not enough to cover the micellar rods in the preformed hexagonal array. A higher
silicate to surfactant ratio of 4 was therefore performed, and higher degree of con-
densation of silica was obtained. Experiments also showed that silica to surfactant
ratio higher than 1 is essential for forming MCM-41.[25, 145] However, we also found
that the degree of condensation reaches a plateau of about 0.32. The value is nearly
constant while increasing the silica to surfactant ratio. Given that low value of the
degree of condensation, it suggests that the high connectivity of silica networks corre-
sponding to MCM-41 may not be reached. This may result from the frozen template

that the fluctuation between micelles and silica cannot be considered for generating
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reasonable space for silica to undergo the condensation reaction in MC simulations.
As a result, the fluctuation between silica and surfactants may need to be included
in MC simulations.

However, to consider the fluctuations involving silica and surfactant in MC sim-
ulations, the computations may not be feasible due to the system size. Therefore a
different computing methodology, such as parallel computing, may possibly be appli-
cable to save the computation time.

In this work we note that this study is indeed a challenging work due to the
complexity and its large scale, therefore, more effort is needed in the further study.
At this stage, we have not obtained conclusive results from this work yet. We expect
to, however, get more detailed information from this MD/MC work in the near future

to unravel the formation mechanism of these mesoporous materials.
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS FOR THE
FUTURE WORK

6.1 Conclusions

We have presented detailed studies on the formation of silica microporous and
mesoporous materials using different molecular modeling techniques. Having a better
understanding of the formation mechanism is crucial to the tailoring of materials,[110,
121] however, it is still incomplete. In this study, we have used reaction ensemble
Monte Carlo (REMC) based on a silica tetrahedron model to study the formation
of different silica nanoporous materials. We have investigated the self-assembly of
silica-template nanoparticles which were found prior to the formation of silicalite-1
crystals. In addition, a replica-exchange reaction ensemble Monte Carlo (RE-REMC)
simulation technique was developed to study crystallization of different silica poly-
morphs. In addition, the formation of mesoporous materials was also studied using
molecular dynamics (MD) simulation techniques. Different mesostructures were ob-
tained from this work. Moreover, to eliminate the limitation of pure MC and MD
simulations, we combined the off-lattice REMC and coarse-grained MD to push the
study of mesoporous material formation mechanism forward. Our study shows that
with this coarse-grained model (silica tetrahedron, and MARTINI force-filed) can
capture the interplay of physical interactions in the system during the formation of

silica mesoporous materials.
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6.1.1 Self-Assembly of OSDA-Silica Nanoparticles

We have applied a flexible, corner-sharing silica tetrahedron model to study the
self-assembly of silica-OSDA nanoparticles during the formation of silica microporous
materials. This silica tetrahedron model was proposed by Astala et al. for modeling
the mechanical properties of crystalline silica solids.[4] Malani et al. also applied this
model to study the formation of silica gels and the results are shown good agreement
with experimental observation.[91, 92] From our simulation, a two-step formation
mechanism, which comprises non-reactive preassociation, followed by silica polymer-
ization simulated by the REMC technique, was found to be crucial to the forma-
tion of core-shell nanoparticles which was observed experimentally.[48, 49] Excellent
agreement of the calculated nanoparticle density with the experimental observation
is obtained. A detailed investigation of the simulated nanoparticles shows a plural-
ity of five-membered rings, a key component of the silicalite-1 framework structure.
However, no evidence for the presence of pentasil units, higher-order building units
of the silicalite-1 structure involving chains of five-membered rings, was found. This
work represents the first atomic-level model of the self-assembly of precursor silica-
OSDA nanoparticles, providing opportunities to obtain unprecedented insights into

the formation of ordered microporous materials.

6.1.2 Searching for Ground State Structures of Silica Microporous Ma-
terials using RE-REMC Simulations

We have shown that, from the study of the off-lattice silica tetrahedron REMC,

the amorphous silica such as silica gels and silica nanoparticles can be obtained.

However, it remains a great challenge to simulate the formation of crystalline ze-

olites by building connections between amorphous silica nanoparticles and ordered

microporous materials. An advanced sampling technique, replica-exchange reaction

ensemble Monte Carlo (RE-REMC), was thus developed and applied to model the

101



ground state structures of crystalline silica polymorphs and silica microporous mate-
rials. The study makes use of a model of silica polymerization based on the reactive
assembly of semi-flexible tetrahedral units. This RE-REMC provides an effective and
efficient sampling on the crystallization of different silica polymorphs. Crystals of
dense silica polymorphs a-cristobalite, S-cristobalite, and keatite, as well as crystals
of open-framework materials including SOD, EDI, DFT, and ATT structures were
successfully produced by the model. Crystals that have not been observed experi-
mentally were also obtained from the technique. This work represents an important

precursor to a full study of zeolite formation by reactive assembly of silica in the

presence of OSDAs.

6.1.3 Study of Self-Assembly of Periodic Mesoporous Silicas

As in the case of the formation of microporous materials, various formation mecha-
nisms have been proposed to describe the surfactant-silica interaction in the synthesis
of mesoporous materials.[12, 78, 24] The complexity and large scale of the mesophase
make the study of formation mechanisms very challenging. The molecular dynamic
simulation technique with the MARTINI coarse-grained model was used in our re-
search to investigate the formation of silica mesoporous materials. We have found the
multiple charges on silicate oligomers intrigue the phase separation in the solutions,
promoting the formation of mesophases. Furthermore, we also observed a reversible
phase transition between hexagonal arrays and lamellar phase as we add/remove
benzene molecules into solutions.

The CG model used in MD simulations greatly reduces the complexity of the
studied system, however, the dominant reaction during the formation of mesoporous
materials, silica polymerization, is ignored. Therefore a hybrid MD/MC simulation

was proposed to further combine the MC simulation for sampling reaction events with

MD.
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This hybrid MD/MC simulation provides an opportunity to study the formation
MCM-41 materials in an accessible computational resource. We have explored the
feasibility of the model and found that the inconsistency between the nature of two
different methodologies makes the task extremely difficult. The obtained hexagonal
arrays of surfactants exhibit the similar dimensions of the MCM-41 structure. The
silica polymerization in a frozen surfactant with hexagonal arrays shows that the
fluctuation between the surfactant and silicates is a key for the formation of MCM-
41. A high silicate to surfactant ratio such as 4 is necessary to cover the surface of the
micellar rods in the hexagonal array in agreement with typical experimental synthesis

compositions.

6.2 Suggestions for Future Research
In addition to the completed work in this study, there are several topics may

contribute greatly to this research field.

6.2.1 Finer Representation of OSDAs

Our initial study on the formation of silica-OSDA nanoparticles leaves scope for
further refinements to the model, allows future investigation into the role of OSDA
molecular structure on nanoparticle formation. Several studies have shown that the
nature of OSDAs and pH value have great effects on the formation mechanism and
associated energy barrier while forming the microporous materials.[146, 154, 155, 156]
Therefore refinements on the currently oversimplified representations of OSDAs (i.e.,
viewed as a sphere) is necessary for getting a better and more accurate knowledge
of silica-OSDA interaction. Studies such as how more accurate molecular represen-
tations of OSDAs influence ring-size distributions in the formation of silica-OSDA

nanoparticles can be investigated.
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As an example, a coarse-graining model for OSDA using TPAOH is proposed: the
four propyl groups are represented by four beads, and the nitrogen is by a bead in
the center of the four beads (See Figure 6.1). With a more realistic representation
of OSDAs, their steric effects on the formation of nanoparticles can be studied. As
a future work, which a better representation of OSDA, it is of utmost importance to
first obtain the evolution of Q,, distribution over simulation steps and compare the
results with the experimental data. Next, a further analysis and characterizations

with this finer model can be carried out.
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Figure 6.1. A schematic representation of the coarse-graining procedure employed
on TPAOH for a finer molecular model.

6.2.2 Experimental Investigation of Silica Preassociation

From our study, we have suggested a two-step formation mechanism, in which
the first step: silica preassociation, and the second step: silica polymerization, is
important to generate core-shell silica nanoparticles. The first step, silica preassoci-
ation, is crucial for generating silica-OSDA nanoparticles. The rationale behind this
proposed mechanism is that Pereira et al. found that silica species tend to cluster
in aqueous solutions using molecular dynamics.[107] To test the predictions of this
model, we propose the following experiment to characterize the silica preassociation

phenomena.
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The silica polymerization at the isoelectric point is slow enough to be observed
and monitored by the various characterization techniques.[40, 62] Devreux et al. use
2951 NMR and small-angle X-ray scattering (SAXS) to analyze the kinetics of silica
polymerization at pH of around 2.5.[40] With these two approaches at our disposal,
there is a chance to monitor the preassociation process experimentally. Small-angle
scattering can be used to study the inhomogeneities in solutions to identify the oc-
currence of the aggregates of silica. Meanwhile the 2°Si NMR can be used to monitor
the emergence of the Q) silicon, indicating when silica starts to polymerize.

If these experiments show silica aggregates form before 2°Si NMR shows the emer-
gence of Qq silicon, this confirms the proposed two-step mechanism. In contrast, if no
silica aggregates are observed using small-angle scattering but NMR shows the exis-
tence of Q; silicon or even higher connectivity of silicon, this then suggests that silica
polymerization occurs first. We note that it may be that the time-scale difference in

the silica preassociation and polymerization is too small to be probed experimentally.

6.2.3 New Sampling Technique for Studying the Crystalline Zeolites

In our study on searching the ground state structure of silica polymorphs and
zeolite materials, we developed and applied a replica-exchange reaction ensemble
Monte Carlo technique to cross the energy barrier between amorphous silica and
ordered microporous silica lead to the crystalline silica. This method provides an
effective and efficient sampling compared to the normal REMC method, however, the
simulations are largely constrained by the system size. The largest system size of
zeolites our simulation has approached is a-cristobalite with four unit cells, in which
the simulation box contained 16 silica. As a result, a further development on the
sampling method is needed to push this study forward.

Furthermore, in the current study, the system dimension fixed which may also

impose a constraint on the simulation. The introduction of NpT ensemble may be
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helpful for generating different silica polymorphs, which can shed light on the transi-

tion of different structures.

6.2.4 Simulating Ground States of Zeolitic Materials with the Existence
of OSDAs

In our RE-REMC study, simulations start with random initial configurations with
silicic acids only. The density and system size are determined by the unit cell of the
zeolitic frameworks. Studies have shown the OSDAs lead to the formation of different
crystalline structures and morphologies. It is also well-known that OSDAs change the
energy barrier while condensation occurs between silica.[98, 144, 156] Therefore, it is
important to introduce OSDAs into the system to study the ground state structure
with the existence of OSDAs. We have built a RE-REMC model with the involvement
of OSDAs. In this model, the OSDA is represented as a sphere with only hard sphere
interaction between other particles.

Sodalite (SOD)[8], a porous zeolite with ultra-small cages (~ 6 A) and windows
accessible only to small molecules such as water, was also simulated by this RE-
REMC technique. Tetramethylammonium (TMA) is usually used as an OSDA for
SOD fabrication.[9, 33]

A fully condensed crystal with the SOD framework structure was obtained after
20 million RE-REMC steps. The simulation is about 7 times longer that simulating
SOD formation using RE-REMC without the involvement of an OSDA. The final
configuration of SOD is shown in Figure 6.2(a). The OSDA sphere was found to be
within a cage as shown in Figure 6.2(b). Small sodalite cages and windows can also
be seen in the 3x3x3 periodic extension of the final configuration in Figure 6.2(c).

A LTA zeolite framework — a zeolite that has a cubic unit cell with a dimension
of 11.9 A consisting of twenty-four TO, (T = Al or Si) units.[8, 28] LTA framework

is built by spherical 1.1 nm cages, and the structure shows three dimensional pores
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Figure 6.2. Final structure obtained from simulating the SOD zeolite framework
using RE-REMC with the existence of a spherical OSDA. The hard sphere radius
of OSDAs is 3.0 A. The figure shows (a) a final unit cell structure, (b) a SOD cage
obtained from this work, and (c) the obtained SOD structure with 3x3x3 extension.
Color code: Si (yellow), Bridging Oxygen (red), and OSDA (pink).

with a pore diameter of 0.4 nm. The high hydrophobicity of pure-silica LTA has been
fabricated.[30] We have applied the RE-REMC approach to study the LTA zeolites,
and crystalline LTA has not been found yet. As a result, we herein applied the
RE-REMC simulation with OSDAs to simulate the ground state structure of pure-
silica LTA and study whether the involvement of OSDA can lead the formation of
crystalline LTA zeolites. Simulations have been carried out by simulating the silica
polymerization with 24 silicic acids in a cubic system box with the same size of the
unit cell. Figure 6.3 shows the final structure obtained from the simulation of LTA
frameworks with existence of two different sizes of OSDAs. The hydroxyl groups can
be seen in the figures from both simulations. No crystalline LTA framework was found
in both simulations after 50 million MC steps. Although the visualization shows that

a cage forms at the occupation of the OSDA, 5-membered ring that is not found
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in crystalline LTA was observed. The results show that OSDAs serve not just the
space-fillings but also help the formation of porous structures. A finer representation
and an elaborate force-field are necessary for the model to further investigate the

crystallization process.

(@)
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Figure 6.3. Final structure obtained from simulating with LTA parameters using
RE-REMC with existence of a spherical OSDA. The hard sphere radii of OSDAs are
(a) 4.0 A and (b) 5.5 A. No crystalline LTA was found. Color code: Si (yellow),
Bridging Oxygen (red), Hydroxyl (green), and OSDA (pink).

6.2.5 Experimental Investigation of Multiple Charges on D4R Oligomers

Chemelka and co-workers showed that the hexagonal array forms with a phase
separation in a system of double-four-ring (D4R). The authors also suggested that
D4R possesses at most a maximum charge of 67.[50] They used the combination of
TMAOH and CH3OH to stabilize the anionic D4R. This was also observed from our
simulations described in Chapter 4: a system of D4R with charges of 6~ yields the

hexagonal array. Besides, simulations of D4R with charges of 7~ or 8 result in the
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formation of lamellar structure. The results support the experimental findings that
D4R possesses at most a maximum charge of 6~ for generating the hexagonal array.

To further test the predictions of our model on D4R, an experiment of D4R
with charges of 8= is proposed. The experiment can be carried out by following
the procedure described in the work by Chmelka and co-workers.[50] To maintain the
higher number of charges on the D4R, raising the pH value of TMAOH and CH30H
system may help stabilize the charges at 8. The final mesostructure can be identified
using the deuterium NMR spectra. However, we note that it remains uncertain to
know whether if the D4R can be stabilized at a higher pH system even in a system
with the combination of TMAOH and CH30OH.

6.2.6 Hybrid MD/MC Approach with Implicit Water in both MD and
MC Simulations

The model we have built to study the formation of MCM-41 was hampered by the
different assumption between MD and MC simulations. The developed MD model
has explicit water molecules whereas in our REMC simulation has implicit water.
Therefore, developing MD simulations on the interested system with implicit solvents
is essential to achieve a consistent model. Recently, Marrink and co-workers have
developed a ”dry MARTINI coarse-graining method” to study lipids in solutions.[2]
The authors developed a potential matrix of various level of interaction for different
molecules without explicit water molecules.

With this implicit water model, the MD simulation and MC simulation will be
more consistent. The force-field of the surfactant can be taken from the literature.[2]
An effective force-field is therefore obtained. As for the parameterization of the CG
model for silicate species, the similar procedure (i.e., comparing density profiles of

spherical micelles obtained from AA and CG simulations) will be carried out. This
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water-free model can decrease the complexity of building the interface between MD

and MC simulations. In addition, it will greatly reduce the simulation time.
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APPENDIX

DERIVATION OF PARALLEL-TEMPERING REACTION
ENSEMBLE MONTE CARLO METHOD

The reaction canonical ensemble Monte Carlo was developed in 1994 to study the
properties of chemical reactions.[65, 128, 137]

The partition function of grand canonical ensemble for a mixture of S species is

00 00 S
i=1

Ni=0  Ng=0
where = is the reaction-ensemble partition function, N; is the number of molecules

of type i, V is the volume of the system, f=1/kgT, T is the temperature, kp is
Boltzmann’s constant, () is canonical partition function for the mixture, p; is the
chemical potential for molecule ¢ in the mixture, and S is the number of species.[137]

Consider a reaction in a single phase with a fix temperature and volume with the
mass conservation and equilibrium criteria of the system, the probability of finding a

state k with the configurational energy Uy is shown as below[137]:

S S S
P, = éexp BZNiui—Zln (Nﬂ)%—ZNﬂn%—ﬁUk , (6.2)
i=1 i=1 i=1 !

where ¢;= gi» X Gi» X Gie X Gin is the internal contributions (rotational, vibrational,
electronic, nuclear, respectively) to the partition function for isolated molecule i, and

A; is the de Broglie thermal wavelength of molecule 7.[137]
By further introducing the ideal gas equilibrium constant, a more general form of
the transition probability from a state m to state [ with extent of reaction of £ can

be written as below:
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S 0
P,fl = min {1, (BP°V ) K¢ H {ng—\if——zil)g)'} exp(—ﬁUkl)} , (6.3)

where 7 = )7 | v; is the net change in the total number of molecules for the reac-
tion, v; is the stoichiometric number of species 7, and K is the ideal gas equilibrium
constant.

To develop a exchange probability of replicas in reaction ensemble using K as an

alternative parameter, a general detailed balance condition is considered:

N(o) x m(o = n) = N(n) x m(n — o) (6.4)

where 7 is the transition matrix.

The transition probability can be further written as:
(o = n) =a(n — o) x acc(n — o) (6.5)

where a(n — o) is the probability of trial moves performed, and acc(n — o) is the
probability of accepting or rejecting a trial move.

If a(n — o) is chosen as a symmetric matrix, then a(n — o) = alo — n).
Therefore,

N(o) x acc(o — n) = N(n) x acc(n — o) (6.6)

The Metropolis acceptance probability can be therefore chosen as follow

if N(n)<= N(o)

acc(o — n) =

—1 if N(n)> N(o) (6.7)

Therefore, the acceptance probability of the exchange of configuration & in replica

m and configuration [ in replica n, P,,,, becomes:
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ace[(m, k), (n,1) — (m,1), (1, k)] = Pyn = min {1, N<Z’ Z)N(T;’ k) } . (6.8)

To determine the acceptance probability of replica exchange, we start from the
configurational probability in the reaction ensemble.[65, 128, 137] The probability,

Py, of finding a configuration k in replica m is given by:

Pkm = %ewp |:6 Zf:l(N’b + Vi)km,ufi - Zf:l In [(Nt + V’i)!]km + Zf:l (NZ + Vi)lcm In % - ﬂUkm:| (69>

The probabilities of finding a configuration £ in replica n, a configuration [ in

replica m, and a configuration [ in replica n may similarly be obtained:

P = exp [5 S (Vi it — S (NG + )]y, + 307 (N; + v3),, In ‘% - BUM} (6.10)

P = Lewp |8 X5 (N it = L5y 10 [(N: + 1) ] + 50 (N: o+ 14),,, In 5 = B (6.11)

P = Lexp |BY0 (N + vi)gapti — ooy I [(N; + )], + 000 (Vi + 1), In ‘//T% - 5Ulm] (6.12)

Based on the detailed balance condition, the probability of swapping adjacent

replicas, m and n, with the corresponding configurations k& and [, is given by:
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= exp {/3 (N + Vi) gy i + (Ni A Vi) s — (N + V) g i — (Ni 4 13) M]}
S
Vv 1 V 7 Vv A
Xexp{z N + U knl Ad (N +VZ) In Ag, _(Ni+yi)knzl A(‘]j (N +Vl) A(']L’;:|}
=1 A
S
_exp{z (Vi + vy, + In[(Ns + )], ln[(Ni—l—yi)!]km—ln[(Ni—&—Vi)!]ln)}.
=1
(6.13)

At chemical equilibrium the chemical potentials satisfy >, v;p; = 0; four such
sums vanish in Eq. (6.13) In addition, conservation of mass provides that (IV;)g,
= (Ny)gm and (N;)im = (N;),. Taking chemical equilibrium and mass conservation
together causes the second and fourth lines in Eq. (6.13) to vanish, yielding the

following replica exchange probability:

S
Vg Vg
P, = min {1, exp [Z (A (Ni+v), In A_z +A(N;+v),, In A—qg)

i=1 g g

By introducing the following ideal gas equilibrium constant relationships:

S ,,0
K = exp (—%) , (6.15)

where 10 is the ideal gas chemical potential for component 7, given by:

0
Hi qi

in addition, inverse equilibrium constant, K, (K;,,=1/K), is used, the probability

thus becomes:

Py = min {1, (BPOV)IE 5 i (gP0V) 1) ek (6.17)

mv,m muvu,n
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In Eq. (6.17), 7 = ), v; is the net change in the total number of molecules; &, and
&, are extents of reaction before performing a swapping move in replica m and n,
respectively.

In the reaction system studied herein, A + B — C + D, the value of the net
stoichiometry v equals zero. Accordingly, the acceptance probability provided in Eq.
(6.17) becomes

Py = min {1, K&t ngngm} . (6.18)
Furthermore, the quantities, &,-&,, = Npon — NBom, in which Ngo,, and Ngo, are

the numbers of bridging oxygens in replica m and n, respectively. Accordingly, the

final form of the RE-REMC probability with K;,, (Kinw=1/K,,) can be used herein:

Kinq_) n En_fm Kinv n NBOn_NBOm
Pmn:min{l, (K- ’ ) }:min{l, <K~ . ) ) (6.19)

In Eq. (6.19), Kjnym is the inverse reaction equilibrium constant (K, = 1/K,)

in replica m; Ky, is the inverse reaction equilibrium constants in replica n; v =
>, Vi is the net change in the total number of molecules; V' is volume and PY is the
reference pressure that connects an equilibrium constant to a reference free energy;
&m and &, are the extent of reaction in the current configuration (before performing

a swapping move) in replica m and n, respectively.
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