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Abstract

Silica is one of the most important materials in the present electronics,
optoelectronics, and chemical industries. It is a unique compound that has a variety of
framework topologies, and shows complicated thermal behaviour such as displacive
phase transitions and negative thermal expansion. In this study, the thermal behaviour
of silica glass/melt, cristobalite, and an MFI-type zeolite was investigated from an
atomistic viewpoint using MD simulations. The MD simulations qualitatively
reproduce the displacive transitions of cristobalite and the MFI-type zeolite, and the
negative thermal expansion of cristobalite and silica melt. Thus the MD simulations
are widely effective not only for amorphous silica and known silica polymorphs but also
for microporous crystals of zeolites. It is clarified that the thermal expansion of the
crystalline silica is closely related to the distances between the nearest neighbor silicon
atoms originating from the Si-O-Si bond angle. On the other hand, the thermal
expansion of amorphous silica is dominated by longer-range structure such as network-
forming rings. The MFI-type zeolite is predicted to exhibit a negative thermal
expansion for the orthorhombic phase at higher temperatures, and to have a monoclinic
Pn phase as well as the experimentally reported monoclinic P2,/n phase.
Polymerization process yielding gels was also studied using MD simulations for silicic
acid and monomethoxy silicic acid. The calculated Qn species distribution as a
function of SiOSi/Si ratio is in good agreement with that observed by 'H-NMR,
suggesting the applicability of the MD simulations. A slow cluster growth during the
early stage is followed by a rapid cluster growth due to cluster-cluster aggregation, and
then the network structure become denser through the repeated bond-formation and
bond-breaking resulting in phase separation. In addition, the remaining methoxy

group interferes with the aggregation and the formation of the dense network structure.



Chapter 1

General Introduction



Silica and silicate minerals comprise 18 % and 96 % of the earth’s crust,
respectively [1]. Silica is thus the most abundant oxide on the earth’s surface and then
the familiar materials from ancient times. Table 1.1 lists the staple uses of silica today.
Silica glass crucibles and tubes are used as containers for silicon crystal growth,
diffusion doping and epitaxial growth processes on integrated circuit chips due to high-
temperature  stability. Optical glass fiber is used for the long-distance
telecommunication because of excellent optical transmission. The high purity silica
glass, thus, plays an important role in the present electronics and optoelectronics
industries. On the other hand, zeolites, molecular level porous materials, are used as
catalysts having high shape-selectivity for several types of chemical reaction i.e.
cracking, isomerization and hydrocarbon synthesis. Those are also used as molecular
sieves for gas separation. The advantage of zeolite catalysts and adsorbents would be
controllability of their performance by choosing the type of zeolites or modifying the

microporous structure by ion exchange, dealuminization etc.

Table 1.1 Industrial uses of silica.

Forms Uses

Quartz Quartz oscillator

Zeolite Catalyst, molecular sieve, adsorbent

Glass Otical fiber, IC photomask, semiconductor process ware

(crucble, boat, tube), IC encapsulation material

Gel Catalyst support, drying agent, chromato graph column

Silica has several known polymorphs (cristobalite, tridymite, quartz, coesite and
stishovite), in addition to two classes of porous framework structures (zeolites and
clathrates). It is easy to make amorphous silica (glass and gel). The phase diagram
for the silica system is drawn in Fig. 1.1 [2]. The international zeolite association

(IZA) has approved 98 framework topologies as unique zeolite structure comprising
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silicates [3]. The extensive polymorphism of silica is closely related to the
characteristics of Si-O bonding. Fig. 1.2 (upper) illustrates an SiO, tetrahedron that is
a fundamental unit of the silica and silicate structures. In the silica structure, oxygen
atoms at the corners are shared between two SiO, tetrahedra generating a three-
dimensional network as shown in Fig. 1.2 (lower), with the exception of the high-
pressure stishovite polymorph. Framework topology can be described by the size of
rings comprising the tetrahedra, the composition of ring sizes, and the linkage pattern of
the rings. The potential energy curve for Si-O-Si bond angle in bitetrahedron is
obtained by ab initio calculation, as shown in Fig. 1.3 [4]. The energy curve is
relatively flat at angles wider than the minimum energy angle, suggesting a variety of
Si-O-Si angle, while it is steep at angles narrower than that. Consequently, the
topological diversity of silica is closely related to the flexibility of the inter-tetraheral
angle (Si-O-Si angle) as well as the corner-sharing tetrahedral network. The diverse
framework topology and the flexibility of Si-O-Si angle may influence the thermal
behaviour of silica.

Low-pressure crystalline phases, quartz, tridymite, and cristobalite, present
displacive transitions, produced by small displacements of the silicon and oxygen a\’toms,
conserving the tetrahedra connections but increasing the crystal symmetry upon heating
above room temperature [5]. Furthermore, the high temperature phases of these three
polymorphs also present nearly zero or slight negative thermal expansion. The thermal
behaviour would be related to their open frameworks, which may provides space for
displacements of framework atoms and enlargement in the motions of the atoms. In
the application of silica materials, the effect of the thermal behaviour is of interest and
practically important. Actually, the lattice dynamics of zeolite frameworks are
suggested to iinﬂuence the performance of zeolite materials in catalytic and sorptive
applications. The pore window motion of zeolite frameworks has been studied using
constant volume molecular dynamics (MD) simulation [6]. This simulation indicates

that the definition, extent, and period of the motion depend on the framework topology.
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Although an MFI-type zeolite, which is known to present displacive transition, is
studied, the influence of the transition on the pore window motion could not be
investigated. There are some static studies of the phase transition for the MFI-type
zeolite using lattice energy minimization without the notice of the dynamics of the
framework atoms [7,8]. Unfortunately, no MD study successfully followed the
displacive transition of the MFI-type zeolite.

The physical and chemical properties of glass such as optical transmittance,
chemical durability, viscosity, mechanical strength depend on the fictive temperature of
glass. The fictive temperature (T, is defined as “the temperature at which the glass
would find itself in equilibrium if suddenly brought to that temperature from its given
state” [9]. The silica glass structure is expected to vary with T, In fact, the change in
average Si-O-Si bond angle with T; is demonstrated from X-ray analysis [10], and shifts
in the bands of Raman [11] and infrared absorption spectra [12]. However, it has not
been clarified how the local structural change affects long range structure and density.
The density anomaly for silica melt is experimentally observed that the thermal
expansion coefficient is negative in the temperature range from 1000 to 1550°C, and
positive at higher temperatures [13]. Although the negative thermal expansion was
connected to the negative thermal expansion of B-cristobalite, this has not been
confirmed.

It is desirable that the mechanism of the complicated thermal behaviour for
crystalline and amorphous silica is examined considering the influence of the framework
topology. The knowledge obtained like that is generalized in the silica polymorphism,
which is significant in the application of silica materials. MD simulation is very useful
for that study, because the effect of network topology can be extracted ideally, as well as
macroscopic quantities such as enthalpies and lattice constants are obtained with the
motion of atoms as a function of time.

Another interest is in the structural formation process of silica, which takes various

framework topologies. The deepening of the science of the formation process should
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promote the development of new silica material. There are actually plenty of
experimental reports in this field. Brinker and Scherer [14] present the physical and
chemical principles of the sol-gel process under a coherent account by exploring the
numerous data. The kinetics of hydrolysis and condensation reactions are analyzed
using 'H and *Si nuclear magnetic resonance spectoscopy (NMR), which can determine
the nearest neighbor of Si i.e. an alkoxide group (OR), a hydroxyl group (OH), or a
bridging oxygen (OSi). Infrared and Raman spectroscopy are used to identify specific
oligomeric species in solution and to follow the polymerization of silicate frameworks
in combination with NMR. Small-angle-scattering investigations elucidate the growth
and topology of macromolecular networks that precede gelation, the aggregation of
colloids, and the structure of gels. There is also enormous amount of work done to
model aggregation processes, which leads to the kinetics of growth and the fractal
structure of the resulting clusters. However, there is not sufficient work to simulate the
growth of silicate frameworks on an atomic level, which incorporates the character of
Si-O bonding. Garofalini and Martin [15] first applied MD simulations for the
structural development of silica gel. Their results for silicic acid were consistent in the
feature of growth process with experimental NMR data. For the real system, the
influence of alcoxide group on structural development is considerable because
hydrolysis and condensation reactions proceed concurrently. Further MD study is
necessary on the growth process considering the effect of the alcoxide group.

In this study, the thermal behaviour of amorphous silica and silica polymorphs
including the displacive phase transition and the negative thermal expansion is discussed
from an atomistic viewpoint using MD simulations. The interatomic potential models
employed are based on an empirical model developed by Kawamura to reproduce the
structure and its pressure and temperature dependence for various silica crystals such as
quartz, cristobalite, and stishovite [16].  The polymerization process yielding gel is also
examined using MD simulation to extract the detailed picture of structural development

considering the effect of methoxy group. For this simulation, the interatomic potential
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model used is the same as that developed by Feuston and Garofalini [15] except an
additional term for methoxy groups. The present study described in this thesis is
divided into three parts as follows: (1) Thermal behaviour of silica glass/melt and
cristobalite in Chapter 2, (2) thermal behaviour of an MFI-type of zeolite in Chapter 3,
and (3) structural development in sol-gel process for silica in Chapter 4. MD simulation

cells related to the study appear in Figs 1.4 —1.7.
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Fig. 1.1 Phase diagram for the silica system [2].

12



Fig. 1.2 SiO, unit (upper) and SiO, network (lower).
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Fig. 1.3 Potential energy curve obtained by ab initio calculation as a function
of the Si-O-Si angle in pyrosilicic acid molecule, H,Si,0, [4]. Si-O bond
lengths are 1.62 A. The minimum energy Si-O-Si angle is 137° .
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Fig. 1.4 An MD simulation cell for amorphous silica. The
simulated system is composed of 3000 atoms (1000 Si and 2000
O). The cell shown is shortened to a quarter in depth. Yellow and
red spheres represent silicon and oxygen atoms, respectively.
White lines indicate a crystal unit cell.
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Fig. 1.5 An MD simulation system for o-cristobalite. The system is
composed of 576 atoms (192 Si and 384 0), corresponding to an array of
4 X 4 X 3 crystal unit cells. Yellow and red spheres represent silicon
and oxygen atoms, respectively. White lines indicate a crystal unit cell.
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Fig. 1.6 A large MD simulation system for an MFI type zeolite. The
system is composed of 2304 atoms (768 Si and 1536 O), corresponding to
an array of 2 X2X3 crystal unit cells. Yellow and red spheres represent

silicon and oxygen atoms, respectively. White lines indicate a crystal unit
cell.
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Fig. 1.7 An MD simulation cell of the initial structure for
polymerization yielding gel. The system is composed of 1944 atoms
(216 Si(OH),). Colored lines indicate bonds, where yellow and red
represent silicon and oxygen atoms, respectively. Hydrogen atoms are
omitted
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Chapter 2

Thermal Behaviour of Silica Glass/Melt

and Cristobalite
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1. Introduction

Highly pure silica glass is used as crucibles and boats in the fabrication of
semiconductor wafers. Its high viscosity prevents the distortion of such silicaware in
high temperature use and its high purity avoids contamination to semiconductor wafers.
Furthermore, it is used in industrial materials for optical fiber in long-distance
telecommunication, because of its high transparency. The highly pure silica glass, thus,
plays an important role in the present electronics and optoelectronics industries. The
high temperature behaviour of thermal expansion, viscosity, and structural relaxation is
important for the high temperature use and manufacture of various silica glass products.
Their thermal history influences the ultimate properties such as mechanical strength and
optical properties. Especially, the thermal behaviour around the glass transition
temperature (T,) and at higher temperatures is of practical importance.

It has been experimentally reported that the thermal expansion coefficient of the
silica melt is negative in the temperature range from 1000 to 1550°C, and positive at
higher temperatures [1]. The negative thermal expansion was connected to the
negative thermal expansion of B-cristobalite, assuming the existence of the preordered
regions that have properties very similar to cristobalite. Above 1550°C, “thermal
decomposition” or “premelting” of the preordered regions takes place and the density-
temperature curve behaves normally [1]. Recently, the existence of microcrystalline
regions in the supercooled silica melt and glass has been suggested by the results of
Rayleigh scattering [2]. The polarized scattering intensity drastically changes at the
melting temperature of B-cristobalite, and the isothermal compressibility and the
depolarization ratio are almost constant for the supercooled silica melt and glass. The
relation between the assumed preordered regions and the microcrystalline regions has
not been discussed yet.

Another possible explanation on the anomaly has been suggested by a molecular
dynamics (MD) study about cooling-rate effects on the structure of amorphous silica [3].

It is based on the simulated results that densification and subsequent opening of the
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tetrahedral network occurred with decreasing temperature. However, the relation
between the anomaly and the negative thermal expansion of cristobalite has not been
directly determined.

At temperatures below —80°C, silica glass also has a negative thermal expansion
region. As with B-cristobalite, this anomaly has been attributed to the great freedom of
transverse oxygen vibrations because of the openness of the structure [4]. In other
words, if the structure has a vibrational mode whose frequency decreases as the
structure shrinks, there will be a possibility of negative expansion. However, the
negative thermal expansion of silica melt at higher temperatures has not been discussed.
It should be considered that the transverse oxygen vibrations contribute to the thermal
behaviour. In fact, the Si-O-Si bond angle was found to decrease by 1.3° when the
fictive temperature increased from 950 to 1400°C, by examination of the shifts in bond
stretching band [S]. X-ray diffraction has also demonstrated the decrease in the angle
with increasing the fictive temperature from 1000 to 1500°C [6]. The variation in Si-
O-Si angle is, thus, apparently consistent with the existence of the negative thermal
expansion.

As described above, there are three structural problems to be considered for silica
glass and melt, which are called amorphous silica hereafter: (1) Existence of the
preordered regions having properties very similar to the corresponding crystal. 2)
Changes in the tetrahedral network such as the ring size. (3) Effect of transverse
oxygen vibrations as well as the variation in Si-O-Si angle. MD simulation is one of
the most useful methods to understand the complicated thermal behaviour for
amorphous and crystalline silica. Actually, MD simulations have been widely used in
studies on the structures and dynamics of amorphous silica [7-9], cristobalite [10,11],
and other forms of silica [12,13].

In the present study, we investigate some similarities of the thermal behaviour
between amorphous silica and cristobalite using MD simulations, in order to understand

the mechanism consistently from an atomistic point of view. The simulated thermal
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behaviour of amorphous silica and cristobalite is also compared with experimental one

to check the validity of the MD simulations.
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2. Interatomic Potential Model

Interatomic potential functions used consist of Coulombic, short range repulsion,
van der Waals attraction, and Morse potential terms. The Morse potential terms are

applied only to the interactions between silicon and oxygen atoms,

Uyry) = Zizjez/ (4meyr ij)+ﬁ)(bi+bj)eXp[(ai+aj'r i)/ (bi"'bj)]'cicj/ s ij6
+Dy; {CXP['zﬁij(" i *ij)]'zexp['ﬁij(r el 2,10

where e is the elementary electric charge, &, a dielectric constant of vacuum, r; an
interatomic distance, and £, (=6.9511 X 10" N) a constant. Parameters, z, a, b, and c,
are for atomic species, and Dy, B, r*; are for Si-O pairs. These parameters were
originally determined using MD simulations to reproduce the structures of various silica
crystals such as quartz, cristobalite, and stishovite [11]. Furthermore, they have been
adjusted to be consistently applicable to crystalline and amorphous silica, and mixtures
of silica and water. The MD simulation of an MFI type zeolite gave a new insight into
the structure and dynamics including the temperature-induced phase transition [12].

The parameters used in this study are listed in Table 2.1.
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3. Molecular Dynamics Simulations
MD simulations were carried out using the MD program MXDORTO, developed

by Kawamura [14]. The Ewald method was applied to the summation of Coulombic
interactions. Newton’s equations of motion were integrated with the velocity Verlet’s
algorithm using a time step of 2 fs. Temperature and pressure were controlled by
scaling particle velocities and simulation cell constants, respectively. Temperature was
varied over a range of 300-7000 K, and pressure was controlled at 1 atm. The system
of 576 atoms (192 Si and 384 0), corresponding to an array of 4 x 4 x 3 unit cells of o~
cristobalite, was considered for cristobalite. Another system of 3000 atoms (1000 Si
and 2000 O), corresponding to an array of 5 x 5 x 5 unit cells of B-cristobalite, was used
for amorphous silica. Periodic boundary conditions were adopted for both systems.
The larger system was intended to reduce a finite size effect on structure and dynamics
of amorphous silica. It has been reported that a simulation cell containing 3000 atoms
are required to reproduce silica glass structures within 1% for different cooling cycles
[15]. The simulation of cristobalite was started from an experimental structure of o-
cristobalite [16], and then the system was heated up stepwise from 300 to 7000 K. At
each temperature, time-averaged properties were evaluated for a run of 100 ps,
following an equilibration run of 100 ps. The system for amorphous silica was
equilibrated at 7000 K for 200 ps from the experimental structure of B-cristobalite [16],
and then cooled to 300 K at a rate of 25 K/ps. At several temperatures on the cooling,
the time-averaged properties were evaluated for a run of 100 ps, following an

equilibration run of 100 ps.
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4. Results
4.1.  Thermal Behaviour of Cristobalite

The simulation system from the experimental structure of o-cristobalite shows a
tetragonal lattice below 450 K, and the lattice changes into a cubic one at 500 K as
shown in Fig. 2.1. This change in lattice shape is corresponding to the experimental o
B phase transition [16, 17]. The phase transition has been experimentally observed
with different specimens in the temperature range from 393 to 545 K [18]. The other
characteristics of thermal behaviour are also reproduced; o-cristobalite has positive
thermal expansion with the largest elongation along c axis, whereas B-cristobalite has
negative thermal expansion. The quantitative difference in lattice constants and
thermal expansion coefficients will be discussed in Section 5.3.

As shown in Fig. 2.2, the average Si-O-Si angle drastically increases during the
o-P transition. The angle increases with temperature for o-cristobalite, but decreases
for B-cristobalite before melting at 5000 K. The average O-Si-O angle changes only a
little. Fig. 2.3 shows temperature dependence of the average distances between the
nearest neighbor atoms, defined by the first peak positions of pair correlation functions
&i(r). The distances for Si-O and O-O increase with temperature and the variations are
smaller than that for Si-Si. Therefore, the lattice constants for cristobalite shows the
same temperature dependence as the nearest Si-Si distances and the Si-O-Si angle; the
former is governed by the latter because the variation in the Si-O distance is very small.

Fig. 2.4 shows temperature dependence of the components of potential energy.
The total potential energy (U,,,) is divided into the Coulombic energy (Ucoyoms) and

short range energy (U,

Utotal = UCoulomb + L]short = UCoulomb + [UvdW + Usrt + UMorse] (22)

where U4y, U, and U, indicate van der Waals attraction, short range repulsion, and

Morse potential energies, respectively. The Coulombic energy decreases by 9.9 kJ/mol
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during the o-p transition. Considering the variations in the distances for the nearest
atom pairs in Fig. 2.3, the decrease in the Coulombic energy is due to the expansion of
the Si-Si distance. The energy increases monotonically with temperature below and
above the transition temperature, owing to the expansion of Si-O and the contraction of
Si-Si, respectively. The short range energy increases by 10.9 kJ/mol during the o-f
transition because of the reduction in the van der Waals attraction energy between
oxygen atoms. The second peak of goo(r) shifts from 3.83 to 4.55 A as shown in Fig.
2.5. The energy slightly increases with temperature before and after the o~} transition
owing to the expansion of the O-O distance. The enthalpy of the o-p transition is
estimated to be 0.9 kJ/mol at 450 K, which is in reasonable agreement with the
experimental value of 1.3 kJ/mol at 523 K [19].

The mean square displacements (MSDs) of atoms are shown in Fig. 2.6. The
MSDs sharply increase during the o-f transition and after that the slopes become

steeper, especially for oxygen atoms.

4.2. Thermal Behaviour of Amorphous Silica

Fig. 2.7 shows variation in density for cristobalite on heating and for amorphous
silica on cooling. Variation in enthalpy is also shown in Fig. 2.8 for both forms of
silica. B-cristobalite melts at 5000 K with a drastic increase in density and enthalpy.
The density curve of silica melt exhibits a maximum at 5200 K and a minimum at 3800
K. The enthalpy curve is almost linear in the high temperature range including the
temperature of the density maximum, and shows an inflection at 3800 K indicating the
glass transition. The density maximum of silica melt has been experimentally
observed at 1550°C, which is higher than the glass transition temperature of about 1200
K and lower than the melting point of cristobalite [1]. The present simulation
overestimates both the melting point and the glass transition temperature, unlike the o-f
transition of cristobalite. The overestimation will be discussed in Section 5.3.

The temperature dependence of bond angles for amorphous silica is shown in Fig.
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2.2 with that for cristobalite. The drastic decrease in the average Si-O-Si angle is
found at the temperature corresponding to the melting of cristobalite, which is
correlated with the drastic increase in density as shown in Fig. 2.7. Too large variation
in the average Si-O-Si angle will be discussed in Section 5.3. The average O-Si-O
angle for amorphous silica varies a little and shows a minimum around the temperature
of the density maximum, while the average Si-O-Si angle increases monotonously with
decreasing temperature. The temperature dependence of the average Si-O-Si angle is
consistent with the experimental result [S]. In the temperature range from 500 to 4800
K, both the curves of bond angles have negative slopes like those of B-cristobalite.
The variation in the average Si-O-Si angle does not correspond to the variation in
density, in contrast to that found for cristobalite. Fig. 2.9 shows g (r) and the
integrated coordination numbers ng(r) for amorphous silica at several temperatures.
Fig. 2.10 shows the temperature dependence of n;(r) at the following characteristic
distances r: 2.14 A for Si-O, 2.96 A for 0-0, and 3.39, 6.09 and 8.49 A for Si-Si. The
distances for Si-O and O-O are the positions of the first minimum in gy() at 300 K.
The distances for Si-Si are indicated in Fig. 2.9, which are the first, second, and third
minima in the gqq(r) at 300 K, excluding the minimum at 4.8 A that disappears at
higher temperatures. The average number of oxygen atoms around a silicon atom,
ngo(2.14), increases up to 4.0 when silica melt is cooled to 4000 K, followed by leveling
off. The quantities 7,5(2.96) and ng(3.39) increase monotonically with decreasing
temperature. The value of #,,(2.96) above 6.0 suggests the contribution of the second
or third nearest neighbor oxygen atoms by deformation of ring structure. The
quantities ng(6.09) and ng;(8.49) exhibit a maximum at 5000 K and a positive slope in
the temperature range from 3000 to 5000 K like the density curve for amorphous silica
shown in Fig. 2.7.

In order to clarify the temperature dependence of the intermediate range structure
in the scale larger than 3.39 A, the size distribution curves of network-forming rings at

several temperatures are shown in Fig. 2.11. The ring size stands for the number of
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silicon atoms constituting a ring. At 7000 K, the total number of rings is the smallest
and 3- to S5-membered rings are predominant. With decreasing temperature, the total
number of rings increases and 5- to 7-membered rings become dominant.

Finally, the mole fractions of three major species in different coordination states
are shown in Fig. 2.12 as a function of temperature. The other species are omitted
because of the mole fractions less than 0.02. The threshold distance of 2.2 A, where
the integrated coordination number ng(r) is four below the glass transition temperature,
is used to determine a coordination number for each atom. The fixed threshold
distance is adopted to relate the coordination number to density. The silicon atoms
coordinated with five oxygen atoms and the oxygen atoms coordinated with three
silicon atoms are called overcoordinated species. The silicon atoms coordinated with
three oxygen atoms and the oxygen atoms coordinated with a silicon atom are called
undercoordinated species. Each defect decreases with decreasing temperature and

disappears around 3000 K.
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3. Discussion
5.1. Thermal Behaviour and Atomistic Structure for Cristobalite

and Glass

The thermal expansion coefficient of o-cristobalite, a high density phase, is
positive, while that of B-cristobalite, a low density phase, is negative in Fig. 2.7. The
thermal expansion coefficient of silica glass having density close to o-cristobalite is
positive. The difference in density expresses the extent of openness or compactness,
which affects the mobility of atoms, as shown in Fig. 2.6. Two kinds of atoms in o-
cristobalite and silica glass are prevented from moving about by the surrounding atoms,
as compared with those in B-cristobalite. In this section, the relation between thermal
expansion and atomistic structure is first discussed for cristobalite, and then for silica
glass.

For cristobalite, the thermal expansion is correlated to both the average Si-O-Si
angle and the related first peak position of ggg(#), as shown in Figs. 2.2 and 2.3. These
variations with increasing temperature are positive for a-cristobalite and negative for -
cristobalite. For o.-cristobalite having the compact structure, increasing the repulsion
between atoms with thermal motion brings about the normal thermal expansion. For
B-cristobalite having the bulky structure, the MSD for oxygen atoms is much larger than
that for a-cristobalite. Therefore, the anomaly, negative thermal expansion, would be
attributed to the great freedom of transverse oxygen vibrations. This is consistent with
the previous conclusion from the calculation using a simple model [4].

For silica glass, the density increases with temperature in despite of decreasing
the average Si-O-Si angle in Fig. 2.7. This situation is different from that of
cristobalite. The broad distribution of the ring size leads silica glass to less compact
structure than o-cristobalite. The integrated coordination numbers except ngo(r) for
silica glass decrease with temperature in Fig. 2.10. It should be noted that the value of
noo(2.96) more than 6.0 in the low temperature range arises from the deformation of the

rings followed by the approach of the second or third nearest oxygen atoms. Silica
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glass eventually has positive thermal expansion, because the effect of ring deformation

surpasses that of the Si-O-Si angle contributing to negative thermal expansion.

5.2. Thermal Behaviour and Atomistic Structure for Silica Melt

The temperature dependence of density for silica melt exhibits a maximum at
5000 K and a positive slope, i.e. negative thermal expansion, in the temperature range
from 3800 (7, to 5000 K, as shown in Fig. 2.7. The characteristic behaviour is
explained by the change in the network structure (densification and opening).

In Fig. 2.12, there are a large number of the undercoordinated species. These
species are consumed to form the regular ones with decreasing temperature. The
increase in the average coordination number, namely, the progress in the bond formation
contributes to the densification (normal thermal expansion).

In Fig. 2.10, only the integrated coordination numbers, ngg(6.09) and ng;(8.49),
have the same temperature dependence as density. Furthermore, the number of 5- to 7-
membered rings increases, whereas the number of the smaller 2- and 3-membered rings
decreases with decreasing temperature, as shown in Fig. 2.11. T herefore, the negative
thermal expansion is related to the intermediate range structure in the scale larger than
3.39 A, indicating network opening. The structural rearrangement suggests that the
network structure of silica melt approaches that of cristobalite built by only 6-
membered rings.

These results lead to the conclusion that two opposite factors cause the maximum
in the temperature dependence of density for silica melt: with decreasing temperature,
densification due to the increase in the number of bridging bonds, and opening of the

tetrahedral network due to the rearrangement of network-forming rings.
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5.3. Quantitative Differences in Results between Simulations
and Experiments

Some quantitative deviations from the experimental results were found in the
lattice constants, the density, and the temperatures of the thermal events (melting, glass
transition, and the density maximum) for cristobalite and amorphous silica, as described
in Section4.  In this section, the causes of the differences are discussed.

Table 2.2 shows the simulated and experimental results of the local structures and
the density. These values for a-cristobalite fairly agree with each other. On the other
hand, the density is lower for B-cristobalite and higher for silica glass than the
experimental one. In addition, the larger temperature dependence of lattice constants
is simulated for cristobalite in Fig. 2.1.

For B-cristobalite, the bond distance of Si-O, the interatomic distance of O-O, and
hence the average O-Si-O angle are consistent with observations, whereas the average
Si-O-Si angle and hence the interatomic distance of Si-Si are larger than the
experimental ones. This is attributed to the problem in the interatomic potential model
concerning the Si-O-Si angle, which is too much flexible. Similar situation, however,
is not seen for a-cristobalite. =~ For a bulky phase, B-cristobalite, the density is
underestimated by the overflexibility of the Si-O-Si angle. The temperature
dependence of density is also correlated with that of the average Si-O-Si angle in Figs.
22and 2.7. Asaresult of this, the thermal expansion is overestimated.

For silica glass, the average Si-O-Si angle deviates from the experimental one,
whereas the bond distance of Si-O and the average O-Si-O angle are reproduced well.
These results are apparently contradictory to those of the interatomic distances of O-O
and Si-Si. This can be understood from the ring structure as follows. For the melt,
the number of small rings increases with temperature in Fig. 2.11. The change is
consistent with the decrease in the Si-O-Si angle. Because of the overflexibility of the
Si-O-Si angle, the number of small rings would be overestimated than that of a real

system. From such melt, the simulated glass was made by extremely rapid cooling
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process. The structure seen in the melt would be frozen without enough restructuring
the rings to 6-membered rings [3]. This is the reason why the deviations from
observations occur in local structure. Furthermore, the different situation between the
0-0 distance and the Si-Si distance is due to the following; oxygen atoms can approach
with each other closer than silicon atoms, because the interatomic interaction of O-O is
more attractive than that of Si-Si in the Coulombic repulsion and the van der Waals
attraction. The larger cause of overestimation of density for silica glass is ultimately
the overflexibility of the Si-O-Si angle. In the same way of this, the density for silica
melt would be overestimated with the drastic decrease in the average Si-O-Si angle
during melting of cristobalite in Fig. 2.2. The interatomic potential model concerning
Si-O-Si angle can be improved by the addition of a three-body potential term for the
bond angle constraint, if necessary.

The simulated melting temperature of cristobaite, 4900 K, is much higher than the
measured temperature of 1996 K [19]. The discrepancy could result from the very
high heating rate, the absence of defects and surfaces, and the overestimation of bond
energy. The glass transition temperature of 3800 K and the density maximum
temperature of 5200 K from this simulation are also much higher than the experimental
ones of about 1470 and 1820 K, respectively [1]. So far MD simulations have
predicted too high glass transition temperatures: 2200 K [9], 3000 K [7], 2900-3250 K
depending on the cooling rate [3], and others. The reasons could be the very high
cooling rate, the finite size of simulation cell with periodic boundary conditions, and the

overestimation of bond energy.
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6. Conclusion

The MD simulations reproduce the o-B phase transition of cristobalite, the
negative thermal expansion of B-cristobalite, and the density anomaly of the silica melt.
The thermal expansion of cristobalite is closely related to the distances between the
nearest neighbor silicon atoms originating from the Si-O-Si angle. On the other hand,
the thermal expansion of amorphous silica is governed by the longer-range structure, the
network-forming rings.  Therefore, the density of silica glass increases with
temperature because of the ring deformation in despite of a decreasing average Si-O-Si
angle. Furthermore, the density anomaly of the silica melt is caused by two opposite
factors in the density variation with decreasing temperature: densification due to the
increase in number of bridging bonds, and opening of the tetrahedral network due to the
rearrangement of network-forming rings. Finally, the main structural changes
governing the thermal expansion are summarized for both cristobalite and amorphous

silica in Fig. 2.13.
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Table 2.1 Parameters for the interatomic potential model.

Atom z a(A) b(A) ¢ &I A3mol'?)
0] -1.2 1.926 0.160 40.9
Si 2.4 0.945 0.090 0.0

Atompair D (10%°)  B@AYH £ A)

Si-O 5.14 2.0 1.51

Table 2.2 Simulated and experimental interatomic distances’ (A), bond angles (°), and density

(g/em’).
Interatomic distance Bond angle
T (X) Si-O 0-0 Si-Si 0-8i-O Si-O-8i Density
Glass
MD 300 1.60 2.60 3.13 109.36 146.51 2.44
X-ray [20] 300 1.62 2.65 3.12 109.8 144 2.20
a -Cristobalite
MD 300 1.60 2.61 3.07 109.42 146.99 2.38
X-ray {16] 301 1.61 2.63 3.08 109.7 146.4 2.33
B -Cristobalite
MD 500 1.60 2.62 3.18 109.43 165.37 2.02
X-ray [16] 494 1.615 3.10 147.7 2.18

*Simulated bond distances are defined as the first peak positions in pair correlation functions.
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The MD simulation distinguishes between the two equivalent lattice
constants, al and a2, of tetragonal systems.
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Chapter 3
Thermal Behavior of an MFI-type

Zeolite
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1. Introduction

Zeolites are generally crystalline aluminosilicates. Their frameworks, composed of
interconnected TO, (T=Si, Al) tetrahedral networks, have numerous molecular
dimensional micropores. These channels give rise to characteristic properties of zeolites
such as the molecular sieve effect and the shape selective catalysis. It is known that
zeolite frameworks should not only vibrate thermally, are also often distorted by phase
transitions induced by the presence of sorbed molecules or temperature. It is thus
meaningful to model the flexible frameworks in a simulation in order to understand the
properties of the zeolites.

MFI-type zeolites have a high Si/Al ratio. A siliceous MFI compound called
silicalite is used as a molecular sieve. Other MFI materials called ZSM-5 have been of
great interest in recent years because of their high catalytic activity and excellent shape
selectivity. They are widely used as industrial catalysts. Several investigations by X-ray
diffraction [1-6], as well as NMR [7,8], indicate that MFI-type zeolites show a
reversible phase transition. The phase transition temperature depends on the content of
aluminum or other substituted elements [3,4]; The temperature is reported as being
about 340 K for H-ZSM-5 [2], while it increases up to 511 K for (Ge)-ZSM-5 [3]. X-ray
diffraction showed that the space group symmetries are orthorhombic Pnma [2-6, 9, 10]
and monoclinic P2,/n [1], above and below the phase transition temperature,
respectively.

There are a few simulation studies with respect to this phase transition. Bell et al.
[11] reported that lattice energy minimization calculations, performed with the
orthorhombic structure of silicalite as an initial structure, result in the simulation of the
low-temperature monoclinic phase. Burchart et al. [12] also examined this phase
transition by lattice energy minimization calculations using their original all-silica force
fields. Their results slightly differ from those of Bell et al. in that they obtained both

phases as energy minimum. Although MD simulations were applied by Demontis et al.
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[13], the phase transition could not be reproduced. They attributed this to the quality of
the potential model.

In the present work, we have carried out MD simulations of siliceous MFI-type
zeolite (silicalite) at various temperatures, to investigate its thermal behavior including
the phase transition. Through detailed comparisons between calculated and experimental
properties, it was possible to check the validity of our potential model for such a
compound and to approach more realistic features of zeolites. This study will also

provide a basis for the future study of zeolites with various structures and compositions.
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2. Interatomic Potential Model

Interatomic potential functions consist of Coulombic, short range repulsion, van
der Waals attraction, and Morse potential terms applied only to the interactions between

silicon and oxygen.

u ,-j(r,'j)Zz,.zjeZ/ r,.j+ﬁ,(b,-+bj)exp [(cz,ﬁ-aj-r,.j)/(bl.+bj)]-c,‘j/r,.j6 3.1

+D{exp[-2b; (r,r")]-2exp[-b; (ryr P}

where rij is an interatomic distance and f, (=6.9511x10"'N) is a constant. Parameters, z,
a, b and ¢, are for atomic species, and D;, B; and r*,-j are for Si-O pairs. These
parameters, which were originally determined using the MD simulations of various
silica crystal structures such as quartz, cristobalite, stishovite, etc. [14], were slightly
modified for zeolite structures using MD simulations on ZSM-11. All the parameters are

listed in Table 3.1.
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3. Molecular Dynamics Simulations
MD simulations were carried out using the MD program MXDTRICL [15]. The

Ewald method was applied for the summations of Coulombic interactions. The
equations of motions were integrated by means of Verlet's algorithm. The temperatures
and the pressure were controlled by scaling particle velocities and simulation cell
lengths, respectively. In this study, the temperature was varied over the range of 100-
1000 K, and the pressure was controlled at 1 atm throughout the MD simulations. The
simulation cell corresponds to two crystal unit cells superimposed along ¢, containing
576 atoms (192 Si and 384 O). Another system of 2304 atoms (768 Si and 1536 O),
corresponding to an array of 2 x 2 x 3 unit cells, is applied to examine the relation
between thermal expansion and Si-O bonding for the purpose of the average of the
larger-scale ensemble. Periodic boundary conditions were adopted. Simulations were
started from one of the experimental structures which have orthorhombic or monoclinic
symmetry, called ORTHO and MONO respectively by Koningsveld et al. [1,2].
Hereafter we also call the experimental structures ORTHO and MONO. Initial
simulations were performed to relax the system for a 5000 steps at 350 K for ORTHO
and at 100 K for MONO, with a time step of 0.1 fs (0.1x10™" s). Other runs were always
performed with a time step of 2.0 fs (2.0x10"° s). When the temperature was varied, the
system was equilibrated by 5000 steps run for the small system and by 20000 steps run
for the large one. After the equilibration, a production run of 5000 steps was performed
for the small system and that of 20000 steps was done for the large one, and then
various time averaged properties were evaluated. Vibrational spectra were calculated

from an additional run of 6000 steps for the small system.
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4. Results and Discussion

4.1 Vibrational Spectra

The calculated and experimental [16] vibrational spectra are shown in Fig. 3.1. The
vibrational spectra were computed as the Fourier transform of the velocity
autocorrelation functions of atoms. The calculated vibrational bands are in reasonable
agreement with experimental results. This suggests that the oscillatory motion of the

framework atoms in the MD simulation is essentially similar to the experimental one.

4.2 Crystal Structures

In order to check the ability of our model to reproduce the orthorhombic and
monoclinic phases, MD simulations starting from experimental structures, ORTHO and
MONO, were performed at 350 K and at 100 K, respectively. The simulated and
experimental lattice parameters are listed in Table 3.2. The molar volume of the
simulation at 100 K seems to be slightly contracted relative to that of MONO, because
the temperature of the simulation is lower than that of the experimental measurement of
MONO. Lattice parameters obtained from the simulation at 350 K show excellent
agreement with those of ORTHO. Thus the lattice parameters of these phases are well
reproduced by the MD simulations.

Figure 3.2 shows atomic trajectories viewed onto [010] in these MD simulations.
The atomic trajectories of the simulation starting from ORTHO are close to atomic
positions determined by the X-ray diffraction. The atomic trajectories of the simulation
starting from MONO seem to be slightly displaced from experimental positions. The
averaged structure of the simulation starting from ORTHO keeps the original
orthorhombic Pnma symmetry, while that of the simulation starting from MONO
changes its symmetry from the original monoclinic P2,/n to monoclinic Pn. Thus the
orthorhombic structure is well reproduced by MD simulations with respect to lattice

parameters, atomic positions, and a space group symmetry, while the monoclinic
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structure of the MD simulation shows a different symmetry from the experimental one.
Nevertheless its lattice parameters are in reasonable agreement with experiment. In the

next section, we will discuss this in more detail.

4.3 Thermal Behavior

MD simulations over the temperature range of 100-1000 K were carried out.
Because both the MD simulations starting from ORTHO and MONO give essentially
the same results throughout the temperature range, the following data are represented by
those of MD simulations starting from ORTHO. Figure 3.3 shows the time averaged
temperature dependence of cell parameters and a molar volume. Cell angles (especially
angle o) show orthorhombic angles at high temperature and monoclinic angles at low
temperature. In the temperature range of 225-275 K, a drastic change in the o angle
occurs. It should be noted that in this temperature range, the angle o fluctuates between
ca. 90° and ca. 90.6° as shown in Fig. 3.4. The same results are also obtained from the
simulation starting from MONO. The present MD-derived system thus shows the
reversible phase transition similar to the experimentally observed one, with respect to
the lattice shapes.

The averaged structure has an orthorhombic Pnma symmetry above the transition
temperature, and a monoclinic Pn symmetry below, in agreement with the results of Sec.
4.2. For the monoclinic phase, a cooperative atomic displacement is found in the atomic
trajectories at 250 K in Fig. 3.5. This displacement is observed as a jump in the mean
square displacement (MSD) of atoms as a function of time as shown in Fig. 3.6. Time
averaged structures in three stages presented in this figure are examined with respect to
space group symmetry. The results shown in Table 3.3 indicate that the averaged
structure in the stage III (equally including time before and after the displacement) has
almost the P2,/n symmetry, while those in the stages I and II (before and after the
displacement) have the Pn symmetry. Namely, there are two Pn configurations for the

monoclinic phase, and the average structure of them has P2,/n symmetry. Our MD
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simulations suggest that the experimentally reported monoclinic P2,/n symmetry can be
observed by averaging the two Pn configurations over time and space, and another
phase with the monoclinic Pn symmetry may exists at the lower temperatures. Since
most experimental investigations have only been carried out near the transition
temperature or at a higher temperature, experimental structural analyses at much lower
temperature are desirable.

Table 3.4 shows the thermal expansion coefficient of each phase estimated from
slopes of the curve of Fig. 3.3(c). A small change of the thermal expansion is found on
the monoclinic-orthorhombic phase transition; the thermal expansion coefficient above
the transition temperature is smaller than that below the transition temperature. This
difference has not been confirmed by experimental measurements.

As temperature increases further, the thermal expansion coefficient shows another
remarkable change and becomes negative at 450 K, while the space symmetry remains
the same. It is known from experimental measurements [17], as well as by MD
simulations, that quartz and cristobalite, analogous to zeolites, change into a higher-
temperature phase with nearly zero or negative values of thermal expansion coefficients.
Our MD simulations, therefore, suggest that the zeolite may show a phase transition to a

higher-temperature phase similar to what analogs.

4.4 Relation between Thermal Expansion and Si-O Bonding

The temperature dependence of Si-O bonding is examined by the MD simulation of
the large system of 2304 atoms (768 Si and 1536 O). In Fig. 3.7, the monoclinic lattice
changes into an orthorhombic one at 240 K, and the thermal expansion coefficient
becomes almost zero at the temperatures higher than 500 K. The thermal behaviour of
the large system is, thus, consistent with that of the small system. The temperature
dependence of bonding structure is shown in Fig. 3.8. The average Si-O distance
monotonously increases with temperature, while the others drastically increase during

the phase transition and the slopes of both curves change at 400 K. The average Si-O-Si
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angle increases to 400 K with temperature. This as well as the expansion of the Si-O
distance results in the positive thermal expansion of the Si-Si distance. At the
temperatures higher than 400 K, the Si-O-Si angle decreases with temperature so that
the Si-Si distance varies little by the offset of the expansion of the Si-O distance. It is
also shown in Figs. 3.7 and 3.8 that the temperature dependence of the Si-Si distance
agrees approximately with that of molar volume.

It becomes clear that the nearly zero or negative values of thermal expansion
coefficient at the higher temperature for the orthorhombic phase is related to the
decrease in the Si-O-Si angle with increasing temperature, like the case of B-cristobalite
discussed in Chapter 2. The negative temperature dependence of the Si-O-Si angle is
attributed to the great freedom of transverse oxygen vibrations because of the openness
of the structure. Namely, an oxygen atom is distributed over a circle centered on the Si-
Si line, and the radius of the circle increases with temperature, which means the
decrease in the average Si-O-Si angle. On the other hand, the very low thermal
expansion is not observed right above the phase transition temperature but at the
temperatures higher than 400 K, differently from the case of cristobalite. It should be
noted here that the phase transition temperature of 230 K for the MFI-type zeolite is
lower than that of 450 K for cristobalite, as well as the average Si-O-Si angle of 155.6°
after the phase transition is smaller than that of 165.4° for cristobalite. This suggests that
the effect of transverse oxygen vibration on the Si-O-Si angle is considerable at higher

temperature and wider Si-O-Si angle.
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5. Conclusion
MD simulations of MFI-type zeolite reproduce well the orthorhombic structure

above the transition temperature and the monoclinic lattice below the transition
temperature. The phase transition similar to the experimentally observed one takes place
in the range 225-275K. The vibrational spectra are also in reasonable agreement with
the experimental ones. Thus our MD simulations successfully reproduce some
characteristics of the zeolite. This indicates that the potential model used here is
sufficiently appropriate for molecular simulations of this type of zeolites. Considering
that the potential model was slightly modified from that originally adopted for silica
polymorphs except for zeolites, it is expected that the present potential model will be
widely effective on silica compounds including zeolites.

In the MD simulations, the low temperature monoclinic phase shows Pn symmetry
instead of the experimentally reported P2,/n symmetry. In addition, a cooperative
atomic displacement between two monoclinic Pn configurations is found at 250 K. The
average structure of the two Pn configurations almost show the P2,/n symmetry. Thus
the MD simulations suggest the existence of monoclinic Pn phase as well as the
experimental P2,/n phase. It is also found that the thermal expansion becomes negative
or nearly zero in the higher temperature range (>500 K). This suggests the existence of a
higher-temperature phase similar to that observed for B-quartz and B-cristobalite. In te
temperature range simulated, the thermal expansion of this zeolite almost corresponds to
the variation in the Si-Si distance, and the very low thermal expansion is ascribed to the
decrease in the Si-O-Si angle. Finally, the relation of those phases obtained from the

MD simulations for the MFI-type zeolite is schematically illustrated in Fig. 3.9.
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Table 3.1. Parameters of interatomic potential model.

Ion z a(A) b(A) ¢ (kI A *mol™?)
6] -1.2 1.905 0.150 40.9

Si 2.4 0.935 0.100 0.0

Ion pair D@0")y pB r (A)

Si-O 5.63 2.00 1.51
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Table 3.2. Crystal structures obtained from experiments and simulations.

ad)  bv@A) @) a(°) B Y p (g/em’)

ORTHO? 20.08 19.90 13.37 90 90 90 1.793
MONOP 20.11 19.88 13.37 90.67 90 90 1.792
Simulation from

ORTHO at 350 K 20.08(5) 19.89(5) 13.46(2) 89.97(9) 90.01(9) 90.02(5) 1.781(7)
Simulation from

MONO at 100K 19.94(2) 19.72(2) 13.41(1) 90.68(3) 90.00(3) 90.00(2) 1.817(3)

*Experimental orthorhombic structure at 350 K.

*Experimental monoclinic structure at room temperature.

Table 3.3. Mean-deviation from coordinates of two space groups (Unit: A).

Symmetry T g ™

0 Si 0 Si 0 Si
P2,/n 0208 0.174 0226  0.191 0.0412  0.0324
Pn 0.0075  0.00767 0.0102  0.0091 0.0084  0.0069

*Symbols, I, II and II1, represent the stages indicated in Fig. 3.6.
*Note that Pn symmetry is a subgroup of P2,/n one. Therefore, the mean-deviations

concerning both the two groups become small if coordinates have P2,/n symmetry.
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Table 3.4. Calculated thermal expansion coefficients.

Initial structure Monoclinic- Orthorhombic- HT-Orthorhombic-
phase (K) phase (K") phase (K"

ORTHO 5.7x10° 4.4x107 -2.3x10°¢

MONO 5.2x10° 4.3%x10° -4.9%10°®
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(a)

(b)

Fig. 3.2 Atomic trajectories viewed onto [010]; The simulation starting
from ORTHO at 350 K (a), and from MONO at 100 K (b). The depth
along b axis corresponds to fifth of b length of a crystal unit cell. Crosses
represent the atomic positions determined by experimental measurements
at 350 K for ORTHO and at room temperature for MONO.
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Fig. 3.5 Atomic trajectories viewed onto [010] at 250 K. The depth
along b axis corresponds to fifth of b length of a crystal unit cell.
Crosses represent the atomic positions determined by experimental
measurements at room temperature for MONO.
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Fig. 3. 9 Schematic diagram of phase relation obtained from the
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Chapter 4
Structural Development in Sol-Gel

Process for Silica Systems
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1. Introduction

The sol-gel process is an important method for producing various commercial
silica gels such as fibers, coating films, adsorbents, and catalyst supports. Typically,
alkoxysiloxanes are used as the silica source. There are the hydrolysis and condensation
reactions proceeding concurrently, which have been studied in detail [1]. Such

polymerization process consists of the following three functional group reactions:

ky
SiOR + H,0 — SiOH +ROH (4.1)
k./2
2SiOH — 2(SiO)Si + H20 4.2)
k.2
SiOR + SiOH — 2(Si0)Si + ROH (4.3)

where k,, k., and k., are the rate constants of hydrolysis and water- and alcohol-
producing condensations, respectively. The optical and physical properties of product
gels strongly depend on the conditions of reaction such as initial composition,
temperature and pH through the three-dimentional network structures obtained.
However, the details of the structural development in gel formation process are not yet
well understood.

Assink and Kay [2,3] and Kay and Assink [4] proposed a new statistical model
using the experimentally determined values of k,, .., and k. to calculate both the
equilibrium distribution of Si species as a function of H,0/Si ratio and the time
evolution during acid-catalyzed hydrolysis for tetramethoxyorthosilicate (TMOS). Here,
the Si species, Si(OR)x(OH),(OSi),, are characterized by the functional groups of the
nearest neighbor. The hydrolysis and ‘condensation reactions were successfully
described by the model. This suggests that steric and electronically inductive effects as

well as reverse reactions such as re-esterification are not important for the early stage of
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hydrolysis and condensation of TMOS at the low amount of water, because the
statistical model ignores these factors.

Garofalini and Martin [5] first applied MD simulation to a sol-gel process for a
silica system to understand the mechanism of the condensation process. The simulation
results for silicic acid were consistent with experimental data of sol-gel systems. The
formation of linear and branched chains at the early stage of polymerization was
followed by ring formation. This conformed well to the interpretation from the NMR
data and the semiempirical molecular orbital calculations. The calculated activation
energy of formation for branched Q, species was consistent with that obtained
experimentally for gelation. Here, the Q, species are defined by the number n of
bridging oxygen around the Si atom. The relative changes of composition for Q, species
with time were in agreement with the experimental NMR data. Furthermore, the
condensation polymerization was seen to depend on the existence of non-bridging
oxygen coordinated with hydrogen, the number of bridging oxygen around the five-
coordinated Si atom and the atomic momentum created as molecules approach each
other [6].

In the present study, we investigated the atomistic features of structural
development using MD simulation for two characteristic systems: silicic acid, Si(OH),,
and monomethoxy silicic acid, Si(OMe)(OH),. Hereafter the former is called THS
(tetrahydroxysilane) and the latter MMS. The two systems were regarded as differing
from each other in the extent of hydrolysis. The simulation results were compared with
the 'H-NMR data reported by Kay and Assink [4], in terms of the Q, species
distribution as a function of SiOS¥/Si ratio. Moreover, maximum cluster size, cluster
type, ring size distribution, and network structure were examined to make clear the
characteristic of polymerization process. The effect of the remaining methoxy groups on
the structural development was also found from a detailed comparison of the simulation

results for both systems.

77



2. Interatomic Potential Model

The interatomic potential employed was the same as that used in the similar
simulation by Fueston and Garofalini [7] except an additional term for Me-O bond. The
interatomic potential contains a two-body term and a three-body term. The former term
has a short-range repulsion and a screened Coulomb for all atom pairs, and a specific
term for all pairs involving hydrogen atoms. The latter term confines each bond angle to

the equilibrium value. The potential is given below:

Uyry) = Ayexp(-r i py) T Z Zjez/ ¥ erfc(ry/ .Bij) 4.4)
U7 ins Bi) = ;l’jikexp['}/ij/ (ryr Oij) + % (i -7 001 X(cos ejik'cosg)jik)z’

J

if #y<r%; or Py <Fy (4.5a)
Usjx (7 10 e_uk) =0,ifr i Oij or vy >r % (4.6b)
Uy=aj{l+ exp(b;; (e s for Si-H, O-H and H-H “.7)

where Z; and Z; are the formal ionic charges on atoms i and j, e the elementary electric
charge, r;; the interatomic distance, 6, the angle between bonds ij and ik, and 4, p, B, a,
b, ¢, ¥ and & are the empirical parameters. In addition, for the system of MMS an extra
term was included in the potential to account for the existence of the stable Me-O bond,
which is not broken in the sol-gel process. We paid much attention to the effect of the
remaining methoxy groups on the structural development and the gel structure. For this

purpose a harmonic term with a large force constant was introduced:

Use = 1/2K(r-1°)?, for Me-O (4.8)

where K is the harmonic force constant, #° the equilibrium length. Methyl groups were
treated as united atoms. It is not always necessary that various potential parameters
associated with methoxy groups are determined exactly. In fact, several MD simulations

using different parameter sets associated with methoxy groups, where the
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polymerization reaction occurred, gave common characteristic features as described
later. The charge of a methyl group attached to non-bridging oxygen strongly influenced
the progress of polymerization. In this paper, the simulation results using a typical
parameter set will be presented for MMS. These two and three body potential

parameters are listed in Tables 4.1 and 4.2.
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3. Molecular Dynamics Simulations
MD simulations were carried out using the MD program MXDORTO developed

by Kawamura [8]. The equations of motion were integrated by means of a Verlet's
algorithm. The time step used in MD runs was 0.4 fs. The systems composed of 216
molecules were simulated for THS and MMS. Densities were varied from 1.40 to 1.60
g/cm® for THS and from 1.83 to 2.20 g/em’ for MMS. We confirmed the density
independence of the relative remarkable difference between THS and MMS in the
structural development and the gel structure. The simulation results with densities of
1.60 (THS) and 1.83 g/cm® (MMS) will be presented later. This results in a periodic
cubic cell with a length of 27.6 A on a side. After the molecules were distributed
randomly at 500 K, polymerization runs of 4 X 10° time steps were performed at 2500 K.
Temperature was controlled by scaling particle velocities. The high density and high
temperature conditions were adopted to accelerate polymerization and reduce

computation time drastically, following the similar approach by Garofalini and Martin

[5].
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4, Results and Discussion

Atomistic features of the structural development are discussed through Q, species
distribution, number of siloxane bonds per Si atom (SiOSi/Si ratio), maximum cluster
size, cluster type, ring size distribution and network structure. Here, chemical bonds
were judged by the interatomic distances whose thresholds are 2.2, 1.6 and 1.5 A for
Si-O, Me-O, and O-H bonds, respectively. Ring size distribution was analyzed using

CATALYSIS Ver. 5.0 [9] developed by Molecular Simulations Inc.

4.1. Comparison of Q, Species Distribution between MD
Simulation and 'H-NMR

Fig. 4.1 shows the calculated Q, species distribution as a function of SiOSi/Si ratio
for THS with that determined experimentally using 'H-NMR [4]. The latter is the
equilibrium distribution of Q, species for various initial H,0/Si ratios. The initial H,0/
Si ratio is almost equal to the SiOSi/Si ratio at long reaction time for low H,O/Si ratios,
where the hydrolysis of siloxane bonds can be neglected. Q, species containing no
hydrogen is not detected by 'H-NMR. The content of both Q; and Q, species in the MD
simulations under high temperature and pressure is below 6% of the total amount of Q,
species. The calculated Q, species distribution is in good agreement with that from the
experiment at the SiOSi/Si ratios below 0.8. At the larger SiOSi/Si ratios, the calculated
compositions of Q, and Q, species tend to be smaller than the experimental data, and the
trend for Q, is the opposite. This behavior would be attributable to hydrolysis of
siloxane bonds as mentioned above. It is quite difficult to compare directly the Q,
species distribution as a function of time between MD simulation and experiment,
because the time scale of MD simulation is some orders of magnitude less than that of
experiment. Instead of this, MD simulation reproduced well the corresponding

experimental Q, species distribution as a function of SiOSi/Si ratio at the low ratios.
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4.2. SiOSi/Si ratio and Q, Species Distribution

The time evolution of the calculated SiOSi/Si ratio for THS and MMS is shown in
Fig. 4.2. There is almost no difference at the early stage. The difference between them is
found at the intermediate and final stages. This behavior can be understood from the
comparison of time evolution of Q, species distribution as shown in Fig. 4.3. The
formation of siloxane bonds is nearly dominated by the situation of Q, and Q, species at
the initial stage. The formation rates in both systems are not so different. Since then, the
existence of Q, and Q, species becomes significant. The formation rates for MMS are
slightly smaller than those for THS. This indicates that a methoxy group remaining on a

Si atom mainly interferes with the formation of Q, and Q, species.

4.3. Maximum Cluster Size

Fig. 4.4 shows the time evolution of maximum cluster size represented by the
number of Si atoms constituting the cluster. The maximum cluster size increases slowly
at the early stage and rapidly to a half of the total amount of Si atoms around 25 ps and
40 ps for THS and MMS, respectively. These times correspond to the SiOSi/Si ratio of
about 0.9. Fig. 4.5 shows the time evolution of number of small clusters, which are
divided into three groups by cluster size. A lot of clusters appear and grow stepwise
from dimer to larger oligomer at the early stage. When a cluster consisting of about 40
Si atoms is formed as shown in Fig. 4.4, the rapid cluster growth takes place through
aggregation of such small clusters. After that until about 60 ps (THS) or 110 ps (MMS),
maximum cluster size increases and the number of small clusters decreases gradually
with the relatively large fluctuation, on the whole. An enormous cluster of a rough
network sometimes decomposes into small clusters. The network, which is linked
infinitely in at least one direction by periodic boundary condition, becomes closer,
repeating the formation and dissociation of bonds. Here, the maximum cluster size is
equal to the number of Si atoms constituting the network in the real simulation cell. In

particular, some pronounced features are found for MMS. This also indicates that the
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remaining methoxy groups interfere with the cluster-cluster aggregation and the cross-

linking process.

4.4. Cluster Type

The clusters are divided into the following types: linear, branched and cyclic. A
linear cluster has neither branch nor ring, a branched cluster has no ring, and a cyclic
cluster has at least a ring. The calculated number of all types of cluster as a function of
time is shown in Fig. 4.6. First, a lot of linear clusters occur. Second, the branched
clusters and subsequently the ring clusters arise. The maximum cluster size of linear

clusters is less than 10 during polymerization.

4.5. Atomistic Picture of the Structural Development

The calculated ring size distribution curves at different times for THS are shown in
Fig. 4.7. Ring sizes are represented by the number of Si atoms composing rings. The
corresponding snapshots are presented in Fig. 4.8, with the time evolution of maximum
cluster size in Fig. 4.4(a). For a clear description of clusters and gel structure, Si-O
bonds attached to bridging oxygen and monomers denote lines and crosses, respectively,
where the other atoms and bonds are omitted. Small clusters are observed in the
snapshots at 10 ps and 20 ps before the rapid cluster growth. As shown in Fig. 4.6 (a),
there are mainly linear and branched clusters around 10 ps, and cyclic clusters appear
considerably at 20 ps. These clusters have relatively small rings less than 7-rings as
shown in Fig. 4.7. The total number of rings goes on increasing until 160 ps. A silica
network over the box space appears on the snapshot of 40 ps owing to cluster-cluster
aggregation. The number of S-rings increases largely. Subsequently, the larger rings
from ring size 6 to 8 are added to a great extent at the final stage. In addition, the silica
network, which is relatively homogeneous at 40 ps, gradually becomes heterogeneous.
Through the repeated bond formation and breaking, the silica network gets denser and

separates into a silica-rich phase and a solvent-rich phase slowly with decreasing the
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total potential energy. Fig. 4.9 compares the network structures of THS and MMS at
160 ps. The gel structure of THS is denser than that of MMS. It is confirmed that the

remaining methoxy groups interfere with constructing dense network structure.
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5. Conclusion

Polymerization process yielding gels was studied using molecular dynamics
simulations for silicic acid and monomethoxy silicic acid. The calculated Q, species
distribution as a function of SiOSi/Si ratio is in good agreement with that observed by
'H-NMR. Atomistic features of the structural development were extracted from a series
of the simulation results. There is a slow cluster growth during the early stage, a rapid
cluster growth follows this due to cluster-cluster aggregation, and the network structure
becomes denser with time through the repeated bond-formation and bond-breaking.
Finally the trend of phase separation is observed. The remaining methoxy group
interferes with the aggregation and the formation of the dense network structure. The
present simulations performed give a reasonable picture from a microscopic point of
view. Having some problems to be examined about set temperature, system size and
dilution effect, MD simulation has proved effective for obtaining useful structural

information on sol-gel process for silica systems.
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Table 4.1 Parameters for the two-body potential in Egs. (4.4), (4. 6) and (4.7)

A(x10%erg) p(A) BA) a(x10%%rg) b(AD) cAY) P A) K(x10%ergi?)

Si-Si 1.8770 029 229

Si-O 2.9620 029 234

0-0 0.7250 029 234

Si-H 0.0690 029 231 -4.6542 6.0 2.20

H-H 0.0340 035 210 -5.2793 6.0 151
+0.3473 20 242

O-H 0.3984 029 226 -2.0840 150 1.05
+7.6412 32 1.50
-0.8336 50 2.00

‘Me-Me 3.000 0.29 210

"Me-Si  1.500 029 210

‘Me-O  1.000 029 210 1.43 1.0

‘Me-H  0.400 029 210

*Additional parameters associated with methoxy groups, whose charge is zero.
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Table 4.2 Parameters for the three-body potential in Eqs. (4.5a) and (4.5b)

0-Si-O Si-O-Si Si-O-H H-O-H Si-O-Me *H-O-Me
A(x10"erg) 19.0 0.3 5.0 35.0 5.0 35.0
7(A)
Si-O 2.8
0-Si 2.0 2.0 2.0
O-H 1.2 1.3 1.2
O-Me 2.0 2.0
r (A)
Si-O 3.0
0-Si 2.6 2.6 2.6
O-H 1.5 1.6 1.5
O-Me 2.3 2.3
& (deg.) 109.5 109.5 109.5 104.5 109.5 1 08.0

*Additional parameters associated with methoxy groups.
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Fig. 4.1 Composition of Q_ species as a function of SiOSi / Si ratio.
Data from 'H-NMR and MD simulation for THS.
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Fig. 4.2 Calculated SiOSi / Si ratio as a function of time.
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Fig. 4.3 Calculated composition of Q_ species as a function of time for
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4.8.
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Chapter 5

Conclusion
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MD simulations were applied to study thermal behaviour including displacive
transitions and negative thermal expansions for cristobalite, an MFI-type zeolite, and
silica glass/melt.

In chapter 2, the MD simulations reproduce the o-B phase transition of cristobalite,
the negative thermal expansion of B-cristobalite, and the density anomaly of the silica
melt. The thermal expansion of cristobalite is closely related to the distances between
the nearest neighbor silicon atoms originating from the Si-O-Si angle. On the other
hand, the thermal expansion of amorphous silica is governed by the longer-range
structure i.e. the network-forming rings. Furthermore, the density anomaly of silica
melt is caused by two opposite factors in the density variation with decreasing
temperature: densification due to the increase in number of bridging bonds, and opening
of the tetrahedral network due to the rearrangement of network-forming rings.

In chapter 3, the MD simulation of the MFI-type zeolite well reproduces the
orthorhombic structure above the transition temperature and the monoclinic lattice
below the transition temperature. The phase transition similar to the experimentally
observed one takes place, and the vibrational spectra are also in reasonable agreement
with the experimental ones. Thus the potential model used is sufficeintly appropriate
for the MD simulations of this type of zeolite. In the MD simulations, the low-
temperature monoclinic phase shows Pn symmetry instead of the experimentally
reported P2,/n symmetry. In addition, a cooperative atomic displacement between two
monoclinic Pn configurations is found at 250 K. The average structure of the two Pn
configurations almost shows the P2,/n symmetry. Thus the MD simulations suggest
the existence of monoclinic Pn phase as well as the experimental P2,/n phase. It is
also found that the thermal expansion becomes negative in the higher temperature range
(>500 K), similar to that observed for 3-quartz and B-cristobalite. In the temperature
range simulated, the thermal expansion of this zeolite almost corresponds to the
variation in the Si-Si distance, and the very low thermal expansion is ascribed to the

decrease in the Si-O-Si angle.

100



In chapter 4, polymerization process yielding gels was studied using MD
simulations for silicic acid and monomethoxy silicic acid. The calculated Qn species
distribution as a function of SiOSi/Si ratio is in good agreement with that observed by
'H-NMR, suggesting the validity of the MD simulations. Atomistic features of the
structural development were extracted from a series of the simulation results. There is
a slow cluster growth during the early stage, a rapid cluster growth followed this due to
cluster-cluster aggregation, and the network structure become denser with time through
the repeated bond-formation and bond-bréaking. Finally the tendency of phase
separation is observed. The remaining methoxy group interferes with the aggregation
and the formation of the dense network structure. The present simulation performed
gives a reasonable picture from an atomistic point of view.

In conclusion, the present MD simulations qualitatively reproduce the
experimental thermal behaviour such as the temperature induced displacive transitions
of cristobalite and the MFI-type zeolite, and the negative thermal expansion of
cristobalite and silica melt. Thus the MD simulations are widely effective not only for
amorphous silica and known silica polymorphs but also for microporous crystals of
zeolites. In addition, the complicated thermal expansion for the silica is successfully
understood from an atomistic point of view as follows. The thermal expansion of
crystalline silica is closely related to the distances between the nearest neighbor silicon
atoms originating from the Si-O-Si bond angle. On the other hand, the thermal
expansion of amorphous silica is dominated by longer-range structure such as network-
forming rings. Furthermore, the MD simulations predict some thermal properties for
the MFI-type zeolite that are a negative thermal expansion for the orthorhombic phase
at higher temperatures, and the existence of a monoclinic Pn phase as well as the
experimentally reported monoclinic P2,/n phase. Table 5.1 summarizes what the MD
simulations reproduce and predict on the thermal behaviour of amorphous and

crystalline silica, as well as the polymerization of silica systems.
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It is desirable that those predictions by the MD simulations are confirmed

experimentally. The next important applications of MD simulations are, for instance,

the structures and dynamics of multi phase systems including grain boundaries.

The

performance of functional ceramics is mostly governed by the structures and properties

of grain boundaries or surfaces as well as those of bulk. For the application of MD

simulations to this field, the expansion of the scale of simulation systems and the

introduction of some coarse-graining model would be necessary, as well as improving

the accuracy of the present interatomic potential models.

Table 5.1 Reproduced properties and new insights from MD simulations.

Reproduced

New insights

Amorphous silica Density anomaly

Network rings—thermal expansion
Network opening—density anomaly

Si-O-Si—*thermal expansion

Si-O-Si—thermal expansion
P2,/n struct. is an ave. of two Pn config.
The existence of Pn phase at lower T
The existence of high temp. phase at T>500K

Cristobalite Lattice shape
o-p transition
Negative thermal expansion
MFI zeolite Lattice parameters
ORTHO-MONO transition
Polymerization Qn composition v.s.
process SiOSi/Si

Reasonable atomistic pictures
Interference of methoxy gr. with gelation
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