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CHAPTER 1

Introduction

1.1 Background

Zeolites were discovered in 1756 by the Swedish mineralogist Cronstedt, who named them from
the Greek words zein and lithos , meaning “boiling stone” [1]. Nowadays, zeolites are widely
applied to many important processes such as gas separation, softening of water, catalysis in

petroleum processes and fine chemistry [2].

Zeolitic materials are crystalline silicates, formed by cornersharing TO, tetrahedra (T=Al, Si)
with a regular array of microporous channels and/or cavities. This pore system, in combination
with reactive intra- or extraframework species, is responsible for their unique properties. Many
occur as natural minerals, but it is the synthetic varieties which are among the most widely used
sorbents, catalysts and ion-exchange materials in the world.[1-3] Zeolite crystals are porous on a
molecular scale, their structures revealing regular arrays of channels and cavities (ca. 3—15 A),
creating a nanoscale labyrinth which can be filled with water or other guest molecules. The
resulting molecular sieving ability has enabled the creation of new types of selective separation
processes (ion exchange, sorption), and in their acid form, zeolites are probably the most

important heterogeneous acid catalysts used in industry.

The majority of the world's gasoline is produced by the fluidized catalytic cracking (FCC) of
petroleum using zeolite catalysts. Their key properties are size and shape selectivity, together

with the potential for strong acidity.

Figure 1.1 illustrates the relationship of a representative zeolite crystal to its micropore system,
showing the existence of crystallographically defined channels and cavities and the cation-

exchange centers resulting from the periodic replacement of [AlO4]" for [SiOy4].



Chapter 1

Figure 1.1 The key features of a representative zeolite, ZSM-5: (1) crystal morphology,
showing the relationship to the major axes (a, b, c); (2) section of pore map, showing zigzag
channels in the a-direction, intersecting with straight channels in the b-direction; (3) part of the
crystal structure these sheets of 5- and 10-membered T-atom rings lie in the ac plane, giving the
vertical straight channels shown in (2); (4) detail of the atomic structure, illustrating the linked
TO4 tetrahedra. For ZSM-5, T = Si predominantly, but this insert shows an Al substituent

(purple) with a hydrogen atom (white) occupying the associated cation exchange site.

In view of the industrial importance of zeolites and also because of the intrinsic scientific
interest in their structural complexity and diverse chemistry, considerable effort has been
directed into zeolite synthesis. It aimed for the synthesis of new materials and the building up of

an understanding of the synthesis process. In recent years, many new zeolite-like materials
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(zeotypes) containing elements other than silicon and aluminum have been synthesized [3,4] and
related structures with much larger pore sizes (up to around 200 A) have also been discovered
[5,6]. These new materials have potential applications in (for example) fine chemicals synthesis,

electronic arrays, and biomaterials.

1.2. Zeolite synthesis

Natural zeolites are found in volcanic or metamorphic rocks and their growth involves
geological conditions (low temperature and pressure, low pH (8-9)) and time scale (thousands of
years). Early efforts have been made by Saint Claire de Ville in 1862 to synthesize zeolites [7].
The absence of reliable characterization methods made it impossible to verify that zeolites were
indeed fabricated. The first precise confirmation of zeolite synthesis can be traced on 1948 when
Barrer reported the synthesis of an analogue of mordenite [8]. At the same time Milton and Beck
succeeded in synthesizing other zeolite types using lower temperatures (=100 °C) and a higher
alkalinity [9]. It led to the discovery of one of the most commercially successful zeolites which
has no natural counterpart, Linde A (LTA). Since then many new zeolite framework types have
been attained thanks to important efforts by oil companies. In the early 1960s Barrer and Denny
were the first to replace inorganic bases in the synthesis mixture with organic molecules [10].
The use of quaternary ammonium salts resulted in an increase in the Si/Al ratio and the discovery
of ZSM-5, being the most important new structure [11]. The quest for higher Si/Al ratios ended
in 1978 when Flanigen et al. reported the synthesis of silicalite-1 which is the all-silica
counterpart of ZSM-5. This material shows remarkable properties because of its hydrophobic
and organophilic character. A new class of materials analogous to zeolites was introduced in the
1980s: microporous aluminophosphates [12]. Nevertheless, poor thermal and hydrothermal
stability of their metal substituted analogues hindered their commercial application. The most
noteworthy advance in crystalline microporous solids has recently been the synthesis of extra

large pore zeolites with more than 12-ring apertures [13].

Zeolite synthesis has been extensively reviewed in several books and literature on this
subject is abundant [1-3,14]. The synthesis of zeolites is carried out under hydrothermal
conditions. An aluminate solution and a silicate solution are mixed together in an alkaline
medium to form a milky gel or in some instances, clear solutions. Various cations or anions can

be added to the synthesis mixture. Synthesis proceeds at elevated temperatures (60-200 °C)
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where crystals form through a nucleation step. The following sections give a general overview
on the parameters governing zeolite synthesis. Emphasis will be given to structure direction by
organic molecules. A schematic representation of the zeolite formation process is given in figure

1.2.
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Figure 1.2: Simplified zeolite synthesis scheme. SDA stands for structure-directing agent.
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Figure 1.3: Formation of nanoparticle in zeolite synthesis [15]
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The formation of zeolites from solution occurs through a complex sequence of several
reactions that are partially running in parallel. During the early steps of the synthesis, the final
structure of the zeolite can be already defined [16]. However, because of analytical limitations,
little detail is known on the reactivity of intermediate oligomers. Various nucleation mechanisms
have been proposed. There are major controversies on the actual mechanism in the literature

[17].

1.3. Quantum chemical simulations

In less than 50 years, the field of computational chemistry has gone from being
essentially non relevant to most of experimental chemistry and being an active counterpart of
experimental investigations. High-performance computing, clever algorithmic implementations
and information technology have dramatically influenced methods development and
performance. This section briefly summarizes the computational chemistry techniques used in

this thesis.

In order to calculate the electronic states of the system, quantum chemical methods
attempt to solve Schrodinger equation, HW = EW, where W is the wave function and E is the
energy of the N-particle (electrons and nuclei) system. H is the Hamiltonian operator, which is
comprised of the kinetic and potential energy operators acting on the overall wave function of
the system. The exact solution for this equation can be found only for a very limited number of
systems, and thus, a number of approximations are required to solve it for larger systems. More
detailed discussion on the electronic structure calculations can be found in a number of very

good references [18].

Traditional methods in electronic structure theory, in particular Hartree-Fock theory and
its descendants, are based on the complicated many-electron wave-function. The main objective
of density functional theory is to replace the many-body electronic wavefunction with the
electronic density as the basic quantity. Whereas the many-body wavefunction is dependent on
3N variables, three spatial variables for each of the N electrons, the density is only a function of
three spatial coordinates and is a simpler quantity to deal with both conceptually and practically.

One of the deficiencies of the HF theory is that it does not treat dynamic electron correlation,
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which refers to the fact that the motion of electrons is correlated so as to avoid one another. The
neglect of this effect can cause very serious errors in the calculated energies, geometries,
vibrational, and other properties. There are numerous so-called post-Hartree-Fock methods for
treating correlated motion between electrons. One of the most widely used approaches is based
on the definition of the correlation energy as a perturbation. In other words, the configurational
interactions are treated as small perturbations to the Hamiltonian. Using this expansion the HF
energy is equal to the sum of the zero and first order terms, whereas the correlation energy
appears only as a second order term. The second order Mgller-Plesset perturbation theory (MP2)
typically recovers 80-90% of the correlation energy, while MP4 provides a reliably accurate
solution to most system. Due to the extremely high computational costs, the application of the

post-HF methods is commonly limited to the MP2 method.

Modern DFT is based on two theorems introduced by Hohenberg and Kohn [19]. The
first theorem states that the external potential v, () is uniquely determined by the ground state

density ¢ up to a constant

Vo = Vext (1) (1.1)

Since the number of electrons (N,) is uniquely defined by the electron density, N, = [ ¢, (r)dr,
@, determines the full Hamiltonian and therefore implicitly all properties of the system. The first
theorem allows us to write the total energy as a functional of the electron density in the following

way:
Ey = Eo (o) (1.2)

Eo (90) = T(9o) + [ p(r)exe(r)dr + Veelpo]  (1.3)

Where T(¢,) is the kinetic energy and Vg.[po] is the electron-electron interaction energy. The
exact from of the terms describing the kinetic energy and the electron interaction energy are not

known. Thus, the energy cannot be determined.

The second theorem introduces the energy variational principle. It states that there exists a
universal functional that yields the lowest energy if and only if the input density is the true round

state density, @,
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E[p] 2 E[po] (1.4)

In 1965, Kohn and Sham suggested an avenue for how the unknown energy functional can be
approximated [20]. They proposed to express the kinetic energy as the kinetic energy of a

fictitious reference system s of n non-interacting electrons

Tlps] = zn: (o

The connection of this artificial system to the one we are really interested in is established by

kSy 1.5)

choosing the effective potential v,,; such that the density resulting from the summation of the
moduli of the squared orbitals exactly equals the ground state density of our real target system of

interacting electrons

ps) = o) = Y [ (16)

where ¢X°(r) are the orthonormal Kohn-Sham orbitals. The expression of the electron density
and the kinetic energy is exact for a one determinant wave function of a system of non-
interacting electrons. The difference in kinetic energy and in electronic interaction energy

between the reference system and the real system is

AT[p]l =Tlpl = Tslp]l (1.7)

AV, [p] = Veolp] jpr(lZ)dldz (1.8)

Insertion in the Hohenberg-Kohn Eq. (1.3) yields

ES[p] = [ p(r)Vexe(r)dr + Tylp] + £ [ 22222 drdry + Epelp] (1.9)

[r1-72|

With
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Exc[p] = AT[P] + AVee[p] (1.20)

The exchange-correlation functional E,.[p] represents the non-classical part of the electronic
interaction energy and the difference in kinetic energy between the reference system and the real
system. The Kohn-Sham orbitals are found by minimization of Eq. (1.9) under the constraint that

(qbi |¢> ]-) = §;;. This results into the Kohn-Sham equations

1 2"
{—EVZ T Vext + f dr Ir=r’l + vxc} d)i(r) = Sicpi(r) (1'21)

which have to be solved self-consistently.

If only the correct expression for the exchange-correlation potential,

_ SExc[p(r)]
Vexe = T sp(r)

, was known, solving Eq. (1.21) would be equivalent to solving the exact
electronic Schrodinger equation. Unfortunately, the exact exchange-correlation potential is
unknown and much effort has been and is being devoted to find good approximations to V..
Therefore, the quality of the electronic structure calculation depends on the quality of the

approximation used for v,,..

Although DFT is in principle an exact approach, a number of assumptions and
approximations have to be made usually due to the fact that the exact expression for the
exchange correlation energy is not known. The most basic one is the local density approximation
(LDA), which assumes that the exchange-correlation per electron is equivalent to that in a
homogeneous electron gas, which has the same electron density at a specific point r. The LDA 1is
obviously an oversimplification of the actual density distribution and usually leads to

overestimation of calculated bond and binding energies.

One notes that the Hartree-Fock (HF) theory provides a more exact match of the
exchange energy for single determinant systems. Thus, numerous hybrid functionals have been
recently developed where the exchange functional is a linear combination of the HF exchange
and the correlation (and exchange) calculated from LDA theory. The geometry and energetics
calculated within this approach such us B3LYP [21] is usually in a good agreement with
experimental results and those obtained by using post-HF methods. On the other hand, hybrid
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functionals still fail in describing of chemical effects mainly associated with the electron-electron

correlation such as dispersion and other weak interactions [22].
Ab-initio molecular dynamic

The growing need to understand complex phenomena on an atomistic level, taking into
account the interactions between atoms and electrons, has recently stimulated the extension of
the scope of molecular dynamics (MD) simulations. Having translated the problem to be
investigated into a suitable atomistic model containing a limited number of atoms, the simulation
can be used to study specific aspects, thus explaining observed phenomena or predicting
unforeseen events. The starting point of any MD simulation is the definition of the molecular
systems by an initial set of N particles within a volume V. The dynamics of particles is followed
by integrating numerically classical Newton equations of motion, where the forces are computed
as derivatives of a given potential. The resulting deterministic trajectories explore the available
phase space under the assigned thermodynamic conditions. This means that long enough
simulations will provide realistic descriptions of the thermodynamic equilibrium and of
dynamical properties of the system. On top of that, the analysis of an atomistic trajectory allows

the identification of individual events and complex mechanism of chemical reactions.

Classical force fields allows to routinely run simulations for a large systems (> 100 000
atoms) and for several nanoseconds. However, they are usually characterized by limited
transferability and cannot account for strong variations in the structural and electronic properties,
although more and more sophisticated models are being developed including polarization effects,
charge transfer, non-additive many-body interactions. In chemically complex situations, the
parameterization of reliable empirical potentials is not always possible. Since the electronic

structure and chemical bonding change qualitatively in time.

These limitations are overcome by ab initio molecular dynamic (AIMD), where the
forces are computed from electronic structure calculations. AIMD calculations are typically
performed by using a plane-wave expansion of the DFT (Kohn-Sham) orbitals [23]. Formulation
of AIMD in terms of a mixed approach based on Gaussians and plane waves has been proposed
[24] and implemented in the CP2K code [25, 26]. The use of both localized and plane wave basis

sets will potentially lead to linear scaling AIMD methodology in near future.
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In Born-Oppenheimer Molecular Dynamics (BOMD), the static electronic structure problem is
solved at every MD step given the set of fixed nuclear positions at that instant of time. Thus, the
electronic structure part consists in solving the time-independent Schrodinger equation, while the
nuclei are propagating via classical molecular dynamics. Thus, the time-dependence of the

electronic structure is a consequence of nuclear motion. The BOMD method is defined by

MR, = -V, rppin{(lPolHellpo)} (1.22)
0

EOLPO = Hel'po (123)

According to Eq. (1.22), the minimum of (H,) has to be reached at each BOMD step. Since the
accuracy of the forces depends linearly on the accuracy of the minimization of the Kohn-Sham

energy, the wave function has to be tightly converged at each step.
Car-Parrinello Molecular Dynamics

The Car-Parrinello approach is closely related to BOMD since the motion of ions are also
described classically. The fundamental difference is that the orbitals are no longer optimized at
every time step but treated and propagated like classical objects, correspondingly being assigned
a fictitious mass (p) and temperature [27]. It could be shown that the adiabatic separation of the
BO-approximation is also conserved for this approach [23]. In order to maintain this adiabaticity
condition, it is necessary that the fictitious mass of the electrons is chosen small enough to avoid
a significant energy transfer from the ionic to the electronic degrees of freedom. This small
fictitious mass in turn requires that the equations of motion are integrated using a smaller time
step (0.1-0.2 fs) than the ones commonly used in BOMD (0.5-1 fs). Hence, the computational
bottleneck of BOMD, i.e the wavefunction optimization at each time step, can be circumvented
within Car-Parrinello Molecular Dynamics (CPMD). More details on CPMD can be found in
[23, 28]. The BO scheme will be mostly used in this thesis since a highly efficient wavefunction
optimization procedure, namely the orbital transformation technique [29], has been implemented
in the CP2K code. This method allows to use BOMD without any computational overhead with
respect to CPMD. Indeed, our test calculations showed that the number of SCF-steps required for

one BO-step is similar to the number of CP-steps required for the same time.
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1.4. Scope of the thesis

This thesis deals with theoretical investigations of the silica condensation process, a key
reaction to sol-gel chemistry and zeolite synthesis. The formation of zeolites from solution
occurs through a complex sequence of numerous reactions that are partially running in parallel.
During these early steps, the final structure of the zeolite can be strongly influenced.[16]
However, because of analytical limitations, little is known about the species occurring during
these steps. Thus, various nucleation mechanisms have been proposed and this topic is highly
controversial.[17] The main goal of this thesis is to develop a deeper understanding of the
structural, energetic and mechanistic aspect of the silicate oligomerization reaction. The effects

of hydrogen bonding, water solvation, counter ion and organic template will also be focused.

The mechanism of the silica condensation reaction of small oligomer from dimer to
pentamer with a continuum solvation model is studied in chapter 2. Based on the results of ab
initio calculations (DFT), it discussed how the internal hydrogen bonding affects relative
stabilities and activation barriers. Dependent on the pH of solution, there are two possible
mechanisms for condensation, neutral and anionic. The anionic route that takes place in two

steps is more kinetically and energetically favorable than the neutral one.

Chapter 3 reports a new insight in the mechanism of the silica condensation reaction in
water environment using Car Parinello Molecular Dynamic simulations. The role of the
hydrogen network created by the water molecules. Water molecules affect especially the proton
transfer process and form stabilization hydrogen bond.

The ab initio molecular dynamic simulations of silica condensation in solution in the
presence of counter ions such as Li* or NH," are studied in chapter 4. In this chapter an attempt
is made to understand the importance of electrostatic interaction and of hydrogen bonding to the
reactive event as well as the relative stabilities of oligomer. Based on obtained trajectories, an
important information in the movement of cation ion and silicate molecule during the
condensation reaction process is obtained.

We also did detailed studies of the reaction in the presence of organic basic compounds,
such as tetrapropylammonium (TPA), such molecule act as templates in zeolite synthesis.
Chapter 5 examines their effects on the kinetic and thermodynamic properties of small oligomer
formation. It is shown that is essential to include the weak Van-der-Waals interactions to study
the interaction between the silica and the template.

11
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Chapter 6 reports an extensive investigation on the effect of the template on the stabilities
of higher oligomers. Various silicate structure from dimer to double 4-ring, related to initial stage
of zeolite synthesis, are computed and analyzed. The formation of linear, branched and ring

oligomers depends on the use of templates is discussed.
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CHAPTER 2

Mechanism Of Oligomerization

Reactions Of Silica

The mechanism of the oligomerization reaction of silica, the initial steps of silica
formation, has been studied by quantum chemical techniques. The solvent effect is included
using the COSMO model. The formation of various oligomers (from dimer to tetramer) was
investigated. The calculations show that the anionic pathway is kinetically preferred over the
neutral route. The first step in the anionic mechanism is the formation of the SiO-Si linkage
between the reactants to form a five-coordinated silicon complex which is an essential
intermediate in the condensation reaction. The rate-limiting step is water removal leading to the
oligomer product. The activation energies for dimer and trimer formation (~80 kJ/mol) are
significant higher than the subsequent oligermerization. The activation energies for the ring
closure reaction (~100 kJ/mol) are even higher. The differences in activation energies can be

related to the details in intra- and intermolecular hydrogen bonding of the oligomeric complexes.
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2.1. INTRODUCTION

The silica condensation reaction is the essential elementary reaction step of sol-gel chemistry
[1,2] and zeolite synthesis[3]. Understanding how zeolites nucleate and grow is of fundamental
scientific and technological importance. Numerous experimental [4-11] and theoretical [12-19]
studies have been devoted to investigate the silicate oligomers that occur in the prenucleation
process of silicious zeolite.

Various experimental techniques can be used to reveal the structural information about species
in solution and nucleation processes. During the first hours of sol-gel reactions, various silicate
oligomers are formed in solution. They can be dimers, trimers, tetramers, 3-rings, 4-rings, double
3-rings, double 4-rings or other larger oligomer. The dominant species depends sensitively on
reaction conditions, solvent used and presence or absence of structure directing agent (SDA) [10,
11].

Quantum chemical calculations of chains (dimer, trimer, tetramer, pentamer), rings (trimer,
tetramer) and the cubic cage were reported by Pereira et al [12, 13]. Stabilities and structural
conformations were reported. It was found that the strong hydrogen bonds formed by hydroxyl
groups and the flexibility of the SiO-Si angle are the most important features for conformation of
the silica cluster. Bond lengths and partial charges vary little when the conformation changes.
Formation of silica rings was suggested to be due to the internal condensation reaction. Pereira et
al.[14] also reported the mechanism of condensation reactions between two Si(OH)s monomers
in methanol environment using the conductor-like screening model (COSMO). The activation
barrier was in the range 50-60 kJ/mol. Two different reaction mechanisms were found: one
pathway is a SN? type reaction and the other one is a lateral attack route. Both of them require
formation of intermediate containing five-coordinated silicon. The SN* mechanism is preferred
over the lateral one.

Another study on the energies of the dimerization reaction of monosilic acid was reported by
Tossel [15]. Using the COSMO solvent model, the author studied the free energy of reaction
changes by varying temperature and dielectric constants of the solvent. The author found that the
condensation reaction is more favorable at high temperature than at room temperature. Free
energies of the silica condensation reaction have been recently presented by Mora-Fonz et al

[16]. It was found that the formation of the small ring fragment is favorable in high pH media.
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The mechanism of the quartz dissolution process was investigated by other authors [17-19].
Xiao et al used the dimer of silica as a model to study the hydrolyse pathway of quartz by OH in
gas phase [17]. The authors proposed a hydrolysis mechanism with two steps: adsorption of H,O
on a Si0-Si site to form a five-fold silicon species (activation barrier as 79 kJ/mol ) and breaking
of the SiO-Si bond (activation barrier as 19 kJ/mol). The reverse process of his mechanism was
formation of the dimer silica with two steps: formation of SiO-Si linkage (activation barrier as 69
kJ/mol) and cleavage of the H,O (activation barrier as 79 kJ/mol). Other authors reported the
mechanism of quartz dissolution on neutral silica surfaces and acid environment [18,19]. The
healing reaction of neutral dimer on S-cristobalite surface, which is the SiO-Si bond formation,
was found to have a barrier of 120 kJ/mol [18]. Silica dissolution in acid environment had an
activation barrier about 120 kJ/mol. There was a five-coordinated silicon observed during the
dissociation process [19].

Most of the previous work has focused on the thermodynamic factors of silica condensation.
Only the mechanism of the dimerization reaction was studied in methanol environment. Here we
address the reaction pathway in alkaline media, which is the general condition for zeolite
synthesis. The details of the mechanism of these reactions (especially the formation of the trimer,
tetramer, pentamer and ring structure formation) are not fully elucidated. We have not only
studied the formation of the dimer as in previous works but also larger clusters such as the trimer
and tetramer. We propose a mechanism of ring formation which occurs via an internal

condensation reaction.

2.2. COMPUTATIONAL DETAILS

Density Functional Theory (DFT), with the B3LYP[20] hybrid exchange-correlation
functional, was used to perform all of the calculations. The B3LYP method has been reported to
provide excellent descriptions of various reaction profiles and particularly of geometries, heats of
reaction, activation energies, and vibrational properties of various molecules [21]. Geometry
optimization and saddle point searches were all performed using the Gaussian 03 program [22].
The basis set used to expand the molecular orbital were all electron type 6-31+G(d,p). For all the
systems considered we have determined equilibrium geometries in gas-phase and have evaluated

vibrational frequencies. The transition states were obtained by requiring that one and only one of
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the eigenvalues of the Hessian matrix is negative. The solvation effect was included using the
continuum solvation COSMO method implemented in GAUSSIANO3 package [22]. COSMO
method has been reported to be an appropriate approach for studying the silica reaction in
solution [16,22].

The calculations were performed on silica clusters with a focus on the two mechanisms

concerning anion and neutral species sketched in scheme (2.1) and scheme (2.2).

HO OH
OH OH |
\/O _____ SI/OH
R—Si / \
R—Si—O~ + OH——Si—OH —_—
§—O° / OH OH
HO
OH OH TS1
HO\ OH o ’ (|)H HO OH —
e /OH
— 4—0gj O0——a7 _\ _—~O0——Si—OH
R—Si \ -«— |gR—sgi— 8 ~-on| <— RS
O----HOH / o OH
HO - Ho 0---H HO OH
- TS2 -

Five-coordinated complex
Scheme 2.1: Anionic mechanism of the silica condensation reaction. R = H, (OH);Si-

[Si(OH)z]n- (n=0-2).
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_ " - H—OH
TH C|)H on | Tod OH *
1
O~ 0 __—OH
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Scheme 2.2: Neutral mechanism of the silica condensation reaction. R = H, (OH)3Si-

[Si(OH)2]n- (n=0-2).
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Scheme (2.1) illustrates the anionic mechanism; the polymerization reaction is initiated by a
silicate anion. The monomer Si(OH), is added step by step into the chain by condensation
reactions. Scheme (2.2) represents the neutral mechanism in which all the reaction pieces are
neutral.

For some species we calculated equilibrium geometries within the polarized continuum solvent
model -COSMO. However, the change in bond distances in the COSMO optimization was
always less than 0.01 A. Therefore, we decided to use only the gas-phase equilibrium geometries
in COSMO energy calculations, without reoptimizing the geometries.

We have tried to investigate the effect of water on the mechanism of this dimerization process
by including water molecules explicitly in our calculations. Water molecules were added
randomly around the dimer cluster. Up to ten water molecules were added. The influence of such
water molecules is very small to the geometry of transition states and other intermediate. Their
effect on activation barrier is also small. However, the time needed for the calculation of ten
explicit waters molecules for dimer is huge. Therefore, we decide to use continuum solvation
model to evaluate the solvent effect of water. As will become apparent from our conclusions a
more detailed analysis of explicit water interactions is necessary to use our results directly for
reaction in water phase.

All the results in this study include the solvation effect using the COSMO model. The choice
of cavities is important because the computed energies and properties depend on the cavity size.
In this study, the PAULING cavity is used instead of the default model UAO in GAUSSIANO3.
The PAULING model has been reported to provide excellent solvation energies for anion species
[25] and is acceptable for neutral species with reasonable computational time requirement.

We defined the overall-barrier as the difference in energy between the highest transition state

and the initial complex formed that leads to the first transition state intermediate.

2.3. RESULTS

2.3.1 Two mechanisms: neutral vs. anion

2.3.1.1 Formation of the dimer.

Calculations concerning the thermodynamics of silica dimerization reaction have been reported
before [14-17,19]. In this section we present studies representative of an alkaline environment

that is generally used for zeolite synthesis. We will determine which under this condition is the
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most suitable mechanism of SiO-Si bond formation. The two possible routes considered are via
the anion and via the neutral species.

a. Anionic mechanisms:

Table 2.1: Selected distances (A) of the intermediates and transition states along the anionic

dimerization reaction.

Distance 0O3-H1 02-H1 03-Sil O1-Sil
I 1.015 1.616 3.609 1.691
TS1 1.563 1.016 2.61 1.702
II 2.177 0.965 1.775 1.794
TS2 2.515 0.965 1.691 2.556
III 3.405 0.963 1.682 3.346

In high pH environment, the dominant silicate species will be anionic. Thermodynamic
calculations show that in solution the OH ion will deprotonate the monomeric species to form
monocharged anion Si(OH);O" [16]. The condensation reaction occurs through two reactions
steps. The first step is the formation of the SiO-Si bond between two molecules, the second step
is to remove water to form the dimer species. In the first step, the anion Si(OH);O" will approach
the monomer to a minimum distance to form a structure stabilised by three strong hydrogen
bonds (Fig 2.1.1 ). The transition state corresponds to formation of the SiO-Si bond. In this step,
a reaction intermediate is formed with a five-coordinated silicon (Fig 2.1.1I). We notice the much
elongated Si-O bond around the fivefold coordinated Si. The bond length of Si-O around fivefold
coordinated Si is between 1.70 A and 1.80 10%, whereas, the other Si-O bonds have a length of
around 1.65 A. The geometry of TS1 and the elongation of the bonds around the five-
coordinated silicon were also reported by Xiao et al [17]. The presence of this five-fold complex
has also been observed by Pereira et al. [14] when the dimerization reaction occurs in methanol
environment and is acid catalysed. The activation barrier of this step in our study is 57 kJ/mol for
the formation of dimer. This value is slightly smaller than the value obtained by Xiao et al (69

kJ/mol). This difference relate to differences in the details of calculations, as for instance type of
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basis set used. Note that there is a hydrogen transfer step between two reactants in the first
transition state. The variations of distances O3-H1 and O2-H1 show that one monomer
deprotonates and transfers one H to the anion Si(OH);O". The hydrogen bond of O3-HI in

structure (I) has to be broken to form the five-fold complex (II).
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Fig 2.1. The anionic mechanism of dimerization reaction (B3LYP/6-31+G(d,p) - COSMO)

The most difficult reaction step is removal of water molecule to form the dimer silica. The
activation energy of this step is 66 kJ/mol. Hydrogen is transferred at the same time that a
hydroxyl group starts to leave. As a result, the water molecule will be the leaving group and the
product is again an anion which can initiate another condensation reaction to form a trimer. One
interesting note is that this product has an internal hydrogen bond. The overall barrier of this two
step dimerization reaction is 78 kJ/mol. This second step is the reverse step of adsorption of
water to anion dimer reported by Xiao et al. Our barrier (66 kJ/mol) is again comparable to that

of Xiao’s study (79 kJ/mol), but slightly lower.
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b./ The neutral mechanism:

The dimerization reaction can also occur via neutral reactant species. Fig 2.2 shows the details
of this reaction path. Two molecules approach through formation of hydrogen bonds to a
minimum distance. This complex rearranges via a transition state with an intermolecular
hydrogen transfer (TS). The 4 atoms Si, O, H and O are in the same plane. There is also an
increase of the Si-O bond length (1.82 A) towards which the H is transferred. This helps to
cleave the Si-O bond. The activation energy of this step is very high: 127 kJ/mol due to strong
interference of the hydroxyl proton. After H transfer, the water fragment leaves the molecule to
form the dimer. The five-fold silicon complex is not observed in this neutral route with lateral
attack. This is different from the proton catalysed mechanism reported by Pereira et al. [14].
They found that the five-silicon complex also is present in acid catalyzed dimerization in
methanol environment.

In other theoretical studies of silica hydrolysis using B3LYP and a continuum solvent model
(SCIPCM) calculations, Pelmenschikov et al. reported the mechanism of quartz dissolution on
neutral silica surfaces [18].

The healing reaction of

neutral dimer on f-cristobalite

140 120 surface, which was the SiO-Si
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Fig 2.2. The neutral mechanism of dimerization reaction (B3LYP/6-31+G(d,p) — COSMO)
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2. 3.1.2. Formation of the linear trimer

a.Anionic mechanism:

Table 2.2: Selected distances (A) of intermediates and transition states along the anionic

pathway of trimer formation reaction.

Distance 0O3-H1 02-H1 03-Sil O1-Sil
I 1.032 1.518 3.590 1.688
TS1 1.596 1.010 2.631 1.694
11 2.183 0.965 1.780 1.785
TS2 2.505 0.965 1.690 2.520
I 2.736 0.964 1.685 3.279
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Fig 2.3. The anionic mechanism of the trimerization reaction (B3LYP/6-31+G(d,p) - COSMO)
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In basic environment, the OH ion deprotonates the oligomers species to form the
monocharged anions. The first deprotonation reaction of monomer and dimer are given by
equation (2.3) and equation (2.4);

Si(OH); + OH — (OH);SiO” + H,O (2.3)

Si,0;H¢ + OH" — Si,O7Hs + H,O (2.4)

The calculated values of deprotonation free energy of monomer and dimer are -64 kJ/mol and -
92 kJ/mol, respectively [16]. Thus, formation of the anionic dimer is more favourable than that
of the anioc monomer in the high pH environment. The product of the dimerization reaction is a
monocharged anion. For this reason, the reaction between anionic dimer and one monomer is
more favourable then between neutral dimer and anionic monomer. The difference in energy
between the two set of reactants is 23 kJ/mol. Hence, the reactants for trimerization reactions are
mainly an anion dimer and a monomer. Both a neutral monomer attack on an anionic dimer and
an anionic monomer attack on neutral dimer will lead to the same intermediate structure (I).
Therefore, these two mechanism are essentially the same.

Whereas one would expect also in the complex of dimer and monomer, formed upon reaction,
that the dimer would remain anionic this is not found. In the pre-transition state complex from
which SiO-Si bond occurs, proton transfer has taken place. It is due to the large hydrogen
bonding of the hydroxyl groups of dimers with the hydroxyl groups of monomer. It causes an
increase in the basicity of the monomer silicate anion.

The anionic pathway is very similar to the mechanism of dimerization and occurs in two steps.
First, the formation of a Si0-Si bond with a barrier of 56 kJ/mol. As in the case of dimerization,
proton transfer occurs again in the transition state also. The intermediate is a five-coordinated
complex with a geometry similar to the case of the dimer. The most favourable approach of the
monomer is to form an almost cyclic-like structure. H-bonding controls the preferred
conformation. It explains why the linear trimer has a cyclic-like conformation as has also been
found by others.!"*"* Second, the hydroxyl group leaves and H transfer occurs at the same time.
The leaving group is a water molecule. This second step has a barrier equal to 64 kJ/mol. The
overall barrier of trimerization reaction is 76 kJ/mol, which is similar as the value found for

dimerization.
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Neutral mechanism:
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Fig 2.4. The neutral mechanism of the trimerization reaction (B3LYP/6-31+G(d,p) —- COSMO)

The neutral mechanism of the reaction of dimer silica and one monosilicic acid is presented in
Fig 2.4. The pathway is very similar to dimerization; the complex reactant turns into the product
via a transition state with hydrogen transfer. The barrier of this process is 128 kJ/mol which

again is higher than for the case of the anionic mechanism.

2.3.1.3. Formation of the 3-ring:

Formation of the 3-ring has been suggested before to occur via an intramolecular condensation

reaction [12,16]. Calculations on the thermodynamics indicate that the 3-ring is a stable product
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in solution [16]. Here we will study the mechanism of 3-membered ring formation via the

internal condensation reaction according to the anionic and neutral route.

The anionic mechanism

Table 2.3: Selected distances (A) of intermediates and transition state along the anion paths of

3-ring closure reaction.

Distance O3-H1 02-H1 03-Sil O1-Sil
I 1.706 1.007 2.980 1.647
TS1 1.952 0.973 2.250 1.671
I 3.285 0.966 1.733 1.799
TS2 2.953 1.016 1.689 2.496
10 3.406 0.975 1.694 3.294

There are two important differences with the two previously discussed anionic reactions. First
of all for ring closure, intramolecular hydrogen bridges between the hydroxyl groups of the
molecules have to be broken in order to create a geometry so that internal ring closure can
actually happen. This causes the unfavourable energies of intermediates (Fig 2.5.1I) (a pre-
transition state configuration) and intermediate (Fig 2.5.III) with five-coordinated Si. The
activation energy for initial SiO-Si bond formation (Fig 2.5.TS1) is relatively low (36 kJ/mol)
because now no proton is transferred. This is the other important difference with the previous
anionic dimerization and oligomerization steps.

The water removal step has the same activation barrier as for linear species. The overall barrier
of 3-ring formation is 99 kJ/mol, which is much higher than that of dimerization and linear

trimerization. We will analyse the consequences of this finding in the discussion section.
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Fig 2.5. The anionic mechanism of 3-ring formation (B3LYP/6-31+G(d,p) — COSMO)

The neutral mechanism:

The ring closure reaction may also take place via the hydrogen transfer mechanism between
neutral species as in Figure 2.6. The neutral linear trimer changes conformation. The two ends of
the chain approach each other. For the transition state, which is very similar to the case of dimer,
a hydrogen transfers to a hydroxyl group. After that, a water molecule will leave of the cluster
and a 3-ring is formed. The activation energy is 135kJ/mol, which is higher than the overall

barrier of anionic mechanism. Again, this neutral route is not favourable.
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Fig 2.6. The neutral mechanism of 3-ring formation (B3LYP/6-31+G(d,p) — COSMO)

Table 2.4: Comparison of the anionic mechanism and neutral mechanism for the silica

condensation reaction. The overall activation barriers are calculated using B3LYP/6-31+G(d,p)

and COSMO solvent model.

Anionic mechanism

Neutral mechanism

Reactants species
Steps

Intermediate

Overall barrier (kJ/mol)
Dimer

Trimer

3-membered ring

1 neutral + 1 anionic

- S10-Si bond formation
- Water removal

Five-fold silicon

78
76
99

2 neutral

Hydrogen transfer with SiO-
Si bond formation

127
128
135




Chapter 2

Data on the two mechanisms (anionic and neutral) are summarised in table 2.4. The anionic
pathway, which has two steps, SiO-Si bond formation and subsequent water removal, is clearly
the most favourable route for the silica condensation reaction. Our observations are in agreement
with the general condition of silica condensation [1,2]. It is interesting to note that the second

step in the anionic mechanism is more difficult than the former.

2.3.2. The tetramers

Here we report on the silica condensation reaction for larger clusters. From the previous
section, we concluded that the anionic mechanism is the favourable path for silica condensation.
Therefore, we only consider the anionic route for the formation of tetramer species.

Formation of linear tetramer and branched tetramer:

SiJOWDHﬁ
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Fig 2.7. The anionic mechanism of linear tetramer formation from a linear trimer and a monomer
(B3LYP/6-31+G(d,p) - COSMO)
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A linear tetramer and branched tetramer can be formed from the same reactants: an anionic

linear trimer and a monomer. Fig 2.7 and Fig 2.8 show the routes of formation for the two

species.
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Fig 2.8. The anionic mechanism of branched tetramer formation from a linear trimer and a

monomer (B3LYP/6-31+G(d,p) - COSMO)

Different from the cases of anionic dimerization and linear trimer formation, there is no proton
transfer between monomer and oligomer in the pre-transition state (complex Fig 2.7.1) of SiO-Si
bond formation. Now there is no stabilization of negative charge on the monomeric silicate anion

in the complex with oligomer. The oligomeric hydrogen bonds remain saturated by
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intramolecular hydrogen bonds. As a consequence the activation barrier for SiO-Si bond
formation is the same as that found in the trimer cyclization reaction. Secondly intermediate (Fig
2.7.11), with five coordinated Si, is stabilized because of the many intramolecular hydrogen
bonds possible in this complex. The first barrier of SiO-Si formation and the second barrier of
water removal are 31 kJ/mol and 63 kJ/mol respectively. Hydrogen bonding effects explain the
finding that the overall barrier of linear tetramer formation reaction is only 56 kJ/mol, while the
overall barriers for dimerization and trimerization are 76 kJ/mol and 78 kJ/mol, respectively.
Table 2.5: Selected distances (A) of the intermediates and transition state along the anion

paths of formation of linear tetramer.

Distance 0O3-H1 02-H1 03-Sil O1-Sil
I 1.352 1.089 3.251 1.672
TS1 1.601 1.008 2.654 1.691
I 2.188 0.965 1.785 1.781
TS2 2.483 0.965 1.695 2.439
11 2.756 0.965 1.683 3.285

Table 2.6: Selected distances (A) of intermediates and transition state along the anionic

paths of formation of branched tetramer.

Distance O3-H1 02-H1 03-Sil O1-Sil
I 1.409 1.055 3.285 1.668
TS1 1.686 0.996 2.598 1.692
1T 2.248 0.965 1.760 1.783
TS2 2.498 0.965 1.681 2.455
I1I 2.651 0.964 1.670 3.321

The anionic mechanism of branched tetramer formation from a linear trimer and a monomer is
shown in Fig 2.8. The mechanism is very similar to the case of formation of the linear tetramer.

The mechanism with two steps takes place with barriers of 30 kJ/mol and 64 kJ/mol,
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respectively. For the same reasons as mentioned for linear tetramer formation, the phenomenon
of hydrogen transfer at the first step does not occur. Consequently, this reaction has a low
activation barrier of the SiO-Si formation (30 kJ/mol). The overall barrier (44 kJ/mol) is again
low because of stabilisation of intermediate (Fig 2.8.1I) by hydrogen bonding.

We predict that the formation of higher oligomers as pentamers and hexamers would have very
similar barriers as found for the case of linear and branched tetramer formation. Essentially
because of the role of hydrogen bond, the formation of these complexes may be expected to be

quite similar.

4-ring formation:
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Fig 2.9. The anion mechanism of 4-ring formation from a linear tetramer (B3LYP/6-31+G(d,p) —
COSMO)
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The case of 4-ring formation is similar to the 3-ring mechanism. The linear tetramer has
several internal hydrogen bonds. They have to be broken for formation of the reactive cyclic
intermediate. The energies of the different elementary reactions steps is similar as that of the
trimer ring closure reaction. Similar to the case of 3-ring closure, the overall barrier of 4-ring

formation is 95 kJ/mol.

Table 2.7: Selected distances (A) of the intermediates and transition state along the anion paths

of 4-ring closure reaction

Distance O3-H1 02-H1 03-Sil O1-Sil
I 1.709 1.001 3.168 1.663
TS1 1.986 0.975 2.392 1.660
1T 3.305 0.966 1.726 1.789
TS2 3.007 0.987 1.684 2.484
I1I 3.399 0.975 1.688 3.311

2.4. DISCUSSION

The overall energetics of the oligomerization reactions considered is summarised in Fig.10.
One notes the relatively high barriers of the initial oligomerization steps and the low barriers for
consecutive linear and branched oligomer formation. This result implies that higher oligomer
formation should occur rapidly once the initial oligomers have been formed. This agree with
experimental observation [1,2]. In contrast, the ring closure reactions are found to have high
barriers. These rates should be relatively slow. This does not agree with experimental
observation that always shows significant ring formation [10,11]. From the analyses of our
results given earlier we deduced that the main reason for the barriers is the reduction of the
internal hydrogen bonds when the ring closure occurs. In agreement with this we find (see table
2.8) the values of E,, are the same for all reactions. We suggest that the main reason for the

difference between experiment and theory is the absence of explicit water molecules in the
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simulation. Embedding the reactions in a water environment will create many hydrogen bonds
with water. This will tend to counteract the hydrogen bonds change energies we found to have
responsible for many of the differences in our calculated results. This we intend to study in
consecutive study.

Table 2.8: Calculated activation barriers (kJ/mol) for the condensation reactions forming silicate
clusters from monomeric to tetrameric species via the anionic mechanism. For the linear and
branched oligomers, the reactants are a silicate anion and a monomer Si(OH), to form the larger
silicate anion and water as products. For the internal condensations, the reactants are the silicate
anion that leads to the monocharged ring and a water as products.E, is the activation barrier of SiO-
Si bond formation step, E,; is the activation barrier of water removal step. The overall-barrier is the
difference in energy between highest transition state and the initial complex formed that leads to the

first transition state intermediate.

Gas phase COSMO model
Condensation reaction Eixi  Eao ?)Ver.an' AE AH* E.cii E.c0 Over.all- AE | AH?
arrier barrier
O SO —= O\ 52 6l 52 87 92| 57 66 78 28 | -42
o Ny — Si/O\Si/o\Si 41 62 41 60 -68 | 56 64 76 -30 | -69
Si/O\Si
O N, —— ] | 28 51 68 60 69 | 57 57 99 35 | 49
Si Si | o fo)
~No
Si
NG Ny N TN N 200 57 20 87 51| 31 63 56 45 | 74
Si/O\Si/O\Si
(0]
o N DNy — (I) 2 62 31 121 N/a| 30 64 44 54 | N
Si
e N
&N T N —— ] I 34 57 71 64 37| 59 54 95 17 | 18
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a Ref 16: calculated AH values using BLYP/DNP at 450K, COSMO model for solvation
energy.
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We have considered two possible pathways for the silica condensation reaction. The anionic

and neutral mechanism of the formation of dimer, trimer and 3-membered ring silicate species

have been investigated. The calculated overall-barrier of anionic route is always lower than the

neutral route. This finding agrees with experiment [1,2] that finds rapid oligomerization in basic

solutions.
Monomer Dimer
78 kJ/mol
Y
" ) 9
J -]
76 kJ/mol
Trimer
99 kJ/mol
d ) - 5
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Fig 2.10. B3LYP/6-31+G(d,p)- COSMO results: condensation reaction map of the formation

from dimer to tetramer and the ring structure with calculated overall activation barriers (kJ/mol).
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The anionic mechanism has 2 steps. The first step is SiO-Si linkage formation which results in
an intermediate with a five-coordinated silicon complex. The prediction of this five-coordinated
silicon is supported by experimental work [23] which shows the presence of this kind of complex
during the hydrothermal synthesis of zeolites. The hydrogen-bond is very important factor in the
initial reactant complex. It is found that at the initial step of SiO-Si formation, the hydrogen can
also transfer between the two reactants (in the case of dimer and trimer). This derives from the
fact that the deprotonation energy of silicate species increased when the size of oligomer
increases [16]. The second step is the removal of water of that intermediate to create the product
in the oligomerization process. It is found that the second step has the higher barrier. Cluster size
does not have an effect on the activation barrier of water removal in the noncyclic addition
reaction. For linear oligomer formation from dimer to tetramer, this barrier is in range 63-66
kJ/mol. The activation barrier of water removal step for internal ring closure reaction is similar

for 3-ring and 4-ring formation.

Other thermodynamic properties calculations of the oligomerization reaction were reported by
Mora-Fonz et al. [16]. The authors used the BLYP method with the COSMO model to evaluate
the free energy of silica condensation reaction. One of their conclusions was that the reaction
concerning the mono charged silica species is favourable in high pH environment. The ring
formation was also suggested to occur via an internal condensation reaction. Our thermodynamic
results are comparable with that of the previous studies [12,13,16]. Additionally, this
mechanism study adds to their observation that the kinetics also prefers the anionic route
compared to the neutral pathway.

The size of the oligomer has an effect on the mechanism and activation barrier of the silica
condensation mainly due to the differences in hydrogen bonding. In the first step of the SiO-Si
bond formation reaction, there is a hydrogen transfer between the reactants in the formation of
the dimer and trimer. This phenomenon has an important contribution to the activation energy of
the SiO-Si linkage formation step. The activation barrier of this step is higher when there is
hydrogen transfer, because the O-H bond has to be broken to create O-Si bond. For larger
oligomers or ring formations, there is no such hydrogen transfer. Subsequently, the barrier

energy for SiO-Si formation is lower than the case of smaller oligomer.
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In the experimental studies of zeolite synthesis, the dominant species depends sensitively on
reaction conditions, solvent used and presence or absence of structure directing agent (SDA) [10,
11]. The mechanism that we proposed can be influenced by the present of SDA. But we expect
that there would be a little variation in the bond distance and geometry of the intermediates and
transition states. However, we also note that there can be large deviations in the relation energies
of the oligomers because the presence of such organic templating agents is likely to increase the
stability of particular anionic silica species [30]. In this study, we limited ourselves to the case of
pure silica condensation reaction without the presence of SDA compound. A detailed study of
the interaction with SDA molecules requires careful considerations of salvation effects with

water [30].

2.5./ CONCLUSIONS

In the present study, the reaction mechanism of silica condensation was investigated using
DFT calculations for various structures of silicate oligomers. There are two different reaction
paths for the condensation reaction: one reaction path proceeds via neutral species and the other
occurs via the anionic species. We have investigated an anionic mechanism that occurs in two
steps. The first step is the formation of the SiO-Si linkage bond between two reactants. The
second one is the removal of the water group from the intermediate to form a product. We infer
that the water removal is the most difficult step in reaction pathway. Based on the calculated
activation barriers of silicate formation, the anionic pathway is kinetically preferred over the
neutral one. Thus, the polymerization of silicate species mainly concerns the anionic species.
This remark is good agreement with experimental and consistent with other theoretical studies.

This study continues previous theoretical work [12,13,16] that studied the formation of the
silica oligomers. The ring closure reactions occur with high barriers because of loss of
intramolecular hydrogen bonds.

The decrease of the overall activation barrier for the formation of higher linear and branched
molecules is ascribed to more favourable hydrogen bonding effects for these cases.

The finding of the importance of inter- and intramolecular hydrogen bonding to the relative
activation barriers of SiO-Si bond formation in different complexes has several important
consequences. First of all presence of water solvent may change the differences in overall

barriers found significantly because hydrogen bonding with water molecules will alter hydrogen
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bond effects. Secondly SiO-Si bond formation on surfaces may proceed with high barriers,

because also here opportunities for hydrogen bonding are reduced.
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CHAPTER 3

The Role Of Water In Silicate Oligomerization
Reaction

Here we apply Car-Parrinello Molecular Dynamics simulations with explicit inclusion of water
molecules to investigate the reaction pathway for the anionic bond formation of siliceous
oligomers. The rates of SiO-Si bond formation of linear or ring containing silicate oligomers
become substantially enhanced, compared to gas phase results. The formation of 3-ring oligomer

is more favorable than the formation of higher branched and ring silica oligomers.
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3.1 INTRODUCTION

The silica condensation reaction is the key elementary reaction step of silica sol-gel chemistry [1,2] as
well as alumino-silicate synthesis [3]. Understanding how alumino-silicates as zeolites nucleate and
grow is of fundamental scientific and technological importance. Numerous experimental [4-11] and
theoretical studies [12-21] have been devoted to investigate molecular aspects of the kinetics and
thermodynamics of silicate oligomers at prenucleation conditions.

Most of previous theoretical studies have focused on the thermodynamic properties of silica
condensation reaction using cluster models in gas phase and continuum solvent models. For example, an
early study on the energies of the dimerization reaction of monosilic acid was reported by Tossel [15].
Using the COSMO solvent model, Tossel studied the free energy of reaction changes by varying
temperature and dielectric constants of the solvent. The author found that the condensation reaction is
more favorable at high temperature than at room temperature. Free energies of the silica condensation
reaction in neutral and alkaline environment have been recently presented by Mora-Fonz et al.[16,17]. It
was found that the formation of the small ring fragment is favourable in high pH media.

There is still limited information on the activation barriers that control the rate of the SiO-Si
formation step in real solutions. From previous computational studies of the reaction models in the gas
phase, it became apparent that formation of inter-molecular or intra-molecular hydrogen bonds is an
important aspect. Computational studies including water molecules explicitly are essential to establish
further the role of such hydrogen bonding effects [22]. Previously in chapter 2, we found that especially
the relative rates of formation of silicate ring containing oligomers compared to that of linear silicate
oligomers were affected by intra-molecular hydrogen bonding differences. The gas phase calculations
[21] indicated significantly higher barriers for ring formation than for linear and branched oligomer
formation. This disagrees with experimental observations in the water phase.

Here we report on an ab initio density-functional theory based molecular dynamics simulation study

of the silica condensation reaction in aqueous solution.

3.2 COMPUTATIONAL DETAILS

Earlier we concluded, in agreement with experiment, that silica oligomerization proceeds through an
anionic intermediate species [21]. Therefore, we have used this preferred anionic pathway (scheme 3.1)
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to investigate the formation of dimer to branched tetramer, 3-ring and 4-ring oligomers species.
Simulations [23,24,25] were performed employing the Car-Parrinello method as implemented in the
CPMD package. We considered a system consisting of one silicic acid Si(OH), and its deprotonated
form Si(OH);O" with 64 water molecules. The simulation cell is a periodically replicated cubic box with
a size corresponding to a density of solution around 1g/cm’ at ambient conditions. The temperature is
set at T=350K and imposed with a Nose-Hoover thermostat. The electronic structure was calculated
using the Kohn—Sham formulation of density functional theory (DFT) and employing the BLYP
functional [26,27]. BLYP has proven to give an accurate description of the structure and dynamics of
water [28-30] and silica-water interaction [31]. Typically, simulations runs consisted of a short
equilibration run (1ps) with the temperature of 350K imposed by velocity scaling, followed by a 10 ps
production run. This allowed for sufficient relaxation and sampling of the orientational and translational
motion. The Car-Parrinello equations of motion have been integrated using a time step of 6 a.u.
Deuterium has been utilized instead of hydrogen to allow a larger time step. Therefore, in the discussion
below (Molecular Dynamics Simulations), it should be kept in mind that all species that include
hydrogen atoms are in fact deuterium containing species.

To evaluate the free energy change AA, the phase space along the reaction path has been explored by
the constrained dynamic method [32], keeping the r(Si-O) length constrained. The reaction free-energy
profile was determined by imposing a reaction pathway using the constrained molecular dynamics.
Starting from the an equilibrated system the distance r(Si-O) is changed stepwise with intervals of 0.1-
0.2 A from the reactant value to the product value. At each value of the imposed r(Si-O) distance, the
system is equilibrated for 1 ps, followed by a 10 ps trajectory for the which the average constraint force
required to maintain the imposed r(Si-O) distance was measured. The applied method of constraint
ensures that configurations typical for a reaction pathway are properly sampled. The free energy is
obtained by thermodynamic integration of the average constraint force along the imposed reaction path.

It was determined numerically by a polynomial fit through the measured constrained force:

¢,
AA = —f f(&ds 3y
4

where ( is the value of the constrained reaction coordinate, f is the mean force to hold the system at

reaction coordinate { and A is the Lagrange multiplier on the constraint which is proportional to the

force due to constraint. Note that all AA values are free energies calculated at constant volume;
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therefore they are Helmholtz’s free energies. However, for most reactions the volume change during the
reaction is fairly small (including the interactions, considered in this paper); therefore, AA is
approximately equal to AG under ambient pressure.

Scheme 3.1: Intermediates according to the anionic mechanism of the silica condensation reaction

(schematics). Two proton transfer mechanisms are compared.
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To calculate the internal energy U of the reactant state and product state, we estimate the average
internal energy of 3000 configurations of the system at equilibrium state. The standard error of the
energies was calculated according to the block average method presented by Allen and Tildesley [33].

As the rate of condensation reaction is outside the timescale accessible to ab-initio molecular
dynamics (~10ps), the reactive events are enforced by using the method of constraints [32]. Starting
from the equilibrium configuration, the first step of OSi-O bond formation was controlled by varying
the distance between the O1 and Si2 atoms respectively at fixed positions (See scheme 3.1).
Subsequently, the reactive event of water removal was controlled by varying at fixed values the distance
between Si2 and O3 atoms. The final state of the first step is 5-fold silica intermediate; this structure is
also the beginning state of the second step.

3.3 RESULTS AND DISCUSSION

3.3.1./ Radial distribution functions (RDF)

) l/ \\\/’/\ ; i [
/ P/
L H T S T T B
fA) r(A)
5 : [\
hoEL L o~
\ /r \V\v / ) ) /” \\n\/

Figure 3.1: a) oxygen-oxygen, (b) oxygen-hydrogen, silicon-oxygen (c) and (d) silicon-hydrogen radial
distribution functions (RDFs) obtained from the last 10 ps of the simulation of the reactant state in the

dimerization reaction.
45



The Role Of Water In Silicate Oligomerization Reaction

An important quantity for characterizing chemical structures in liquid water is radical distribution
functions (RDF). In Figure 3.1, we depict the silicon-oxygen gSi-O(r), silicon-hydrogen gSi-H(r),
oxygen-oxygen gO-O(r) and oxygen-hydrogen gO-H(r) obtained from 10ps run after the equilibration
step. The main contribution of the oxygen-oxygen and the oxygen-hydrogen RDF is from water
structure. The maximum value of the oxygen-oxygen RDF obtained from our simulation is in good
agreement with other theoretical studies of pure water [33,34]. This indicates that the silicate species is
very well solvated. The typical shape of oxygen-hydrogen RDF of oxygen-hydrogen with the average
distance for hydrogen bond of 1.97A is observed. We define the hydrogen bond as the distance between
oxygen atom and hydrogen atom rOH in the range between 1.5 A and 2.5 A. A hydrogen bond is called
internal when both the hydrogen atom and the oxygen atom belong to the silicate species, and called
external when one atom belongs to the silica oligomer and the other belongs to water molecules. We

will use these definitions to discuss the stabilities of various silica structures in later section.

3.3.2./ Dimerization and Trimerization

In our simulations, the initial state is defined as the configuration where one anionic oligomer has a
hydrogen bond with one silicic acid monomer. In the case of dimerization, the reactant state contains
one silicic acid and its deprotonated form. To prepare the simulation in an aqueous box, the initial
geometries of the silica species are taken from our previous gas phase simulations [21] and then
solvated with 64 water molecules.

A general accepted mechanism of silica condensation reaction in high pH contains two steps. The first
step is -OSi-O- bond formation. During this step one oxygen atom of monomeric silicic acid connects
with one silicon atom of another silicate to form a stable 5-silicon coordinated intermediate. The second
step is water removal: one hydroxyl group will depart from the 5-silicon coordinated structure with a
hydrogen transfer process occurring at the same time. The products are higher oligomeric silicates and
one water molecule (Scheme 3.1).

The free-energy profile of each step is obtained by integrating the calculated constraint force with the
method described in the computation and details section. The first point and the last point of each step
which have no constrained force applied are obtained after 10ps of production run. The first point of

each step is taken as the reference to get the free energy integration of the reaction. Two steps are
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connected by the intermediate structure, where the final state of first step is the first state of the second

step.
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Figure 3.3: Calculated free-energy profile along the reaction path of silica dimerization and
trimerization. The free-energy profile is obtained by integrating the connecting line through the
calculated constraint force points. Dimerization reaction has an internal proton transfer mechanism.

Trimerization reaction has an external proton transfer mechanism.
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The first step of the dimerization reaction mechanism is depicted in Figure 3.1. During the process,
one oxygen atom of the monomer approaches the Si atom of another monomer. When the distance
between two atoms is 1.8 10%, then the bond OSi-O is formed between the two monomers. The product of
this step is a 5-fold silicon which is generally observed in theoretical and experimental works. We
observe that at 350K, the first activation barrier of dimerization is around 45 kJ/mol.

The second step of the dimerization reaction is a water cleavage process (Figure 3.2). This step is
modelled by sampling the distance between the moving oxygen and the silicon atom (Scheme 3.1).
During the process, one hydrogen atom will transfer to a hydroxyl group with the result a water
cleavage of the 5-silicon coordinated structure to form the final product dimer. This dimer species will
be used as a reactant for further reaction (trimerization). Hence, the oligomerization of silica in solution
is the process of adding step by step one monomeric silicic acid to a silica chain.

Figure 3.3 shows the calculated free-energy profile of the dimerization reaction with two activation
barriers. Our previous calculations of this reaction with a continuous solvent model COSMO found a
higher barrier for the second step compared to the first one. The reduction in relative barriers in the
aqueous solution calculations compared to the gas phase values (see Table 3.1) is due to the stabilization
of the leaving hydroxyl by hydrogen bonds with solvent water molecules. In the continuum model
solvent, individual interaction between water molecule and silica structure could not be observed.

The first step of trimerization and dimerization are very similar in reaction mechanism. The activation
barriers of the two steps are also comparable (Table 3.1). The second step of trimerization reaction is
depicted in Figure 3.2. During the water removal process, one water molecule from the environment
will assist the hydroxyl group’s cleavage. As the result, to remove OH group from the 5-silicon
coordinated intermediate will cost less energy. This mechanism could not be observed in the previous

simulation in the gas phase or the continuum solvent model.
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Figure 3.2: Snapshots of representative configurations of ab initio molecular dynamics simulations of
the second step (water removal) anionic mechanism to form a dimer (a), trimer (b) and 3-ring species.
More detailed snapshots are presented in Supporting Information. White, red, and yellow indicate
hydrogen, oxygen, and silicon atoms, respectively. Numbers indicate bond lengths [A].

al, bl, cl: The intermediate five-fold silicon complex. This species is stable in aqueous media.

a2, b2, c2: During the process: differences in the hydrogen bonds network and interactions between
silicate and water molecules.

a3, b3, c3: Water cleavage has been completed. The geometry is fully relaxed after 30ps.

The second step of dimerization and trimerization has a different mechanism and barrier height. Water
molecules create a hydrogen network environment that assists the water removal process that concludes
the SiO-Si formation process. For the dimer, the hydroxyl leaving group forms a water molecule by

reacting with an internal hydrogen atom of the dimer (Figure 3.2). The results of simulations of the
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consecutive oligomerization step from dimer to linear trimer are shown in Figure 3.3. The second step in
which a hydroxyl group leaves the barrier is lower for trimerization (~ 33 kJ/mol) than for dimerization
(~ 42 kJ/mol). This is due to an essential difference in the reaction path, with in this case the leaving
hydroxyl taking up an external proton from water. The random reorganization of water shell around the
silicate during reaction process is likely the related to this difference. The hydrogen bond network
around the leaving hydroxyl group and nearby trimer’s oxygens is unfavourable for internal proton

transfer.

3.3.3./ Closure reaction of 3-ring and 4-ring

Experimental study of the first nucleation stage of zeolite synthesis shows a relative high
concentration of the 3-ring oligomer [4-10]. During the last decade, many theoretical studies have
focused on the formation of these small ring oligomers in first hours of zeolite synthesis. In high pH
environment, the ring closure reaction mechanism has two steps. As for the linear species, the first step
is the internal interaction to form an intermediate ring with a 5-silicon coordinated structure. The second
step is to remove the hydroxyl group and form the final ring product.

Figure 3.4 provides the calculated free energy profile of the internal condensation reaction from linear
trimer to form the three-ring silica. The barrier energy of this step in gas phase employing the
continuum COSMO model was very high due to the loss of internal hydrogen bonds."*"! However, in the
simulation with explicit water solvent, a lower barrier (~ 35kJ/mol) is found for the initial SiO-Si bond
formation step. This barrier height is reduced since the interaction between the silica and water

molecules compensates for the necessary loss of intra molecular hydrogen bonds.
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Figure 3.4: Calculated free-energy profile along the reaction path of 3-ring and 4-ring formation. The

free-energy profile is obtained by integrating the connecting line through the calculated constraint force
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points. Both reactions have an internal proton transfer mechanism.

For the cyclic trimer formation the leaving hydroxyl reacts again with the internal proton transfer

(Figure 3.2). The barrier difference for the rates of this step of cyclic and linear trimer formation has not

changed compared to the gas phase.
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Figure 3.5: Snapshots of representative configurations of the transition state of the SiO-Si bond
formation step to form 3-ring (a) and 4-ring (b) silica. White, red, and yellow indicate hydrogen,
oxygen, and silicon atoms, respectively. Numbers indicate bond lengths [A].

a.) 3-ring transition sate: There are 2 internal hydrogen bonds, 1 external hydrogen bond with water

b.) 4-ring transition sate: There are 1 internal hydrogen bond, 1 external hydrogen bond with water

Similar to 3-ring formation, the energy profile of the process from linear tetramer leading to 4-ring
product is depicted in Figure 3.4. Interestingly, the activation barrier of the first step OSi-O bond
formation of the 4-ring is higher than that of the 3-ring. We analyze the hydrogen bonds of the oxygen
atom which makes a bond with Si during the trajectory of the transition state. In the case of the 3-ring
formation, that oxygen atom has more internal hydrogen bonds than in the case of the 4-ring formation
(Figure 3.5). During the simulation, there are two internal hydrogen bonds and one external hydrogen
bond for 3-ring. There are only one internal hydrogen bond and two external hydrogen bonds active
oxygen of 4-ring (Figure 3.6). The disparity of the first activation barrier between 3-ring and 4-ring

formation may also be dues to the electrostatic nature of the oxygen atom. In the 3-ring, it is more
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negatively charged than in the 4-ring. Hence the interaction [0%...Si% ] of 3-ring is stronger and more

favorable for the SiO-Si bond formation step.
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Figure 3.6: Distance between an active oxygen atom and internal/external hydrogen atom in the

transition state of SiO-Si bond formation step to form the 3-ring (a) and 4-ring (b) silica oligomer.

The second step of water removal of the 3-ring and of the 4-ring formation has a comparable barrier
(50 kJ/mol) and a similar mechanism. Due to the differences of the first activation barrier, the overall
barrier of 4-ring (95 kJ/mol) is higher and that that of 3-ring formation (70 kJ/mol). This means that 3-
ring formation is more favorable than 4-ring formation. This observation indicates that during the first

stage of pure silica oligomerization process, the 3-ring species will have a significant concentration.
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3.3.4./ Branched tetramer formation
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Figure 3.7: Calculated free-energy profile along the reaction path of branched tetramer formation. The
free-energy profile is obtained by integrating the connecting line through the calculated constraint force

points. The reaction has an internal proton transfer mechanism.

The branched tetramer is formed from a linear trimer and one monomer and has a very comparable
mechanism with dimerization and trimerization . Figure 3.7 gives a picture of the free energy profile of
the branched tetramer formation. Compared to silica structures containing 3-silicon (linear trimer and 3-
ring), the branched tetramer has a higher activation barrier for the first step, SiO-Si bond formation.
This distinction may come from the different charged state of the oxygen of the interaction [0%...Si%™].
The oxygen of oligomers containing 4 Si atoms is less negatively charged than oligomers containing 3
Si atoms. As the consequence, the first step to form the 4-ring and the branched tetramer has a higher
barrier (65 kJ/mol) than that of the 3-ring and the linear trimer (45kJ/mol). Our prediction is that the
formation of higer oligomer such as pentamer or hexamer would have an even higher activation barrier
for the first step SiO-Si bond formation.

The water removal step of the branched tetramer formation is comparable that step of the 3-ring and
the 4-ring formation; an internal proton transfer process. The overall barrier of the branched tetramer
formation is higher than that of lower oligomers. This trend is different from the previous simulation in

continuum model where the branched oligomer formation has a significant low barrier. This implies that
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explicit water simulation is very important to study the reaction related to hydrogen bonds in water
solution. In a continuum solvent model without explicit water, there is no external hydrogen bond,
hence the stabilities of the system is dominated by the internal hydrogen bonds.*"! With the presence of
water, the external hydrogen bonds between silica and water shell environment also contribute to the

relative stabilities of the silica structure.

3.4. The role of water molecules in the silica condensation reaction.

One of the most important contributions of this work is that a model is used with explicit water
molecules, which can describe the solvation shell of water and the chemical properties of silica in
solution much better than earlier cluster approach. The movement of atoms and molecules during the
reaction, especially those involved in the hydrogen bonds are captured accurately. Furthermore, this
approach can provide new insight in the participation of water molecules in the reaction process.

To estimate to contribution of entropy to the total free energy, the internal energy U is calculated as in
the computational details section above. Then the TAS is determined by the fundamental equation

TAS =AU —AA. The entropy change AS of the system comes from the entropy change of silica
+AS

oligomer and from water environment AS =AS . ater

Table 3.1 summarizes the thermodynamic property of all oligomerization reaction. The table clearly
demonstrates that incorporating explicit water molecule in the model significantly alters the picture.
Compared to the continuum water model, the total reaction free energy becomes more unfavorable due
to significant entropy decrease and yields an exothermic reaction enthalpy. This should be related to an
overall change of the solvation shell, that has a structure that is dominated by hydrogen bonds. Note that
the entropy change upon creating a hydrogen bond is of the order of -30kJ/mol [35]. According to
experimental studies and MP2 calculations [35] TAS of one hydrogen bond of a water dimer at 373K is
around -30 kJ/mol. Note also that one water molecule is produced in silica condensation reactions. This
indicates that the water molecule arrangement is important.

In brief, the total free energy of reaction is unfavorable due to reorganization of waters which results
in a significant negative contribution to the entropy of the system. The results show that the enthalpy of

silica oligomerization reaction is exothermic. This observation is in good agreement with experimental

studies of sol-gel formation and zeolite synthesis [1,2].
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Table 3.1: Calculated free energy (kJ/mol) for the condensation reactions forming dimer, linear trimer, 3-ring, 4-ring and branched tetramer via the anionic mechanism. E,
is the activation barrier of the SiO-Si bond formation step, E,; is the activation barrier of the water removal step. The overall-barrier is the difference in energy between highest
point and the lowest point along the reaction coordinates, AA is the reaction free energy (the difference in energy between the final state and the initial state), AU and TAS is the
internal energy of reaction and entropy contribution to the reaction, respectively. The unit of all calculated values is kJ/mol. The trimerization reaction has an external proton
transfer mechanism. All other reactions have an internal proton transfer mechanism.

a Ref 21: calculated single point energies values using B3LYP/6-31+G(d,p), COSMO model for solvation energy. The difference in relative reaction energy calculated (single
point energy calculation with the same silica geometry in gas phase) between CPMD/BLYP and B3LYP was estimated around 5 kJ/mol.

: The thermodynamic properties of the reaction are not evaluated from the initial reactant and the final product but from the stable intermediate state in the reaction process.

CPMD model COSMO model [Ref 21]°
(explicit water included) (no explicit water included)
. . Overall- [*] TAS : [*]
Condensation reaction B Euc2 barrier AA AU Euctl Eu2 Overall-barrier AE
350K
OHSIO —= 7N 44 42 61 25 -66 | -91 57 66 78 -9
e NP 43 33 53 25 96 | -121 | 56 64 76 7
Si/o\Si
O TN ——— | | 35 48 72 41 -116 | -157 57 57 99 22
O\Si/o
O N
o N N — | 69 43 101 60 95 | -155 30 64 44 54
Si
o o fo} si/OﬁSl\o
NN e — [ ] 64 48 95 57 -71 | -128 59 54 95 4
Ny’
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3.5. SUMMARY AND CONCLUSIONS

Our results show that it is essential to include explicitly water molecules in silica condensation and
sol-gel chemistry computational studies. The rate limiting step is not the water removal step as in the
gas phase simulation [21]. The overall barrier is mostly depends on the first barrier of the SiO-Si bond
formation. The activation barrier of the water removal step depends on the mechanism of water assisted
internal or external proton transfer, independent from the size of oligomer.

The kinetic and thermodynamic trends of formation of higher oligomers from dimer silica are found
to be quite different between explicit solvent simulations (this chapter) and gas phase simulation [21].
The gas phase model proposes that the linear and branched higher silica structure are more favorable
than the 3-ring and 4-ring. In contrast, this study in solution observed that 3-ring formation is more
favorable than the formation of higher branched and ring silica oligomers. As a consequence, the 3-ring
silica structure will be a dominant species during the first stage of pre-nucleation process in pure silica
condensation. This is in good agreement with experimental studies of the early stage of zeolite
synthesis.

In conclusion, our results show that it is essential to include explicitly water molecules in silica
condensation and sol-gel chemistry computational studies. The rates of SiO-Si bond formation of linear
or ring containing silicate oligomers become substantially enhanced, compared to gas phase results. The
formation of 3-ring oligomer is less unfavorable than the formation of higher branched and ring silica
oligomers. The unfavourable thermodynamics is mainly due to changes in water entropy that results
from water molecules arrangement. Water molecules are also essential to assist proton transfer and form

stabilization hydrogen bond.
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CHAPTER 4

Effect Of Counter Ion On The Silica
Oligomerization Reaction

Silica condensation reaction were studied in solution in the presence of two counter ions (Li* and
NH;"). Ab-initio molecular dynamics simulations as implemented in CP2K/Quickstep have been
used to construct reaction energy diagrams including transition state free energies. Contact with
Li+ as well as NH4" increases the activation energies of the dimerization step compared to the
situation of no contact. NH4" has no effect on consecutive oligomerization step. Hence NH,;" will

increase the relative formation rate of larger oligomer.
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4.1 INTRODUCTION

Theoretical modeling of zeolite synthesis has been attractive for many scientists. Many
different approaches have been used to date, using both quantum chemical and classical
molecular mechanics techniques. Many electronic structure calculations [16-28] have been
performed to reveal information about the mechanism of the elementary reaction in pre-
nucleation stage.

Free energies of the silica condensation reaction have been recently presented by Mora-Fonz et
al. [20, 28]. The authors found that the formation of the small ring fragment is
thermodynamically favorable in high pH media. Especially, it is important to include explicitly
water molecule and counter ion to the silica model [28]. At different solution pH, the silica
condensation reaction has a different mechanism and activation barrier [27, 30]. It is generally
accepted that the reaction occurs in high pH solution when an anionic mechanism is operational.
This is more favorable and has a lower activation barrier than the neutral mechanism [27,28]
Catlow et al.[29] have carried out MD simulations of silica precursors and a structure directing
agent. They found that long range electrostatic interactions are of crucial importance. Without
these interactions, the investigated complexes tended to dissociate rather than agglomerate.

In chapter 3, it was found that the water molecule in environment has an important role on the
silica condensation reaction. Water stabilizes the silicate oligomer with external hydrogen
bonding. Water also assists the hydrogen transfer process in the water removal step. The effect of
counter ion was not investigated before. Understanding the electrostatic effect is also important to
explore the chemistry of silica oligomerization process.

Here we report on an ab initio density-functional theory based molecular dynamics simulation

study of the silica condensation reaction in aqueous solution with two cation Li* and NH,4".

4.2 COMPUTATIONAL DETAILS

Earlier we concluded, in agreement with experiment, that silica oligomerization proceeds
through an anionic intermediate species [27]. Therefore, we have used this preferred anionic
pathway (scheme 4.1) to investigate the formation of dimer to branched tetramer and 3-ring

species.
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We performed DFT-based molecular dynamics simulations using Quickstep[30] which is part
of the CP2K program package [31]. It uses a Born-Oppenheimer molecular dynamics (BOMD)
algorithm, meaning that it calculates the optimal electron density every time step and from that
the forces on the ions. It employs the Gaussian and plane waves (GPW) method [32], which
makes efficient and accurate density-functional calculations of large systems possible [33]. We
used Goedecker-Teter-Hutter (GTH) pseudopotentials [34,35], the BLYP functional [36,37] and
DZVP-MOLOPT basis set [38]. The density cutoff was 200 Ry and the time step 1 fs. A Nosé-
Hoover thermostat [39] with a chain length of 3 and a time constant of 1000 fs fixed the
temperature at 350K. Every SCF step, the electronic gradient was converged to 10™ Hartree with
the orbital transformation method. We considered a system consisting of one silicic acid Si(OH)4
and its deprotonated form Si(OH);O™ with 64 water molecules. The counter ion is Li* and NH,".
The simulation cell is a periodically replicated cubic box with a size corresponding to a density of

solution around 1g/cm’ at ambient conditions.

Scheme 4.1: Anionic mechanism of the silica condensation reaction with counter ion contain two
steps (schematics). M is Li or NHy. The first step is SiO-Si bond formation can be effected by

cation M. The second step is water removal independent of cation position (water assisted).
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To evaluate the free energy AF, the phase space along the reaction path has been explored by
the constrained dynamic method [40], keeping the r(Si-O) length constrained. After short
equilibration (1ps) at 350K by velocity scaling, the equations of motion have been integrated with
a time step of 6 a.u. for a time about 10 ps in the NVT ensemble, and the change in the free
energy value between states 1 and 2 has been calculated using the thermodynamic integration
method with polynomial fit function:

&
AF =—I fedss a1
4

where C is the value of the constrained reaction coordinate, f is the mean force to hold the

system at reaction coordinate { . Note that all AF values are free energies calculated at constant
volume; therefore they are Helmholtz’s free energies. However, for most reactions the volume
change of the reaction is fairly small (including the interactions, considered in this paper);
therefore, AF is approximately equal to AG under ambient pressure.

As the rate of condensation reaction is outside the timescale accessible to ab-initio molecular
dynamics (~10ps), the reactive events are enforced by using the method of constraints. Starting
from the equilibrium configuration, the first step of OSi-O bond formation was controlled by
varying the distance between the O1 and Si2 atoms respectively at fixed positions (See scheme
1). Subsequently, the reactive event of water removal was controlled by varying at fixed values
the distance between Si2 and O3 atoms. The final state of the first step is 5-fold silica
intermediate; this structure is also the beginning state of the second step. Molecular graphics in

this chapter is done with VMD [41].

4.3. RESULTS AND DISCUSSION

4.3.1. Radial Distribution Functions (RDF)

An important quantity for characterizing chemical structures in liquid water is the radical
distribution functions (RDF). In Figure 4.1, we depict the silicon-oxygen gSi-O(r), silicon-
hydrogen gSi-H(r), oxygen-oxygen gO-O(r) and oxygen-hydrogen gO-H(r) obtained from 10ps

run after the equilibration step. The main contribution to the RDF of the oxygen-oxygen and the
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oxygen-hydrogen is from water structure. The maximum value of the oxygen-oxygen RDF
obtained from our simulation is in good agreement with other theoretical studies of pure water.[*?
The typical shape of oxygen-hydrogen RDF of oxygen-hydrogen with the average distance for

hydrogen bond of 1.97A is observed. RDF of cation Li* in our system is also presented in Figure

4.1.
4 . 4
____gr(O_H)
: ----gr(Li_O)

----gr(H_H) :

0.0 D\ __ gr(Li_H)
o gr

: g(r) /
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Figure 4.1: Radical distribution function of oxygen and hydrogen atom is mainly from water

contributions (a). Radical distribution function with Li (b). Radical distribution function with Si (c)

We obtain a shape of RDF gLi-O(r) and gLi-H(r) depicted in Fig 4.1C are comparable to other
report. The value of first peak of Li-O is around 2.0 A, in agreement with previous simulations
[43]. The coordination number of the cation Li* with water is 4. This observation is consistent
with recent experimental data and other simulation.[43,44] In our system, the coordination of Li"
consist of 4 water molecules [Li"(OH,), ] or of three water molecules and with one oxygen of

silica [Li*(OH,); OSi(OH),-R].
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In contrast, NH;" has 4 strong hydrogen bonds with water oxygen or with oxygen of silica.
During the 10ps simulation at 350K, we observed that there is a rapid rotation of ammonium in

water. Figure 4.2 shows the rapid exchange position of two hydrogen atoms of ammonium cation.
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Figure 4.2: Rapid rotation of ammonium cation. The two hydrogen atom H1 and H2 exchange

its position during the simulation.

4.3.2 Silica Oligomerization Reaction

A general accepted mechanism of silica condensation reaction in high pH consists of two steps.
The first step is SiO-Si bond formation. During this step one oxygen atom of monomeric silicic
acid connects with one silicon atom of another silicate to form a stable 5-silicon coordinated
intermediate. The second step is water removal: one hydroxyl group will depart from the 5-silicon
coordinated structure with a hydrogen transfer process occurring at the same time. The products

are higher oligomeric silicates and one water molecule (Scheme 4.1).
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Table 4.1: Calculated free energy (kJ/mol) for the condensation reactions forming dimer, linear
trimer, 3-ring and branched tetramer via the anionic mechanism with presence of counter ion Li"
and NH;" at 350K. E, is the activation barrier of the SiO-Si bond formation step, E.. is the
activation barrier of the water removal step. The overall-barrier is the difference in energy
between highest point and the lowest point along the reaction coordinates, AF is the reaction free
energy (the difference in energy between the final state and the initial state). The unit of all

calculated values is kJ/mol.

Cation/product of condensation

reaction Eaca Eact1 Eoveran AF

Li*
Dimer 70 39 98 37
Trimer 78 46 108 56
3ring 83 44 111 80
Iso-tetramer 60 35 80 42

NH,"
Dimer 106 35 120 75
Trimer 63 22 73 24
3ring 54 34 82 47
Iso-tetramer 62 42 88 50

Without cation ™7

Dimer 44 42 61 25
Trimer 43 33 53 25
3ring 35 48 72 41
Iso-tetramer 69 43 101 60

™ Simulation with the same size of system, Car-Parinello Molecular dynamics at 350K.

In our simulations, the initial state is defined as the configuration where one anionic oligomer
has a hydrogen bond with one silicic acid monomer. In the case of dimerization, the reactant state
contains one silicic acid and its deprotonated form. To prepare the simulation in an aqueous box,
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the initial geometries of the silica species are taken from our previous gas phase simulations [27]
and then solvated with 64 water molecules. After equilibration (1 ps) at 350 K by velocity
scaling, the production run with 10 ps in the NVT ensemble with Nose-Hoover thermostats.

The free-energy profile of each step is obtained by integrating the calculated constraint force
with the method described in the computation and details section. The first point and the last
point of each step which have no constrained force applied are obtained after 10ps of production
run. The first point of each step is taken as the reference to get the free energy integration of the
reaction. Two steps are connected by the intermediate structure, where the final state of first step

is the first state of the second step.

Silica oligomerization with Li* counter ion
This section will describe the mechanism and free energy profile of the silica condensation

reaction to form dimer, trimer, 3-ring and iso-tetramer oligomer with Li* in solution as the

counter ion.

Figure 4.3: Snapshot of the system in reactant state in the case of dimer formation after 10ps of
equilibrium. The number of coordination of Li* is 4 (a). NH," has 4 dynamic hydrogen-bond with
water and silica species (b).

The initial silica geometry was taken from our previous gas phase simulation. After the silica
structure is solvated with 64 water molecules, we generated a random position of cation Li* in the
box and performed a equilibrium 15ps run. The trajectory and energy profile was checked to

warranty that the system is in equilibrium state. A snapshot of the reactant state which is depicted
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in Figure 4.3 shows that cation Li* has a coordination number of 4 (3 with water and 1 with
silica). The distances between Li* and water oxygen and between Li* and oxygen of silica are
comparable (around 21&).

The first step of the dimerization reaction mechanism is controlled by a constrained values of a
SiO-Si distance as described in section 2. During the process, one oxygen atom of the monomer
approaches the Si atom of another monomer. When the distance between two atoms is around 1.8
A, then the bond OSi-O is formed between the two monomers. The product of this step is a 5-fold
silicon which is generally observed in theoretical and experimental works. We observe that at
350K, the first activation barrier of dimerization is around 70 kJ/mol. In the case without cation,
this first barrier of dimerization reaction is only 44 kJ/mol [45]. The higher energy may due to the
electrostatic interaction of cation Li*. The positive charge of this cation may reduce the
interaction of activate oxygen and silicon atom. Thus the attraction of [SiO%...Si%] will be less
favourable for SiO-Si bonding. The second step of the dimerization reaction is a water cleavage
process. This step is modelled by sampling the distance between the corresponding oxygen atom
and silicon atom (Scheme 4.1). During the process, one hydrogen atom of silica will transfer to a
hydroxyl group with the result a water cleavage of the 5-silicon coordinated structure to form the
final product dimer. This dimer species will be a reactant for further oligomerization reaction.
Figure 4.4 shows the calculated free-energy profile of the dimerization reaction with two
activation barriers. Our previous calculations of this reaction with a continuous solvent model
COSMO found a higher barrier for the second step compared to the first one. The reduction in
relative barriers in the aqueous solution calculations compared to the gas phase values is due to
the stabilization of the leaving hydroxyl by hydrogen bonds with solvent water molecules. In the
continuum model solvent, individual interaction between water molecule and silica structure
could not be observed. With the explicit model, the barrier of water removal step does not
depends on the presence of cation Li", the barrier is found comparable to that of the case without
cation [45] (around 40 kJ/mol).

The trimerization reaction of one dimer silica and one monomeric silica has a similar
mechanism. After the equilibrium, the position of cation Li* in reactant state is located quite far
away from the negative centre of the silica (around 4A). The cation is preferred in the water
solvent with 4 coordinators. During the SiO-Si formation step, the Li* does not approach the
silica structure. The water removal step of trimerization reaction takes place with the same
mechanism with that of dimerization reaction. The activation barriers of the first step and second

step are 78 kJ/mol and 46 kJ/mol respectively (Table 4.1).
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Figure 4.4 : Calculated free-energy profile along the reaction path of silica dimerization and

trimerization in the case of cation Li". The free-energy profile is obtained by integrating the

connecting line through the calculated constraint force points.
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Figure 4.5 Calculated free-energy profile along the reaction path of 3-ring and branched tetramer
formation in the case of cation Li". The free-energy profile is obtained by integrating the

connecting line through the calculated constraint force points.

Figure 4.5 provides the calculated free energy profile of the internal condensation reaction from
linear trimer to form the three-ring silica. In this reaction, the SiO-Si bonding step provokes the
conformations change of linear trimer. The simulation in gas phase reported a high activation

barrier due to the loss of internal hydrogen bonding [27]. In solution without cation, a lower
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barrier is found for the initial SiO-Si bond formation step [45] because of the external hydrogen
bond of water compensate for the loss of internal hydrogen bond. A higher activation energy is
found with the case of cation Li". This may come from the different reorganization of hydrogen
bonding around silica when Li+ is present. The barrier of the first step of 3-ring closure is even
higher than that of the dimerization and trimerization reaction. For the cyclic trimer formation the
water removal step is similar to the case of dimerization with a low barrier ( 44 kJ/mol).

From the linear trimer the further oligomerization reaction can proceed to form a branched
tetramer with a very comparable mechanism with dimerization and trimerization reaction. Figure
4.5 gives a picture of the free energy profile of the branched tetramer formation. Compared to
silica structures containing 3-silicon (linear trimer and 3-ring), the branched tetramer has a
slightly lower activation barrier for the first step, S10-Si bond formation. The water removal step
of the branched tetramer formation is comparable that step of the 3-ring. In the case of Li*, linear

trimer is preferred to react further to higher oligomer than to create a ring structure.

Silica oligomerization with NH,* counter ion

The oligomerization mechanism of silica in solution with NH4* follows the mechanism in
scheme 4.1. NH,;" and Li" both have a single charge. There are different effects of these two
cations on the activation barrier of silica condensation. This may come from the dissimilar role of
the cations in the hydrogen bond network of water around silica structure. NH4" can provide 4
strong hydrogen-bonding meanwhile Li* is not involved in reconstructing the water hydrogen

bond network .
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Figure 4.6: Calculated free-energy profile along the reaction path of silica dimerization and

trimerization in the case of cation NH,". The free-energy profile is obtained by integrating the

connecting line through the calculated constraint force points.

The initial position of cation NH," is also randomly generated around the negative centre of

silica. A snapshot of the reactant state of dimerization reaction with NH4* counter ion is depicted

in Figure 4.3. The cation has a hydrogen-bonding with an oxygen atom of silica. The other 3

hydrogen-bonds are with water molecules. These interactions are strong with a short distance
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around 1.8-1.9A. When the dimerization reaction take place, one monomer will approach the
other monomer and a new SiO-Si bond will be made. We observed that the position of NH4"
changes according the reaction coordinate. The movement of NH," is not only a translation but
also a rapid rotation. During the first step of dimerization, the deprotonation of NH," is not
observed. A snapshot of the transition state is presented in Figure 4.7. We noticed that the
ammonium cation has an interaction with the reactive centre by a hydrogen-bonding. In this
situation, NH4" will weaken the internal hydrogen bond between the two monomers in the
transition state. The activation barrier of SiO-Si bond formation in the case of NH4* (106 kJ/mol)
is higher than the case of Li* (70 kJ/mol). The water removal step is assisted by water molecule
similarly as in the Li" case.

Compared to the dimerization reaction, further oligomerization to the linear trimer from the
dimer silica has a lower first step activation barrier (only 63 kJ/mol). The initial position of the
ammonium cation is now quite far away from the negative centre. It prefers to stay in the water
phase with 4 hydrogen bonds with water molecules. This may due to the fact that the negative
charge is more delocalized in the dimer than in the monomer. Thus, the electrostatic attraction of
the dimer with NHy4" is less important. During the first step, the position of NH," remains far
away from the silica. Figure 4.7 shows that in the case of trimerization, the transition state of
SiO-Si bond formation step is not effected by the cation NH4". The distance between cation and
silica oxygen is too large. After the water removal step with a barrier of 22 kJ/mol, the linear

trimer is formed.

Figure 4.7: Snapshot of the system near the transition state in the case of NH," after 10ps of

production run. In dimerization reaction, ion NH," stays close to the reactive center and have a
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hydrogen-bonding with oxygen of silica structure (a). In trimerization reaction, the position of
NH," is far away from the reactive center and does not have a hydrogen-bonding with silica

structure (b). In both pictures, hydrogen bonding with water is not shown for a better visibility.

The 3-ring closure reaction from the linear trimer was also investigated. Figure 4.8 depicts the
energy profile of this process. The results show that it is more favourable to form a SiO-Si bond
than in the case of dimerization and trimerization. In this step, the conformation of linear trimer
has to be changed to a more cyclic shape in order to complete ring closure. Simulation in gas
phase gave a high activation energy due to loss of internal hydrogen [27]. In solution, water
molecules can enhance the conformation change by providing more hydrogen bonds with silica
trimer. In the case of Li", there is no hydrogen bond effect to the water structure and this barrier is
still a high value (83 kJ/mol). With NH,", the transition state structure is even more stabilized,

activation barrier is only 54 kJ/mol.

The further oligomerization reaction can proceed to form a branched tetramer following the
anionic mechanism in scheme 4.1. Figure 4.8 gives a picture of the free energy profile of the
process. The branched tetramer formation has a comparable activation barrier as the trimer
formation but slightly higher than 3-ring closure. Thus, in the case of NH4" the linear trimer is

preferred to closure of the ring than to react further to branched tetramer.
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Figure 4.8 Calculated free-energy profile along the reaction path of 3-ring and branched tetramer
formation in the case of cation NH,;". The free-energy profile is obtained by integrating the

connecting line through the calculated constraint force points.

4.4. DISCUSSION

Using ab-intio molecular dynamics, we investigated the anionic mechanism of the silica
condensation reaction in the presence of counter ions Li* and NH," respectively. The results
illustrate the importance of electrostatic versus hydrogen bonding effects for a reaction in the

water phase.
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Without cation, the activation barrier of SiO-Si bond formation has been found to have a
low value (~ 40 kJ/mol) [45]. In this study, the positive charge Li* and NH4" reduces the
interaction [SiOS'—SiB“L]. This is the reason for the increase of the activation barrier of the first
reaction step of the dimerization process.

Reorganization of the water structure is mainly controlled by hydrogen bonding. It has an
considerable effect on the relative stabilities of silica species in solution especially the transition
state structures. The first activation barrier strongly depends on the hydrogen bonding effects. In
the transition state of dimerization, the position of Li* is very close to the silica centre (~ 2A ) but
there is no hydrogen bonding to the reactive oxygen. Its presence only slightly increases the
activation barrier of SiO-Si bond formation of the silicate anion. In contrast, NH;" has a strong
hydrogen bond with this reactive oxygen (Figure 4.3). It increase significantly the activation
barrier. For the first step of the dimerization reaction, the hydrogen bonding effects are more

important than the electrostatic interaction.

Table 4.2: Average distance (A) between cation M (M is Li or NH,) and active oxygen in the

reactant state and near transition state during the first step of oligomerization reaction.

Reaction Li* NH,*
Reactant | Transition state | Reactant | Transition state
Dimerization 2.01 1.92 3.07 1.75
Trimerization 3.80 4.15 6.15 5.20
3-ring formation 4.15 4.07 3.93 5.11
Branched tetramer formation 5.59 5.83 5.46 5.27

As mentioned the electrostatic interaction dominates for Li*, for NH," hydrogen bonding
type interactions dominate. The influence of the cation is only significant when the position of
cation is near the reactive centre. In consecutive oligomerization reaction steps, the ammonium
cation only weakly interacts with silica oxygen atom involved in the formation of new bond. As a
consequence, in the presence of ammonium the activation barriers of higher oligomerization
reaction are much lower than the dimerization reaction. Our results imply that the relative rate of

higher oligomer formation is larger in the case of NH;* compared to Li*.
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When we compare formation of ring structure oligomers we found that the activation
barrier for three ring formation in the presence of NH," is lower than formed in the presence of
Li". Oligomer ring structures are experimentally observed in the silica oligomerization reaction in
the presence of organic base [4-14].

Table 4.1 summarizes the thermodynamic property of all oligomerization reaction. According
to experimental studies and MP2 calculations [46] TAS of one hydrogen bond of a water dimer at
373K is around -30 kJ/mol. In this study one water molecule is produced in silica condensation
reaction. This indicates that the water molecule arrangement is important. The total free energy of
reaction is unfavorable due to reorganization of waters which has an important contribution to the
entropy of the system. This remark is consistent with the previous simulation in water phase[45]

(chapter3).

4.5. CONCLUSIONS

In this paper, we use ab-initio molecular dynamic simulation with a model including explicitly
water molecules and counter ion (Li" and NH4") to investigate the silica condensation reaction.
The rate limiting step is not the water removal step as in the gas phase simulation [27]. The
activation barrier of the water removal step depends only on the water assisted, which is
independent of the size of oligomer. The overall barrier mostly depends on the initial barrier of
the SiO-Si bond formation. The position of cation has a strong effect on the barrier height of this
step. When close to the reactive center of the dimerization reaction, Li* does not change strongly
the activation barrier, meanwhile NH," increase significantly the activation barrier.

The relative rates of formation of the higher oligomers from dimer silica are found to be quite
different between Li* and NH,4" case. The presence of Li* favor the linear and branched higher
silica structure over the 3-ring. In contrast, with NH4" in solution we observed that 3-ring
formation is more favorable than the formation of higher branched silica oligomers.

In conclusion, our results show that it is essential to include explicitly the counter ion in silica
condensation computational studies. The positive charge of counter ion increases the rates of
SiO-Si bond formation. For the first step of the dimerization reaction, the hydrogen bonding
effects are more important than the electrostatic interaction. In consecutive oligomerization
reaction steps, the cation has a weak effect on activation barrier. The unfavourable
thermodynamics is mainly due to changes in water entropy that results from water molecules

arrangement.
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CHAPTER 5

Catalytic role of Tetrapropylammonium in silica
oligomerization reaction

The mechanism of the oligomerization reaction of silica, the initial steps of silica formation with
presence of organic compound tetrapropylammonium cation (TPA®), has been studied by
quantum chemical techniques. The solvent effect is included using the COSMO model. The
formation of various oligomers (from dimer to 3-ring) with interaction of TPA* was investigated.
The calculations show that TPA™ has a catalytic role to enhance the first step of the anionic
oligomerization mechanism which is the formation of the SiO-Si linkage between the reactants to
form a five-coordinated silicon complex. TPA™ also stabilize the oligomer structure, hence the

condensation reaction is more favorable with the presence of organic compound.
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5.1 INTRODUCTION

The silica condensation reaction is an essential elementary reaction step of sol-gel chemistry
[1,2] and zeolite synthesis [3]. Understanding how zeolites nucleate and grow is of fundamental
scientific and technological importance. Numerous experimental [4-15] and theoretical [16-31]
studies have been devoted to investigate the silicate oligomers that occur in the pre-nucleation
process of siliceous zeolite.

Various experimental techniques can be used to reveal the structural information about species
in solution and nucleation processes. During the first hours of sol-gel reactions, various silicate
oligomers are formed in solution. They can be dimers, trimers, tetramers, 3-rings, 4-rings, double
3-rings, double 4-rings or other larger oligomer. The dominant species depends sensitively on
reaction conditions, solvent used and presence or absence of structure directing agent
(SDA).[9,10] Pelster et al.[11] were able to track the evolution of different silica species
undergoing condensation reactions in aqueous solutions. Using electrospray mass spectrometry
(ESI MS) in conjunction with three different reactor systems, they were able to follow the growth
of silica oligomers in solution. Burkett et al.[12-14] showed that using different ammonium salts
as templating agents lead to different products. They identified the cubic octamer, prismatic
hexamer, and cyclic-trimer as the predominate products when using TMA®, TEA", and TPA™
respectively. Recently, Rimer et al.[15] studied silica nanoparticle formation using
microcalorimetry to measure the heats of reaction evolved from the addition of
tetraethylorthosilicate (TEOS) to basic aqueous solutions of monovalent cations. They claimed
that Na*, TMA" and TBA" behave similarly, while changes in the magnitude of enthalpy for
TPA" solutions are 4 times larger. TPA™ affects the enthalpy of nanoparticle formation. It is
known that solutions of Na*, TMA®, and TBA" hydroxides do not lead to silicalite-1 formation,
while those of TPA™ do selectively generate the MFI framework type of silicalite-1.

Theoretical modeling of zeolite synthesis has proven to be a challenging task. Many different
approaches have been used to date, using both quantum chemical and classical molecular
mechanics techniques. Many electronic calculations [16-28] have been performed to reveal
information about the mechanism of the elementary reaction in pre-nucleation stage. A study on
the energies of the dimerization reaction of mono-silicic acid was reported by Tossel [19]. Using
the COSMO solvent model, the author studied the free energy of reaction changes by varying
temperature and dielectric constants of the solvent. The author found that the condensation

reaction is more favorable at high temperature than at room temperature. Free energies of the
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silica condensation reaction have been recently presented by Mora-Fonz et al. [20, 28] The
authors found that the formation of the small ring fragment is thermodynamically favorable in
high pH media. In different pH of solution, the silica condensation reaction has a different
mechanism and activation barrier [27, 30]. It is generally accepted that the reaction occurs in high
pH solution with an anionic mechanism is more favorable with a lower activation barrier [27, 28]
Catlow et al. [29] have carried out MD simulations of silica precursors and a structure directing
agent. They found that long range electrostatic interactions are of crucial importance. Without
these interactions, the investigated complexes tended to dissociate rather than agglomerate.
However, there is still a glaring lack of insight into the exact role of the template molecules
during the pre-nucleation stages of zeolite synthesis. Organic compound provide an electrostatic
stabilization to silicate structures **! but the contribution of weak Van-der-Waals interaction
can also be important. Here we address the anionic reaction pathway with interaction of TPA*
presence. The MP2 approximation is applied in order to evaluate a VAW force between TPA™ and

anionic silica fragment in the system.

5.2 COMPUTATIONAL DETAILS

In this chapter, Density Functional Theory (DFT) with the B3LYP [32] hybrid exchange-
correlation functional and MP2 quantum method were used. The B3LYP method has been
reported to provide excellent descriptions of various reaction profiles and particularly of
geometries and vibrational properties of various molecules [33]. An accurate energy for the
reaction in solution is formed from the equation (5.1):

AE , =AE, +AZPE+AG (5.1,

solvation

Where: AE, is the total energy in solution, AE,, is the energy in gas phase calculation,

SO

AZPE is the zero point energy and AG

onaion 1S the solvation energy.

Geometry optimization and saddle point searches were all performed using the Gaussian 03
program[34]. The basis set used to expand the molecular orbital were all electron type 6-
31+G(d,p). For all the systems considered we have determined equilibrium geometries in gas-
phase and have evaluated vibrational frequencies. The transition states were obtained by requiring
that one and only one of the eigenvalues of the Hessian matrix is negative. The solvation effect
was included using the continuum solvation COSMO method implemented in GAUSSIANO3

package. The COSMO method has been reported to be an appropriate approach for studying the
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silica reaction in solution[20-28]. The solvation energy and zero point energy were evaluated
with B3LYP/6-31+G(d,p). The gas phase energy was obtained by a single point calculation of the
MP?2 level with triple zeta basis set 6-311G(d,p) using GAMESS -UK [35] program version 7.0
(except stated otherwise). This is an improvement of the method. The larger basis set is crucial
for systems containing organic and inorganic species to compute the VAW contribution to the
energy. To perform a MP2 calculation for such a system with more than 50 atoms almost reaches
the limit of quantum computational chemistry at the present time. For investigating further
oligomerization reaction of silica in contact with TPA™, this conventional MP2 method can not be
applied.

For some species we calculated equilibrium geometries within the polarized continuum solvent
model —COSMO. However, the change in bond distances in the COSMO optimization was
always less than 0.01 A. Therefore, we decided to use only the gas-phase equilibrium geometries
in COSMO energy calculations, without reoptimizing the geometries

The calculations were performed on silica clusters with according to the anionic mechanism as
sketched in scheme 5.1. This scheme illustrates the anionic mechanism; the polymerization
reaction is initiated by a silicate anion. The monomer Si(OH), is added step by step into the

chain by condensation reactions.

o HO TH
OH H OH
| | R—si— ° /Si\/
R—Si—O0~ + OH——Si—OH —_—
i—0 / oH OH
HO
OH OH TSI
HO\ OH o H TH HO\ H —_
_ (\ __OH
—0——g; O0—— a7 —O———Sj—OH
R—Si \ - |R—sgi— §--oy| <«— R—Si / AN
0----HOH / i OH
HO - HO O™"H HO OH

- TS2 - ) .
Five-coordinated complex

Scheme 5.1: Anionic mechanism of the silica condensation reaction. R = H, (OH);3Si-

[Si(OH),]n- (n=0-2).
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We defined the overall-barrier as the difference in energy between the highest transition state

and the initial complex formed that leads to the first transition state intermediate.

5.3 RESULTS

5.3.1 Interaction of TPA and silica

In a high pH environment, neutral monosilic acid is not thermodynamically favorable
compared to its deprotonated form Si(OH);O" . In our calculations, tetrapropylammonium cation
TPA" is positively charged. In the gas phase, obviously the main interaction of TPA™ and anionic
silica is electrostatic. In solution, the solvation energy can have an important effect to the relative
stabilities of chemical compounds.

The anionic monomer has two possible ways of adsorption on the surface of TPA". The
geometries of these two structures are depicted in Figure 5.1. One structure has a short distance
between the free oxygen atom and nitrogen atom of TPA™ (Fig 5.1.A) , in the other structure this

distance is long (Fig 5.1.B).

Fig 5.1. The two interaction structures between TPA" and anionic monomer of silica.
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In the gas phase, the interaction between TPA" and anionic silica (Fig 5.1) has a very strong
contribution of the electrostatic attraction. The closer the distance between the nitrogen atom and
the oxygen atom is, the larger the electrostatic attraction. The interaction energy of structure Fig./
A is 60 kJ/mol favorable compared with that in Fig./ B. When the silicic acid is neutral, there is a
major reduction of electrostatic energy. The coupling energy between TPA* and neutral monomer
is only -33 kJ/mol, while that value between TPA" and anionic monomer is -322 kJ/mol.
However, in solution each individual fragment has a favorable solvation energy because of its
charged nature. This is the reason that the coupling process is not thermodynamic favorable in

solution.

Table 5.1. Interaction Energy (kJ/mol) between TPA™ and monomer silica calculated with
various computational method and basis set. Energies have been corrected for the Basis Set Error
Superposition (BSSE) with the counterpoise method [36]. The value in parentheses is for gas

phase energy.

Method & basis set B3LYP/6-31+g(d,p) B3LYP/6- MP2/6-311G(d,p) MP2/6- MP2/cc-pvtz

COSMO (Gas) 311+g(2d.2p) COSMO (Gas) 311+G(2d.2p) COSMO (Gas)
COSMO (Gas) COSMO (Gas)

M~ + TPAT > TPAT.. .M 28 (-361) 33 (-354) 14 (-373) 11 (-376) 4 (-383)

(A)

M~ + TPAT > TPAT.. .M 30 (-322) 38 (-314) 13 (-339) 13 (-339) 8 (-344)

(B)

M +TPA* > TPAT. .M 22 (-33) 28 (-26) 13 (-41) 12 (-42) 11 (-44)

The interaction energy obtained with various basis set for B3BLYP and MP2 method is
presented in Table 5.1. The size of the basis set is not a critical issue to calculate the energy
implicating that all basis sets are large enough. The gas phase energy evaluated with the B3LYP
method is always less favorable by 20 kJ/mol compared to the MP2 method. This results implies
that B3LYP is not a good enough method to investigate the structure containing Van-der-Waals
interactions, which is generally observed by other theoretical studies. In order to evaluate the
energy of reaction, the MP2 level is an essential computational requirement to study the initial

stage of the silica oligomerization with presence of organic compound.
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5.3.2 Dimerization reaction

In high pH environment, the dominant silicate species will be anionic. Thermodynamic
calculations show that in solution the OH ion will deprotonate the monomeric species to form
mono-charged anion Si(OH);0 [20]. These two monomeric silicas will interact with cation TPA*
to form the initial reactant structure in our simulation. The condensation reaction occurs through
two reactions steps. The first step is the formation of the SiO-Si bond between two monomeric
fragments, the second step is to remove water to form the dimer species. In the first step, one
monomer Si(OH); will approach the anionic monomeric species (coupled to TPAY) to a

minimum distance to form a structure stabilised by strong hydrogen bonds (Fig 5.2. D_precr).

The transition state corresponding to formation of the SiO-Si bond with one and only one
negative frequency is showed in Fig 5.2. D_ts1. In this step, a reaction intermediate is formed
with a five-coordinated silicon (Fig 5.1.D_cr). The presence of this five-fold complex has also
been observed by Pereira et al.[18] when the dimerization reaction occurs in methanol
environment and is acid catalysed. We also notice the elongated Si-O bond around the fivefold
coordinated Si as in previous simulation without the presence of TPA* [27]. The bond length of
Si-O around fivefold coordinated Si is between 1.70 A and 1.80 A, whereas, the other Si-O

bonds have a length of around 1.65 A.
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Fig 5.2. Energy profile (kJ/mol) of the dimerization reaction of silica. The reactants consist of an anionic
monomer with interaction with TPA* and one monomer. The final products are an anionic dimer with
interaction with TPA™ (D_cp_pro) and water.

More interestingly, with the presence of TPA®, the barrier of OSi-O bond formation is reduced
substantially. Without TPA¥, this barrier has been reported 57 kJ/mol [27] and 69 kJ/mol [21]. In
this chapter with TPA™ present, the barrier is reduced to 22 kJ/mol with B3LYP and only 13
kJ/mol with MP2 approximation. This implies that TPA" stabilizes the transition state by

electrostatic and Van-der-Walls interactions.
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D _ts2 D cp D _cp_pro

Fig 5.3. Structure of silica species for the dimerization of silica. White, red, green, blue, brown are
Hydrogen, Oxygen, Silicon, Nitrogen and Carbon respectively.

In the gas phase, we calculated that pre-transition state (Fig 5.2. D_precr) is more stable than
the five-coordinated structure (Fig 5.2. D_cr) by 15 kJ/mol. However in COSMO solution, they
have comparable stabilities, because of the different interaction energies with the solvent. The
five-coordinated silicon has an advantage in the water phase. Therefore, including solvation is a
crucial computational condition to explore the chemistry in solution. It can change completely the
trend observed by gas phase calculations.

The most difficult reaction step is removal of the water molecule to form the dimer silica. The
activation energy of this step is 69 kJ/mol. This value is comparable with that obtained from
previous simulations without TPA*. Because of the continuum solvent model used, this barrier
might be over estimated. In solution, the water removal step will be more favourable since it will
be assisted by other water molecules. The hydrogen network helps to detach the hydroxyl group
more easily from the five-fold complex. Hydrogen is transferred at the same time that a hydroxyl

group starts to leave. As a result, the water molecule will be the leaving group and the product is
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again an anionic dimer attached to TPA* which can initiate another condensation reaction to form
a trimer.

The overall barrier of this two step dimerization reaction with TPA™ is 69 kJ/mol. Whereas the
first step of OSi-O bond formation is very encouraging with low barrier 13 kJ/mol, the rate
limiting step is water removal. As mentioned above, the overall barrier could be lower because of
the water supporting to remove hydroxyl group.

With the presence of TPA®, the dimerization reaction is thermodynamically favourable.
Without TPA" in the model, the energy of the dimerization reaction is reported as -28 kJ/mol with
B3LYP functional.[27] Mora-Fronz et al.[28] reported the reaction energy for dimerization -36
kJ/mol in sodium alkaline environment with a continuum solvent model and a pure density
functional theory method using double zeta basis set (BLYP/DNP) . This work with TPA", the
reaction energy for dimerization with MP2 approximation is -70 kJ/mol.

5.3.3 Trimerization reaction

i

32 s
o8 ) b3lyp

20 -

-20 4

kJ/mol

-40 - —

-60 4

-80 4 -8 —

-100 -

Tr_precr Tr_ts1 Tr_er Tr_ts2 Tr cp

Fig 5.4. Energy profile (kJ/mol) of the trimerization reaction of silica. The reactants consist of an anionic
dimer with interaction with TPA" and one monomer. The final products are an anionic trimer with
interaction with TPA™ (Tr_cp_pro) and water.
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Tr_precr Tr ts1 Tr_cr

Tr_ts2 Tr _cp Tr_cp_pro

Fig 5.5. Structure of silica species for the trimerization of silica. White, red, green, blue, brown are
Hydrogen, Oxygen, Silicon, Nitrogen and Carbon respectively.

The anionic pathway of trimerization is very similar to the mechanism of dimerization and is
depicted in Figure 5.4 and Figure 5.5. First, the formation of a SiO-Si bond has a barrier of 21
kJ/mol. The intermediate is a five-coordinated complex with a geometry similar to the case of the
dimer. The most favourable approach of the monomer is to form an almost cyclic-like structure.
H-bonding controls the preferred conformation. It explains why the linear trimer has a ring-like
conformation as has also been found by others works [16,20]. Second, the hydroxyl group leaves
and H transfer occurs at the same time. The leaving group is a water molecule. This second step
has a barrier equal to 74 kJ/mol, which is similar as the value found in the case of the

dimerization reaction.
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One of the main difference in the energy profile between dimerization and trimerization is the
stability of five-fold intermediate. In the case of dimerization, the five-fold intermediate has the
same energy as the pre-transition state. However, in the case of trimerization this five-fold silicon
is more favourable than the pre-transition state 44 kJ/mol. Hydrogen bonding may provide a low
energy structure of the intermediate state.

The reaction energy of trimerization with TPA™ is -44 kJ/mol. This values is slightly lower than
that in the case of Na' reported by Mora-Fronz et al.[28] (-16 kJ/mol). In the trimerization
reaction, TPA" also shows an important interaction to stabilize five-silicon complex and product

structure.

5.3.4. Three-ring closure reaction

120 -
111 ~— b3lyp

—— mp2

100

60 - 53

kJ/mol

47

40

20 16
] 8
_/ \0 o
0 4 _\“\i —

3r_precr 3r_ts1 3r_cr 3r ts2 3r_cp

Fig 5.6. Energy profile (kJ/mol) of the 3-ring closure reaction of silica. The reactant is an anionic linear
trimer with interaction with TPA". The final products are an anionic 3-ring with interaction with TPA*
(3r_cp_pro) and water.
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3r_ts2 3r_cp 3r_cp_pro

Fig 5.7. Structure of silica species for the 3-ring closure reaction of silica. White, red, green, blue, brown
are Hydrogen, Oxygen, Silicon, Nitrogen and Carbon respectively.

Experimentally, the 3-ring and the double 3-ring are observed as dominant structures during the
first hours of silica condensation in the presence of organic compound TPA* .Using mass
spectroscopy, Pelser et al. [11] reported that TPA™ has a strong coupling with 3-ring structure.
Formation of the 3-ring has been suggested to occur via an intramolecular condensation
reaction.[26, 30] Calculations on the thermodynamics indicate that the 3-ring is a stable product
in solution[20]. Here we study the mechanism of 3-membered ring formation via the internal
condensation reaction according to the anionic mechanism.

There is an important difference with the two previously discussed anionic reactions in
mechanism reaction. For ring closure, intramolecular hydrogen bridges between the hydroxyl

groups of the molecules have to be broken in order to create a geometry so that internal ring
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closure can actually happen. B3LYP predicts that there are unfavourable energies of a pre-
transition state configuration (Fig 5.7 3r_precr ) and intermediate with five-coordinated silicon
(Fig 5.7 3r_cr). Meanwhile, MP2 approximation shows that these intermediate structures have
comparable stabilities with the reactant (see Fig 5.6). The activation energy for initial SiO-Si
bond formation is relatively low (20 kJ/mol).

The water removal step has a similar activation barrier as for linear species. The overall barrier
of 3-ring formation is 78 kJ/mol, which is similar to that of dimerization and linear trimerization.
Hence, 3-ring species have a comparable kinetic rate with linear species. This observation is
supported by experimental study where the signal of 3-ring structure is clearly recognised in the

first hours of pre-nucleation stage.

Table 5.2. Calculated activation barriers (kJ/mol) for the condensation reactions forming silicate
clusters from monomeric to 3-ring species via the anionic mechanism. For the linear oligomers,
the reactants are a silicate anion and a monomer Si(OH), to form the larger silicate anion and
water as products. For the internal condensations, the reactants are the silicate anion that leads to
the monocharged ring and a water as products.E,.; is the activation barrier of SiO-Si bond
formation step, E, is the activation barrier of water removal step. The overall-barrier is the
difference in energy between the highest transition state and the lowest reactants or reactant
complex.

Energy: MP2/6-311G(d.p) // With presence of TPA” Without TPA* ™
Geometry:B3LYP/6-31+G(d,p)
COSMO solvent model
Reaction Eactl Eact2 AE Eactl EaCtZ AGO (ol

(OH),Si0° ——» Si/O\Si 13 69 -70 39 79 -33

N — NN | 2 A 76 -16
| |
o g 20 78 41 19 85
fe) 0.

s \s\/ s ‘o\s /o‘

[a]: The geometries was taken from our previous study at B3LYP/6-31+G(d,p) level [27] and perform a
singe point calculation at MP2 level.

[b]: Mora-Fronz et al.[28], BLYP/DNP including explicit Na* and water model.

92



Chapter 5

5.4. CONCLUSIONS

In the present study, the reaction mechanisms of silica condensation were investigated using
DFT and MP2 calculations. Formation of dimer, trimer and three-ring silicate oligomers has been
studied in the presence of organic cation TPA*,

The interaction between TPA* and anionic silica consist of an electrostatic part and a weak
VAW part. High-level computational methods such as MP2 are essential to investigate silica
systems in the presence of an organic compound.

We have portrayed the anionic mechanism which process in two steps. The first step is the
formation of the SiO-Si linkage bond between two reactants. The second one is the removal of
the water group from the intermediate to form a product. TPA" stabilises the transition state for
Si-O bond formation. The ring closure reactions occur with a comparable barriers to that of
linear growth despite the unfavourable thermodynamic issue because of loss of intramolecular

hydrogen bonds.
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CHAPTER 6

Silica Condensation Influenced By Organic
Template

The free energy of the oligomerization reaction of silica, the initial steps of silica formation in
contact with tetrapropylammonium (tetramethylammonium TMA™ and tetrapropylammonium
TPA™) cation has been studied by quantum chemical techniques. The solvent effect is included
using the COSMO model. The energy of formation of various linear, branched and ring
oligomers (up to double 4-ring) was investigated. This chapter shows that the TPA" stabilizes
selectively particular silicate oligomers, while TMA® is specially favors the formation of 4-ring

and double 4-ring.
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6.1. INTRODUCTION

Various experimental techniques can be used to reveal the structural information about species
in solution and nucleation processes. During the first hours of sol-gel reactions, various silicate
oligomers are formed in solution. They can be dimers, trimers, tetramers, 3-rings, 4-rings, double
3-rings, double 4-rings or other larger oligomer. The dominant species depends sensitively on
reaction conditions, solvent used and presence or absence of structure directing agent
(SDA).[9,10] Pelster et al.[11,15-17] were able to track the evolution of different silica species
undergoing condensation reactions in aqueous solutions. Using electrospray mass spectrometry
(ESI MS) in conjunction with three different reactor systems, they were able to follow the
growth of silica oligomers in solution. They found that the double 4-ring is the main product
when using TMA®, while double 3-ring is dominant when using TEA" [15,16] Burkett et al.[12—
14] showed that the use of different ammonium salts as templating agents lead to different
products. They also identified the cubic octamer, prismatic hexamer, and cyclic-trimer as the
predominate products when using TMA®, TEA", and TPA™ respectively. Recently, Rimer et
al.[18] studied silica nanoparticle formation using microcalorimetry to measure the heats of
reaction evolved from the addition of tetraethylorthosilicate (TEOS) to basic aqueous solutions
of monovalent cations. They observered that Na®, TMA" and TBA™ behave similarly, while
changes in the magnitude of enthalpy for TPA" solutions are 4 times larger. Hence, TPA"
strongly affects the enthalpy of nanoparticle formation. It is known that solutions of Na*, TMA®,
and TBA" hydroxides do not lead to silicalite-1 formation, while those of TPA* do selectively
generate the MFI framework type of silicalite-1.

Theoretical modeling of zeolite synthesis has proven to be a challenging task. Many different
approaches have been used to date, using both quantum chemical and classical molecular
mechanics techniques. Many electronic structure calculations [19-31] have been performed to
reveal information about the mechanism of the elementary reaction step in the pre-nucleation
stage. A study on the energies of the dimerization reaction of mono-silicic acid was reported by
Tossel [22]. Using the COSMO solvent model, the author studied the free energy of reaction
changes by varying temperature and dielectric constants of the solvent. The author found that the
condensation reaction is more favorable at high temperature than at room temperature. Free

energies of the silica condensation reaction have been recently presented by Mora-Fonz et al.
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[23, 31]. The authors found that the formation of the small ring fragment is thermodynamically
favorable in high pH media. At different pH of solution, the silica condensation reaction follows
a different mechanism and has a different activation barrier [27, 30]. It is generally accepted that
the reaction occurs in high pH solution according to an anionic mechanism. It is more favorable
since its activation barrier is lower [30, 31].

Catlow et al. [32] have carried out MD simulations of silica precursors in contact with a
structure directing agent. They found that long range electrostatic interactions are of crucial
importance.

However, there is still a glaring lack of insight into the exact role of the template molecules
during the pre-nucleation stages of zeolite synthesis. Organic compound provide an electrostatic
stabilization to silicate structures [31, 34] but the contribution of weak Van-der-Waals (VdW)
interaction can also be important. Our simulations in chapter 5 have shown that TPA+ stabilizes
the transition state of SiO-Si bond formation and kinetically favors the condensation reaction. It
is also important to extend this direction to investigate the thermodynamic properties of the
larger system in the presence various organic templates.

Here we compare free energies of condensation reactions in the presence of TMA" or TPA™.
The MP2 approximation is applied in order to evaluate the VdW interaction between the organic

template and the anionic silica fragment.

6.2. COMPUTATIONAL DETAILS

All calculations were performed using the TURBOMOLE program package [35]. The global
optimizations of the cluster structures were carried out at the DFT level with the B3LYP
exchange-correlation functional and split valence plus polarization (def2-SVP) basis sets [36].
The B3LYP [37] method has been reported to provide excellent descriptions of various reaction
profiles and particularly of geometries and vibrational properties of various molecules [38].
Single-point MP2 calculations were performed for the DFT-optimized structures using the
resolution of the identity approximation,[39] and def2-TZVPP[40] basis sets. In all calculation
such as optimization, single point energy and frequency analysis, the solvent effect is included

using the COSMO model in TURBOMOLE.
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The silica condensation reaction is more favorable in a high pH media with an anionic
mechanism [23,30,31]. In this chapter, our models only address the anionic silicate in the
presence of one organic compound.

The initial geometry guess of silicate was taken from our previous simulation in the gas phase
[30]. We initially studied several interaction configuration between the template and silicate
structure using a quick optimization with a semi-empirical method using the Spartan package
[42]. After this quick optimization step, the most stable structure was chosen for further

evaluation with DFT and MP2 method as described above.

6.3. RESULT AND DISCUSSION.

Typically silicate synthesis takes place in high pH media (ca. 10-14)[1,2]. The mechanism of
silica condensation can follow through three routes: neutral, anionic (base catalyzed) or cationic
(acid catalyzed). At high pH condition, the anionic pathway is the favorable route. In our
simulations, the silicic acid Si(OH)4 molecule is the building unit to make silicate oligomers. The
oligomerization process consists of step by step addition of one silicic acid to the negatively
charged oligomer [30]. We do not consider the coupling of two oligomers to form a larger linear
or branched one. To investigate the interaction of organic template with the silica, we used the
model of one positively charged TAA™ and one negatively charged silicate oligomer. The total
charge of the system is neutral. In this section we will discuss the formation of various linear,
branched, ring oligomer from dimer up to double 4-ring species. The free energy and the entropy

of reaction will also be analyzed.

6.3.1 Formation of linear and branched oligomer
The DFT optimized structures of the template — silicate complex are shown in Figure 6.1-6.5.
According to our previous anionic mechanism [30], the position of the negative charge of silicate
molecule is initially located at the end of the oligomer chain. After the optimization procedure,

this position can move to the middle of the chain through an internal hydrogen transfer.
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TMA_D TPA_D

Figure 6.1 Optimized structures of monomer (M1,M2) and dimer(D) in contact with TMA®,

TPA™ respectively. Distance is in Angstrom
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TMA_3r TPA_3r

Figure 6.2. Optimized structures of linear trimer (Tr) and 3-ring (3r) in contact with TMA®,

TPA™ respectively. Distance is in Angstrom
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LAy Tous TPA_Tetra

TMA_Tetra-iso TPA_Tetra-iso

TMA_4r TPA_4r

Figure 6.3. Optimized structures of linear tetramer (Tetra), branched tetramer (Tetra-iso) and

4-ring (4r) silicate oligomers in contact with TMA™, TPA" respectively .
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et

TMA_Penta_1 TPA_Penta_1

TMA_Penta_2 TPA_Penta_2

Figure 6.4: Optimized structures of linear pentamer zigzag conformer (Penta_1) and ring-like

conformer (Penta_2) ) in contact with TMA*, TPA" respectively.
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TMA_Penta_iso TPA_Penta_iso

t

........

TMA_5r TPA_S5r

Figure 6.5: Optimized structures of branched pentamer (Penta_iso) and 5-ring (5r) silicate

oligomers in contact with TMA*, TPA" respectively.
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TMA_3r1 TPA_3r1

TMA_4r1 TPA_4r1

Figure 6.6: Optimized structures of 3-ring fragment (3r1) and 4-ring fragment (4r1)silicate

oligomers in contact with TMA*, TPA" respectively.
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TMA_pris

TMA_cube TPA_cube

Figure 6.7: Optimized structures of double 3-ring (pris) and double 4-ring (cube) silicate
oligomers in contact with TMA®, TPA™ respectively.

There are two coupling possibilities between the organic template and anionic monomeric
silicates. These geometries are shown in Figure 6.1 (structure TAA.M1 and TAA.M2). The
difference is that the oxygen coordination and the charge of oxygen in contact with template. We
considered the distance of free oxygen atom (negative charged) of silicate and the nitrogen atom
(positive charged) of organic template. That distance is far in the TAA.MI1 structure, but it is
close in the TAA.M2. In the gas phase, the TAA.M2 structure is much more stable than
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TAA.M1 since the electrostatic interaction is more important when the distance is shorter. We
calculated that in the gas phase TMA.M2 is more stable than TMA.M1 -42 kJ/mol. When the
COSMO solvation is included in the calculation, the energy difference between TAA.M1 and
TAA.M2 is estimated only -3 kJ/mol. This implies that the relative stabilities of silicate species
is also dependant on the solvation energy. In our studies, we take the TAA.M2 as the reference

state to compute the free energy for dimerization reaction.

Table 6.1: Free energy AG(kJ/mol) and entropy AS (J/mol/K) of the formation of linear and
branched silica calculated with RI-MP2/TZVPP at 298K.

AG(kJ/mol) AG(kJ/mol)
Reaction AG(kJ/mol) AS (J/mol/K) Ref[31] Ref[23]
With Na+ Without
TPA" TMA’ | TPA" TMA’ counterion counterion
TAA.M+M ->TAA.D + H,0 -83 -9 -42 -46 -33 -28
TAA.D+M -> TAA.Tr + H,0 -26 -2 -37 -43 -16 -30
TAA.Tr+M -> TAA.Tetra + H,0 -31 4 -53 41 -10 -50
TAA.Tetra+M -> TAA.Penta + H,0 -33 -16 -32 -67 -74
TAA.Tr+M -> TAA.Iso-Tetra + H,0 -58 -15 -18 -10
TAA.Tetra+M -> TAA.Iso-Penta + H,0 -25 2 -35 -41

The dimerization reaction is essential to silica chemistry. There are number of a
computational studies for the energy of this reaction. Using DFT/TNP, Catlow et al. [32]
reported a gas-phase dimerization free energy of -9.2 kJ/mol, while Tosell [22], using
G2/COSMO, reported a value of +8.8 kJ/mol in the gas phase. Earlier, we reported a value of
+9kJ/mol for the neutral dimerization and -28 kJ/mol for the reaction of a monomer with a
deprotonated monomer, both using B3LYP/6-31G(d,p) with COSMO solvation[30]. Mora-
Fronz et al. [31] using explicit water model and Na* as a counter ion reported a value of -33
kJ/mol. However, the interaction with the organic compound has so far not been studied. We
found that in the presence of TMA" and TPA", the free energy of reaction behaves very
differently. The dimerization reaction is thermodynamically highly favorable in the presence of
TPA". The free energy in the case of TPA®" and TMA® are -83 kJ/mol and -9 kJ/mol,

respectively. This is due to the differences of the interaction energies of template and the dimer.
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The larger TPA™ stabilizes the dimer much more than the smaller TMA®. TPA" has a longer side
chains with three carbon atom, while TMA* has chain with only one carbon atom. The longer
hydrocarbon chains provide the larger Van-der-Waals interaction between the template and
silicate. We estimate the interaction energies between the dimer-TPA" and dimer-TMA™ to be -
25 kJ/mol and -8 kJ/mol, respectively. The template does not affect the entropy of reaction. In
the both case of TPA* and TMA, the entropy of the dimerization reaction is ~ 45 J/mol/K.

The free energies of trimerization in the case of TPA* and TMA™ are -28 kJ/mol and -2 kJ/mol,
respectively. Compared with the calculated value of Mora-Fronz et al.[31] in presence of Na*

(-16 kJ/mol), TPA™ is more favorable for this reaction.

The energetic properties of the formation reaction of linear tetramer and pentamer are reported in
Table 6.1. We again observe the stabilizing role of TPA™ over TMA" in the condensation
reaction. The free energies of formation of linear tetramer and linear pentamer in the case of
TPA" are comparable (around -30 kJ/mol). But in the case of TMA+, formation of linear

tetramer (4kJ/mol) is less favorable as the formation of linear pentamer (-16 kJ/mol).

The creation of branched tetramer and branched pentamer are thermodynamically exothermic.
The free energies of these reactions are reported in Table 6.1. TPA" favors the formation of
branched tetramer more than that of the linear tetramer. The formation of branched pentamer and
the linear pentamer have comparable energies in the presence of TPA*. Now in the presence of
TMA?, the formation of branched tetramer and linear pentamer are more favorable than that of

linear tetramer and branched pentamer.

It is interesting to note that the formation of higher oligomers is thermodynamically not
significantly more favorable than formation of the small oligomers as reported before [20-31]. In
previous studies, the stabilities of silicate was only controlled by the internal hydrogen bonds.

The inclusion of counter ion such as organic compounds appears to be essential.

The entropies of the condensation reaction are negative. The entropic properties do not depend
on the kind of organic compound that the silicate is in contact with. The change in entropy in the
case of TPA" and TMA" is very similar. It means that these small silicates have a similar

conformation for all of the organic compounds.
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6.3.3 Formation of single and double ring structure
Experimental studies clearly show that the ring structure is very important in the early stage of
zeolite synthesis. More interestingly, the ring size depends on an organic template compound.
The use of different TAA™ can lead to a different ring species, for example the main product
when using TMA®, TEA®, TPA" is double-4ring (D4R), 4 ring, double 3-ring (D3R) respectively

[11-17]. In this section we will try to estimate the energetic properties of the ring closure process.
Formation of single ring fragment

Table 6.2: Free energy AG(kJ/mol) and entropy AS (J/mol.K) of the formation of ring silica
from the linear oligomer. Value calculated with RI-MP2/TZVPP at 298K.

Reaction AG(kJ/mol) | AS (J/mol.K) AG(kJ/mol)
TPA" | TMA" | TPA" | TMA” | Without counterion %
-11 -19 142 175 -21
TAA.Tr -> TAA.3-ring + H,0
-22 -44 | 111 157 -44
TAA.Tetra -> TAA.4-ring + H,0
18 -2 127 184 /
TAA.Pental (zigzag) -> TAA.5-ring + H,0
-52 -74 124 131 -53
TAA.Penta2 (cyclic) -> TAA.5-ring + H,0O

The free energies of the formation of 3-ring and 4-ring from the linear trimer and tetramer are
shown in Table 6.2. Both TPA™ and TMA" support the formation of 3-ring and 4-ring system.
The formation of linear and branched oligomer mentioned in the above section has a negative
change in entropy. Meanwhile, the ring closure reaction has a positive entropy. Entropy changes
are the main driving force for these reactions. This due to the fact that the reaction releases one
water molecule as a product. In Figure 6.2 and Figure 6.3, it is shown that the linear trimer and
linear tetramer already have a cyclic-like conformation controlled by the internal hydrogen
bonds. They are expected to close the ring easily and have a little entropy change . Based on the
difference in free energies of reaction, we predict that in the case of TPA", the ratio of 4-ring to
3-ring is not as high as in the case of TMA*. TMA" favors 4-ring formation, because the linear

tetramer is not very stable like in the case of TPA*. One expects that with TMA™, the 4-ring
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might be the most dominant species while with TPA®, the 4-ring will have a relative low
concentration. This observation is in good agreement with experimental work. It was found that
the 4-ring is dominant when using TMA" in some first hours of zeolite synthesis at low

concentration[15-17].

In both cases that TPA" and TMA™ are use, 4-ring is always more stable than the 3-ring
oligomer. This implies that the 4-ring is the thermodynamic stable product and will appear in the
final structure of zeolite. We also calculated the energy of formation of the 5-ring structure from
the linear pentamer. The reactant linear pentamer can have several conformation have the
different internal hydrogen bonds. In this paper we only consider two conformations, one has a
zigzag shape and the other has a cyclic shape (Figure 6.4). The zigzag conformer is more stable
than the cyclic shape conformer by about 70 kJ/mol because there are more internal hydrogen
bonds in the zigzag than in cyclic isomer. The zigzag conformer of linear pentamer has not been
reported in earlier simulations [20,23,30]. In order to make a five ring from linear pentamer, the
linear one should change into a new conformation which is cylic-like [20,23]. We expect that in
water solution the external hydrogen bonds between water and silicate can compensate internal

hydrogen bonds and can reduce the energy gap between these two conformers.

Table 6.3: Free energy AG(kJ/mol) and entropy AS (J/mol.K) of the formation of 3-ring and 4-ring
fragment. Value calculated with RI-MP2/TZVPP at 298K.

Reaction AG(kJ/mol) | AS (J/mol.K) AG(kJ/mol)
TPA" | TMA" | TPA* | TMA® | Without counter ion. **!
11 17 146 195 /
TAA.Tetra -> TAA.3ring-1 + H,0
39 -1 111 164 /
TAA.iso-Tetra -> TAA.3ring-1 + H,0
-53 -56 138 165 -21
TAA.Pental -> TAA.4ring-1 + H,0
-61 -74 141 139 /
TAA.Iso-Penta -> TAA.4ring-1 + H,0
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Another possibility to form a 3-ring and 4-ring fragment is the closure reaction of the position
1,3 or 1,4 of a higher oligomer. The structures of the product are depicted in Figure 6. Table 3
reports the free energies and entropies of reactions. In the presence of TPA™ or TMA®, the 3-ring
fragment is not favorable as the 4-ring fragment. Although the formation of 3-ring and 4-ring
fragments have favorable entropy but 3-ring internally constrained and not as stable as 4-ring.
This observation is also supported by the absence of 3-ring silica structures in the final zeolite

framework.

Formation of double ring silicate

Table 6.4: Free energy AG(kJ/mol) and entropy AS (J/mol.K) of the formation of double 3-
ring and double 4-ring silica. Value calculated with RI-MP2/TZVPP at 298K.

Reaction AG(kJ/mol) | AS (J/mol.K)
TPA" | TMA” | TPA" | TMA®

-89 -63 189 195
TAA.3-ring + 3-ring -> TAA.D3R + 3H,0

-155 -84 | 432 368
TAA.4-ring + 4-ring -> TAA.D4R + 4H,0

The existence of the prismatic hexamer and cubic octamer of silicate synthesized with organic
template was confirmed by experimental studies [16-18]. There may be two possible ways to
form the double ring system from a single 3-ring or single 4-ring oligomers. The first route is to
gradually add the monomer into the single ring one by one, the other way is through a
condensation reaction of two single rings to produce a double ring. In this chapter, we calculated
the formation of these double rings as mentioned in the latter case. In our model, one single ring
in contact with TAA™ reacts with another free single ring to form a double ring in contact with

TAA" and release water molecules.

Table 6.4 shows that the formation of the D3R and D4R is thermodynamically favorable. This
observation is consistent with experimental studies of Pelser et al. [16,17]. They found that when

using TMA" as the template, the dominant species observed was D4R. Condensation reaction to
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form D4R gains more energy than that reaction to form D3R. The entropy of these reactions is
very favorable. The role of TAA" is not important for the entropy change. The entropy of
reaction to form D3R is around 190 J/mol/K. This value is much smaller than the entropy of

reaction to form D4R (~ 400 J/mol/K).

A summary of all calculated free energies of the reactions starting with monomer up to the
double 4-ring oligomer is presented in Scheme 6.1. TPA™ stabilizes the formation of oligomer
more than TMA™. Formation of 4-ring from linear oligomer is more favorable with TMA®. This
observation is consistent with the experimental reports [16-18]. From that single ring,
condensation reactions leading to prismatic and cubic cages are very favorable in the presence of
TPA" as well as TMA™. It is interesting to note that the formation of 3-ring fragment from higher
oligomer via a 1,3 internal ring closure reaction is thermodynamically unfavorable. Meanwhile
the formation of 4-ring fragments from higher oligomer is favorable. This agrees with the
experimental observation that no 3-ring building blocks are present in the final structure of
zeolite framework. However, higher rings such as 4-ring and 5-ring fragments are commonly

obtained.
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Monomer With TPA'
Si(OH);0° With TMA'

-83 | -9

-22 -155 A

~_
-19 -63
15 i
-33 J

s
/\‘/ e 3 _74

-74 -56

Scheme 6.1. Free energy AG (kJ/mol) of the condensation reaction calculated at 298.15K for silicate
clusters from monomer to D4R species with the presence of organic template. Optimization with
B3LYP/SVP/COSMO and single point with RI-MP2/TZVPP/COSMO were used. The values in bold and
italic format are for the interaction with TPA" and TMA”, respectively. For linear and branched oligomer
formation the values are for the reaction of a silicate species with a monomeric species to give water as a

product. Internal condensation reactions form the ring structures and water molecule as the products.

6.4. CONCLUSIONS

In the present study, the reaction mechanisms of silica condensation were investigated using
DFT and MP2 calculations. Formation of various silicate oligomer from dimer to double 4-ring

has been studied in the presence of organic cation such as TMA" and TPA™ .
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The interaction between TPA" and anionic silica consist of an electrostatic part and a weak
Van-der-Waals energy part. High-level computational methods such as RI-MP2 are essential to
investigate silica systems in the presence of an organic compound.

The results show that TAA", especially TPA™, can enhance the condensation reaction of silica.
The role of organic compound in zeolite synthesis is not only important for the formation of
nanoparticle but also very crucial to the stabilities of silicate oligomer in the early stage of the

synthesis reaction.

The TPA® favors the formation of linear small oligomer such as dimer and trimer.
Condensation reactions in the presence of TPA™ gain more energy than with TMA™ or the alkali
counter ion (e.g Na"). This is due to the favorable interaction between product and TPA™. It is
mainly relates to the difference in the Van-der-Waals interaction energies between template and

oligomers.

The formation of linear and branched higher oligomer is thermodynamically favorable. The
branched oligomer has a strong interaction with TPA*. Entropy change is the driving force of the
ring closure reaction. The ring formation is favorable even at room temperature. The 4-ring

fragment tends to be more stable than the 3-ring fragment.
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SUMMARY

The classical syntheses of zeolitic materials are based on silicates or alkoxysilanes in alkaline
solutions, often with organic additives that act as structure-directing agents (SDA). The SDA are
thought to be mainly responsible for the formation of a specific zeolite structures. However, this
thesis shows that the silicate-template interactions also are important to be initial condensation
reaction take place in the prenucleation stage. At this point it is also still under discussion
whether growth proceeds by a monomer addition sequence or the assembly of preformed
building blocks. In this thesis, the essential chemical properties of the silica condensation process
such as the role of water, hydrogen bonding, counter ion effect, interaction with template have

been addressed.

The mechanism of the silica condensation reaction of small oligomer from dimer to pentamer in
gas phase was studied in chapter 2. In this chapter, the reaction mechanism of silica condensation
was investigated using DFT calculations for various structures of silicate oligomers. There are
two different reaction paths for the condensation reaction: one reaction path proceeds via neutral
species and the other occurs via the anionic species. An anionic mechanism that occurs in two
steps. The first step is the formation of the SiO-Si linkage bond between two reactants. The
second one is the removal of the water group from the intermediate to form a product. It infers
that the water removal is the most difficult step in reaction pathway. Based on the calculated
activation barriers of silicate formation, the anionic pathway is kinetically preferred over the
neutral one. Thus, the polymerization of silicate species mainly concerns the anionic species. The
ring closure reactions occur with high barriers because of loss of intramolecular hydrogen bonds.
The decrease of the overall activation barrier for the formation of higher linear and branched
molecules is ascribed to more favorable hydrogen bonding effects for these cases. The
importance of inter- and intramolecular hydrogen bonding to the relative activation barriers of

S10-Si bond formation was found.

In chapter 3, it was argued that it is essential to include explicitly water molecules in silica
condensation and sol-gel chemistry computational studies. The rate limiting step is not the water
removal step as in the gas phase simulation in chapter 2. The overall barrier is mostly depends on

the first barrier of the SiO-Si bond formation. The activation barrier of the water removal step
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depends on the mechanism of water assisted internal or external proton transfer, independent
from the size of oligomer. The kinetic and thermodynamic trends of formation of higher
oligomers from dimer silica are found to be quite different between explicit solvent simulations
and gas phase simulation. The gas phase model in chapter 2 proposes that the linear and
branched higher silica structures are more favorable than the 3-ring and 4-ring. In contrast, this
study in solution observed that 3-ring formation is more favorable than the formation of higher
branched and ring silica oligomers. As a consequence, the 3-ring silica structure will be a
dominant species during the first stage of pre-nucleation process in pure silica condensation. This
is in good agreement with experimental studies of the early stage of zeolite synthesis. Water

molecules are also essential to assist proton transfer and form stabilization hydrogen bond.

The counter ion (Li* and NH,") effect to the silica condensation reaction was investigated in
chapter 4. It was also shown that the activation barrier of the water removal step depends only on
the water assisted, which is independent of the size of oligomer. The overall barrier mostly
depends on the initial barrier of the SiO-Si bond formation. The position of cation has a strong
effect on the barrier height of this step. When close to the reactive center of the dimerization
reaction, Li* does not change strongly the activation barrier, meanwhile NH," increase
significantly the activation barrier. The relative rates of formation of the higher oligomers from
dimer silica are found to be quite different between Li* and NH," case. The presence of Li*
favors the linear and branched higher silica structures over the 3-ring structures. In contrast, with
NH," in solution it has been observed that 3-ring formation is more favorable than the formation
of higher branched silica oligomers. The positive charge of counter ion decreases most
significantly the rates of SiO-Si bond formation in the dimer. For the first step of the
dimerization reaction, the hydrogen bonding effects are more important than the electrostatic
interaction. In consecutive oligomerization reaction steps, the cation has a weak effect on

activation barrier.

The importance of organic templates is well known for zeolite synthesis. Chapter 5 presents the
catalytic role of template in the formation of the initial silicate structure. Formation of dimer,
trimer and three-ring silicate oligomers has been studied in the presence of organic cation
tetrapropylammonium TPA®. The interaction between TPA" and anionic silica consist of an

electrostatic part and a weak VAW part. TPA" stabilises the transition state for Si-O bond
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formation. The ring closure reactions occur with comparable barriers to that for linear growth
despite the unfavorable thermodynamics for ring closure reaction due to the loss of

intramolecular hydrogen bonds.

Chapter 6 reports an extensive investigation on the effect of the template on the relative
stabilities of higher oligomers than could be considered in chapter 5. Various silicate structures
from dimer to double 4-ring, related to initial stage of zeolite synthesis, have been studied in the
presence of organic cations such as tetramethylammonium TMA™ and tetrapropylammonium
TPA". The results show that organic template, especially TPA", stabilizes silicate oligomers. As
we found before, the TPA" favors the formation of linear small oligomer such as dimer and
trimer. Condensation reactions in the presence of TPA* gain more energy than with TMA® or the
alkali counter ion (e.g Na*). This is due to the favorable interaction between product and TPA™.
It mainly relates to the difference in the Van-der-Waals interaction energies between template
and oligomers. For both templates, the 4-ring fragment tends to be more stable than the 3-ring
fragment. The unique figure of TMA" is the higher stabilization of the 4-ring structures
compared to the other oligomers. For TPA* these differences are much less. This observation is

consistent with experimental results.

This thesis contributes to the understanding of the prenanoparticle oligomerization process that
occurs initially in zeolite synthesis. Several factors control the chemical reactivity of silica
condensation in solution at this early stage (e.g. hydrogen bonding, water rearrangement,
electrostatic effect, Van-der-Waals interaction). The internal and external hydrogen bonding is
crucially related the geometry of small silicate oligomers. The electrostatic interaction between
that alkaline counter ion and reactive region of condensation reaction increase the activation
barrier of silica condensation reaction. It has been shown that the organic template enhances the
0Si-O bonding of small oligomer as well as the stabilities of higher oligomers. The Van-der-
Waals interaction between the template and silicate structure is more important when the size of
oligomer is larger. This implies that the organic templates not only act as the generally accepted
role of structure directing agents to the nanoparticle formation but also have an important role in

the earlier stage of oligomerization.
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TOM TAT

Qua trinh téng hop vat liéu zeolite (mot loai chét xdc téc duoc str dung rong rai trong qua
trinh xir 1y dau mo) duge téng hop tir silicate hodc alkolysilane trong mdi trudng kiém. Thong
thuong su téng hop nay duogc thuc hién voi mot chét hitu co duge goi la chat dinh hudng ciu
tric (structure directing agents: SDA). Cac chit SDA nay dugc cho réng phu trach vi¢c tao thanh
céc cAu triic khac nhau ciia zeolite. Trong luan van nay dd cho thdy cdc chét nay con c6 vai trd
quan trong trong cdc qué trinh phan tng dau tién, lic méi tao thanh cdc phén tir ban ddu cia qué
trinh tao zeolite. Hién nay van con sy tranh ludn xung quanh qua trinh hinh thanh zeolite thong
qua viéc tao thanh tir tir bang cdc phan tir monomer cua silicate hay 12 thong qua su két hop cua
céc khdi dai phan tir. Trong luan van nay, céc tinh chat héa hoc cin ban ciia qud trinh phan tng
tring ngung silica va cdc anh hudng dén phan Gmg nhu vai trd ciia nudc, cia lién két hydrogen,

cua cdc ion va cua cac hop chat hiru co s€ duoc dé cap dén.

Co ché cia phan tng tring ngung silica ctia nhirng phan tr don gian nhét, tir dimer cho
t6i pentamer O trong pha khi da dugc tinh toan biang phwong phdp ham mat d6 (DFT) ¢ trong
chuong 2. C6 hai co ché khdc nhau: mot 12 co ché théng qua céc phan tir trung hoa (neutral) dién
tich, hai 12 co ché thong qua céc phan tir mang dién tich 4m (anionic). Co ché thir hai c¢6 hai giai
doan, giai doan dau 1a tao lién két SiO-Si, giai doan thi hai 12 tich bo nudc. Co ché nay 1a co ché
t6i wu hon va ning luong va dong héa hoc. Céc phan tng déng vong xay ra véi hang rio ning
lugng cao vi sy mat cic lién két hydrogen ¢ bén trong. Chuong nay chi ra tim quan trong cua

lién két hydrogen & trong va ¢ ngoai doi véi hang rao nang luong ctia phan ing.

O chwong 3, viéc thém cdc phan tr nude 1a rat can thiét ddi véi viée nghién ciru phan
ung. N6 anh hudng rat 1on dén sy bén vitng va hang rao ndng lugng cua phan ung. Lic nay, giai
doan quyét dinh dong hoc khong phai 12 budc tich nudc nhu ¢ trong chuong 2 ma phu thudc vao
budc dau tién 1a tao lién két SiO-Si. Hang rao ning luong cua qué trinh tdch nude phu thude vao
co ché phan tng va khong phu thudc vao kich cé cua silica oligomer. Khi qud trinh dugc nudc
xtc tdc s& di theo mot co ché khac va c6 hang rao ning lugng nho hon. O chuong 2, ta thiy su
tao cdc oligomer thang va nhénh dugc vu dii hon cic dang vong 3, vong 4. Nhung & chuong nay
v6i su ¢6 mat cia nude, ta thay dang vong 3 dugc wu ddi hon va diéu nay rat phit hop véi céc két

qua thyc nghiém.
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Nghién ctru sy ¢6 mit cta cic ion d6i (Li* va NH," ) duoc trinh bay ¢ chuong 4. Ciing
gidng nhu chwong 3, qud trinh tich nudc dugc quyét dinh boi cdc phan tir nudc c6 mit xung
quanh chtr khong phu thudc vao kich thude ctua cic oligomer. Hang rao nang luong cua ca phan
g chu yéu phu thudc vao qud trinh tao lién két SiO-Si. Vi tri ctia cdc ion ¢6 su anh hudng quan
trong toi phan tng, nhat 12 di v6i phan tng dimer héa thi NH," 1am ting rat nhiéu hang rao
nang lugng, trong khi Li* thi lai khong 1am ting ning lugng. Dién tich duong cua cdc ion 1a gidm

di kha nang phan tng ctia cdc qua trinh tring ngung silica.

Su quan trong cuia cic hop chit hitu co dén qud trinh téng hop zeolite da dwoc biét dén tir
1au. O trong chuong 5, tdi trinh bay vai trd xtc tic clia chét hiru co tetrapropylammonium (TPA)
dén co ché va niang lugng cua phan tng. Sy lién két gitta TPA va silica gdm c6 su lién két tinh
dién va lién két Van der Waals. TPA 1am bén hon trang thdi chuyén tiép cua qud trinh tao lién

két SiO-Si va 1am giam hang rao ning lwong ciia qu4 trinh nay.

O chuong 6 1a sy mo rong nghién ctu & chuwong 5 véi hop chét hitu co khic 1a
tetramethylammonium (TMA) va TPA. Céc phan tor duoc silica tor don gian nhét 1 dimer t6i
phuc tap 12 d6i vong 4 duoc tinh todn ning luong phan Gmg va d6 bén tuong d6i. TMA lam bén
hon vong 4 so véi céc céu tric khéc cua silicate. Vi s ¢6 mit cuia TPA thi cdc cdu tric vong,
thang, nhanh cua silica c¢6 d6 bén twong duong véi nhau. Quan sit nay ciing phit hop véi nhirng

két qua thuc nghiém

Tém lai ludn vin nay da déng gép vao su hiéu biét thém vé phan (mg tring ngung silica
Xay ra trong qué trinh tong hop zeolite & nhiing giai doan dau tién. C6 nhiéu yéu td anh huong
t6i phan Gmg nhu lién két hydrogen, twong tic tinh dién, twong tic Van der Waals, két cAu cua
mang phan tir nuéc. Nghién ctru ciing chi ra rang cdc chat hiru co trong qué trinh téng hop
zeolite khong nhiing ¢4 vai trd cht yéu trong viéc hinh thanh cdc khéi phan tir 16n ma con ¢ vai

trd quan trong trong viéc hinh thanh nhimng phan tir oligomer ban dau.
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