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Zeolites are porous aluminosilicate materials that find various applications in the chemical
industry in separations, catalysis, ion exchange, etc. However, despite their widespread use, the
reaction mechanisms occurring during zeolite growth are still unclear. Herein, we use Density
Functional Theory calculations to gain insights into the thermodynamics of oligomerization, which
constitute the initial steps of zeolite growth. By taking into consideration solvent and temperature
effects, our results demonstrate that the growth of aluminosilicate systems is significantly more
exothermic than their pure silicate counterparts. Under pH neutral conditions, water prefers to
dissociate on the early-growth-stage aluminosilicate complexes rather than desorb, thus generating
potential Brgnsted acid sites on the oligomers. We take into consideration the role of cations during
these first steps of growth as well as their role in the final zeolite product. These (alumino)silicate
growth pathways are evaluated in the presence of Na* cation, as well as the Ca?* and Zn?* cations
for the pure silicate pathway. The presence of cations increases the exothermicity of growth, with
Ca?" exhibiting the most energetically favorable growth environment for the silicate systems.
Importantly, we demonstrate through reaction extent analysis that the presence of cations
modulates the speciation of the formed oligomers, with Na* favoring linear species in addition to
the generally preferred cyclic ones. To further understand the energetic preference of cation
localization in the final zeolite structure we perform a series of systematic cation substitution

calculations as both framework and extraframework atoms. Overall, this work provides a



fundamental understanding of the thermodynamics of complex reaction paths that occur during
early stages of zeolite growth and unravels thermodynamic preference of cation localization on

final zeolite structure.
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1.0 Introduction

Zeolites are porous aluminosilicates that are both naturally occurring and synthetically
produced. Zeolites are able be synthesized with detailed control of their physiochemical properties
which makes them excellent materials for applications in fields such as separations?, ion exchange
2 and catalysis . The ability to control the structural and chemical functionalities of a given zeolite
is extremely important for its end application. For example, ZSM-5 (MFI type) is one of the most
commonly used industrial catalysts in the cracking of long hydrocarbon chains to produce light
olefins due to its acidic properties and (hydro)thermal stability 4. Additionally, zeolite growth has
an important role in nuclear waste glass performance at disposal facilities. The adequacy of current
methods of nuclear waste glass disposal is quickly becoming a topic of great interest with increased
nuclear energy production®. In current practices, nuclear waste glass is stored in an underground
repository where over time they begin to degrade. The formation of zeolites (specifically zeolites
with GIS typology) has been shown to cause a delayed acceleration in the corrosion rate of certain
glasses (Stage I1), therefore it is essential that zeolite growth be well understood in order to be
applied to control of waste glass corrosion %3, Obtaining a detailed understanding of the
mechanisms involved in early zeolite nucleation steps, and the effects of system composition on
growth will enhance the ability to direct the phase of zeolite growth occurring in waste glass
dissolution. The ability to control the rate and phase of zeolite growth as a means to manage nuclear
waste glass corrosion has great potential to advance current practices in nuclear waste glass
treatment.

Zeolite synthesis has significantly advanced over the years in terms of controlling their
final structures; however, despite the progress that has been made in zeolite synthesis, the detailed
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mechanisms for zeolite crystallization are far from being determined due to the complexity of their
growth media. The largest gap in understanding how zeolites grow remains in the initial
oligomerization steps of pre-nucleation (alumino)silicate species (oligomers, clusters, particles).
The first steps of nucleation have been shown to have a large impact on the final topology of the
zeolite!®. These first steps determine which primary building units are formed, which determine
which secondary building units are formed, which determine which zeolite topology the system
can achieve. Therefore, gaining a deeper understanding of the mechanism(s) that drives these
reactions is imperative to achieve better control during synthesis and eventually control the final
zeolite structure. Such control would allow the development of novel zeolite structures, thus
furthering the range of applications. Herein, we have sought to contribute to the work on these
prevalent issues in the field of zeolites. This has resulted in portions of my thesis work being
published in the AIChE Journal®.

Many investigations, both experimental and computational, have attempted to clarify how
initial oligomerization steps progress using several techniques such as nuclear magnetic resonance
(NMR) 16, Density Functional Theory (DFT) calculations %2, and Monte Carlo simulations 21:23:24,
Experimental studies have offered insights into the effects of reactant composition and synthesis
environment on the species formed during nucleation, which has direct impact on zeolite size,
topology, and functionality 2°. However, it is difficult to experimentally observe the exact species
(and their concentrations) formed during nucleation due to the extreme synthesis conditions (e.g.
high ionic strength, pH, temperature, etc.), as well as the rate at which these reactions occur (< 1
s)?L . On the other hand, deeper mechanistic understanding of early growth stages of materials can
be achieved using DFT methods 8. Specifically for zeolitic (alumino)silicate systems, studies have

focused on probing mechanisms of the early oligomerization reactions, with extensive work being



done on the dimerization of silicates 2%2"; however, there is little consistency within these studies
in terms of reactant species, simulated synthesis environment, solvation considerations, and
reported energetics.

Several computational studies have probed the impact of pH on oligomerization in
aluminosilicate systems, with most calculations being performed in the pH range of 8-11, where
alkaline environments lend to the deprotonation of a given silanol group to facilitate further
oligomerization 1”21, This deprotonation step has resulted in a proposed anionic pathway of silicate
oligomerization 7. Systems that are highly alkaline (e.g. pH =11) have been shown to give
preference to cyclic structure formation over their linear counterparts 2. To better understand the
role of solvent, the first oligomerization steps have been investigated using DFT calculations in
various environments: the gas phase, implicitly solvated, explicitly solvated, and a combination of
the latter two. White et al. 2’ found that in order to obtain pK, values that were consistent with
experimental data, it was necessary to use a combination of an implicit solvation model and explicit
water molecules interacting with the structure of interest. This agrees with Catlow et al. who also
showed that energies obtained using an implicit solvation model along with explicit solvent
molecules were found to best agree with experimental values °.

While the contributions of pH and solvation on the nucleation steps of zeolite growth have
been addressed computationally 2%, there remains a sizable gap in zeolite nucleation knowledge
that has been untouched by computational studies. For instance, although zeolites are
aluminosilicate materials, most of the computational studies focus only on oligomerization of pure
silicate systems. Additionally, cations present in the synthesis environment can assume various
roles during growth. Cationic species can perform as inorganic structural-directing agents, which

serve to direct growth towards a desired structural conformation and can determine structural



characteristics in the final zeolite product *. Cations are also found in zeolites as counterions which
stabilize charges in the zeolite framework that result from incorporation of aluminum. Though the
effects of counterions in zeolite growth have been investigated previously 323 most
computational studies focus on monovalent cations and rarely include divalent alkaline earth
metals which are commonly found in natural zeolites.

Though cations are used extensively in zeolite synthesis, and are present in final zeolite
products, the exact contributions of cations during growth as well as their position in the final
zeolite product remain unclear. Cations present in a zeolite system are unique in that it is possible
for their role to change dramatically from the stage of synthesis to the final stable product. The
connection between initial composition and synthesis environment, and primary building units,
secondary building units, and final zeolite product has been investigated previously and have
confirmed a strong synthesis-structure relationship®. Knowing the location of the cations in the
final zeolite product can lend to significant progress in the ability to direct and control the final
zeolite product. Studies have been conducted previously to try to determine the final position of
cations in several zeolite materials*>*. Not only can the location of these cations in a zeolite
framework impact the energetics of the zeolite, they can also play a role in establishing the stability
of a given state®”%. Several investigations have been conducted in attempt to elucidate the
relationship between overall composition, primary and secondary building units, and environment,
and the stability and interzeolite transformation of the product zeolite®*%. It is of great interest in
the zeolite community, particularly the portion that involves nuclear waste glass treatment, that
any potential method of directing interzeolite transformation by fully explored.

In the first portion of this work, we seek to understand aspects within early stages of zeolite

growth that remain unclear. We use DFT calculations to gain a detailed understanding of the



energetic profiles of the initial steps of oligomerization in zeolite growth up to formation of the
cyclic tetramer. To do so, we’ve investigated both pure silicate and aluminosilicate systems with
resulting tetramer products containing Si/Al ratios of 1/1 or 3/1. Both linear and cyclic
configurations are investigated for each oligomer (dimer, trimer, and tetramer), as larger cyclic
oligomer species are considered to be important intermediates to the formation of zeolite building
units *7. In order to uncover the role of cations during early-growth stages, as well as probe their
location on the small oligomer complexes, we have investigated the initial oligomerization steps
in the presence of monovalent Na* (NaOH addition) and divalent Ca?* (Ca(OH). addition) and
Zn?* (Zn(OH) addition) cations. In this work, we also address the preferred state of H.O molecules
produced during oligomerization (condensation) reactions, which provides insight into the
feasibility of forming Brensted acid sites on aluminosilicate complexes during early growth stages.
Additionally, we account for solvation environment and address temperature effects in the
thermodynamic growth reaction profiles (free energy calculations). We evaluate not only the
complexation thermodynamics of how zeolite precursor structures are formed prior to crystal
growth, but we also provide insights into the role of cations and solvent on their structure and

speciation.

In the second portion of this work, we investigate the preferential localization of cations in
different positions of zeolite crystal framework cells. We use a Quantum Mechanics/Molecular
Mechanics (QM/MM) method to explore cation substitution of zeolite cells. In these calculations
we’ve substituted several cations AI¥* (Al(OH)s(H20) addition), Zn?* (Zn(OH)2(H20), addition),
and Na* (Na(OH)(H20)s addition) either as a framework cation on a tetrahedrally coordinated site
within the framework, or as an extraframework cation substituting a Brgnsted acid site. To be fully

comprehensive we’ve performed these substitution calculations in both surface and bulk positions.



This provides information about the likelihood of a given cation to be present in a given position,

as well as suggests the possibility of defects formation by controlling the synthesis conditions.



2.0 Computational Details

Density functional calculations were performed for silicate and aluminosilicate systems
using the Gaussian 09 program package*'. We used the M06-2X hybrid exchange-correlation
functional *? with the 6-311g(d,p) basis set. The M06-2X functional has been shown to perform
well when tested against other popular functionals on calculating non-covalent bonding and
thermochemistry of main group elements “*. All calculations were performed using the conductor-
like continuum model (CPCM) #* as implemented in Gaussian to study the solvation effects, with
water being the solvent. All species were fully optimized and frequency calculations were
performed to verify that the structures are minima (absence of imaginary frequencies) and calculate
Gibbs free energies (thermochemistry). DFT calculated free energies using the harmonic oscillator
approach and implicit solvation conditions have been shown to produce results in good agreement
with free energy values obtained using ab initio molecular dynamics #°. To maintain charge
consistency the systems were modeled to be in a pH neutral medium, which differs from
experimental synthesis conditions where pH is commonly found to be 11-14. Under the typical pH
range of zeolite synthesis, there would likely be anionic complexes formed during oligomerization.
However, we selected pH neutral conditions in order to maintain a charge neutral growth system
which does not require charge balancing counterions to provide charge stabilization, as well as to
maintain reasonable computational cost. The inclusion of charge-balancing cations in the system
would require the additional use of explicit H2O solvent molecules and would make the
optimization of the systems challenging. Additionally, to accurately model anionic systems, the
pKa value of each OH group in the system must be known, which is dependent on the overall
complex configuration and can change for OH-groups in different environments*®. A Quantum
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Mechanics/Molecular Mechanics (QM/MM) method was used to explore cation substitution of
zeolite cells. These substitution calculations were performed using ONIOM in Gaussian 09! using
a two-layer approach. The density functional and basis set (M06-2X/6-311g(d,p)) used in small
complex calculations were applied to the high layer atoms (consisting of Si, Al, Zn, Na, O, and H)
in these systems. The semiempirical PM6 method*’ was assigned to the atoms (consisting of Si,
O, and H) in the low layer. Two layering configurations were investigated, with the high layer
applied to either select bulk or select surface atoms in a 354-atom zeolite crystal cell. In
calculations exploring substitution in the bulk, only 17 atoms were included in the high layer
region, with the remaining 337 atoms considered the low layer region. In the case of surface
substitution calculations, 58 atoms were included in the high layer region, with the remaining 296
atoms being considered the low layer region. All zeolite substitution systems were conducted in
the gas phase. All calculations, both oligomer and substitution were performed at 100°C, which is

consistent with zeolite growth temperature conditions found in literature 2.



3.0 Results and Discussion

In order to develop a detailed mechanistic understanding of how zeolites grow, we focus
on the initial oligomerization steps in (alumino)silicate systems. We have investigated the free
energy pathways of these initial steps for both silicate and aluminosilicate systems, as shown in
Figure 1. Appendix Figure 1 and Appendix Figure 2 display the Gibbs free energy and electronic
energy reaction pathways, with each state labeled. The relevant structures of each state are
presented in Appendix Figure 3. The Gibbs free energy includes enthalpic and entropic
contributions to the total electronic energy. For each system, we have investigated oligomerization

from the monomer, Si(OH)4 and AlI(OH)3, up to formation of the cyclic tetramer complex.



100 1

1780 e Oligomerization
3 '~L ------ Water Desorption
S e @ e Si(OH), Addition )
50 4 : ‘e > e Al(OH); Addition
: ) (' Water Dissociation
;' S e Cyclization
113.2 Path to Dimer wn
1 JF — 10.1 _: 0.5 27.2 = Path to Trimer E
_ AT S ——ee — 212 Path to Tetramer — 3
S 9.0 14.2 . T 35.8 ° % >
£ | 157, ‘—35— .21 e ®
-50 | % y " e . , T - 9 °
2 P56 440 23,8 276 o
N LTy o A
[ % 1.9 % fe, € R
& -100 — S —9%2 166 15.7 P
g 50.5 *, Y5 . d ‘#g o
b —'238 . 376 % ‘% o
8 P e b "..19.9 -0 o]
3 -150 . - @
g 150 ‘ J‘J 90.6 - 5.1 - '._ﬁ £ g
o si A 0 H B 15.3"*- =
B N
;) [ . o _5-3% g
200{ @ Y 7 ‘ 4’6 g
9 9 34.7 ., =
49.4%, ¥ & ° <
-250 1 S t2g
o) LR 13.4
c d
-300

Figure 1 Free energy reaction profile for oligomerization of silicate and aluminosilicate systems. The initial
reactants for the silicate and aluminosilicate systems are Si(OH)4 + Si(OH)4 (top pathway) and Si(OH)4 +
Al(OH)3 (bottom pathway), respectively. The num number listed by each step represents the absolute value
of the change in Gibbs free energy between the two corresponding states (kJ/mol). Each number is color-
coded to indicate the specific reaction step and is consistent with the coloring of the dashed lines. Colors of
dashed lines in the figure indicate the following steps: black - oligomerization; red - water desorption; green -
Si(OH)4 addition; blue - Al(OH)s addition; yellow - water dissociation; and pink - cyclization. The solid lines
are color-coded to highlight the paths forming oligomers of different size: orange — dimer species; purple —
trimer species; and green — tetramer species. The profile shows the energetics for the formation of both the
linear and cyclic structures through the tetramer. Terminal structures (states a-g) are shown for each

pathway.
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3.1 Dimer Formation

The first oligomerization step is a condensation reaction between two monomers (Si(OH)a4
+ Si(OH)a, or Si(OH)4 + Al(OH)3) to form the dimers SiO7Hs(H20) or SiAlOgHs(H20). Though
the dimerization step in the silicate system is exothermic at -10.1 kJ/mol, the same step in the
aluminosilicate system is significantly more exothermic at -93.6 kJ/mol. White et. al.?’ reports the
same trend when comparing silicate and aluminosilicate dimerization at pH 11, with a silicate
dimerization free energy of -1.8 kJ/mol, while the dimerization of its aluminosilicate counterpart
(Si(OH)4 + AI(OH)4 - Na* as initial reactants) under the same conditions having a free energy of -
21.2 kJ/mol. Furthermore, the silicate dimerization reaction step was reported to have a Gibbs free
energy of -14.2 kJ/mol (at pH 7) by White et al. 2 and 0 kJ/mol by Mora-Fonz et al. '8
demonstrating that our numbers are within the reported range in literature. The energetic
differences can be attributed to temperature and solvation effects. White et al. models solvation
effects using the conductor-like screening model (COSMO) and includes explicit water molecules
at a temperature of 298 K, whereas Mora-Fonz et al. reports energetics at 450 K using COSMO
without considering explicit water molecules. In this work we evaluate these reactions at 373K
using an implicit solvation model (CPCM) and include single explicit water molecules upon their

formation during condensation reactions (oligomerization steps).

3.2 Trimer Formation

The next oligomerization step following formation of the dimer is the trimerization

reaction. Here, a silicic acid monomer (Si(OH)a4) is added as reactant to with the linear dimer
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(Si207He(H20) or SiAIOgHs(H20) to produce a trimer product. Trimerization occurs after water
desorption or water dissociation steps in the silicate and aluminosilicate systems, respectively.
The trimer structures are shown in Appendix Figure 3 (labelled as structure 7 for the silicate
system and 21 for the aluminosilicate system). The trimer Al>SiOgHg(H20) (with Si/Al ratio of
0.5) formed upon addition of aluminum hydroxide species (Al(OH)3) was not considered in order
to maintain a Si/Al molar ratio of 1 or greater, which is an attribute of many zeolite topologies,
and remains in accordance with Lowenstein’s rule which suggests the formation of Al-O-Al
bonds is unfavorable in these systems #°. The same trend found in the dimerization steps is also
observed in the trimerization reactions. Trimerization of the aluminosilicate system was found to
be more exothermic at -50.5 kJ/mol than its silicate counterpart at -0.5 kJ/mol. To our
knowledge, there is little work reported in the literature on silicate trimerization ¥"*°, none of
which has been conducted at 373 K. Trimerization in the silicate system at 450 K is reported by
Mora-Fonz et al. ' to be 6 kd/mol (BLYP/DNP, COSMO), which again confirms our agreement

with literature that silicate trimerization is relatively thermoneutral.

3.3 Tetramer Formation

The Si/Al molar ratios have been shown to have a direct impact on final zeolite structure
and composition °1. Therefore, two different Si/Al ratios for the aluminosilicate system were
evaluated to examine the impact of aluminum and silicon composition on the energetics of
oligomerization. In the aluminosilicate system, the growth path splits upon reactant addition to the
trimer Si2AlO10Hg. The tetramer can be formed by adding either an Si(OH)4, or an Al(OH)3

monomer to the trimer complex, which can be seen in Appendix Figure 1 as the steps between
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states 22 and 25 and 22 and 30, respectively. The addition of Si(OH)s produces a tetramer
(SizAlO13H11) with an Si/Al ratio of 3, while the addition of AI(OH)s produces a tetramer
(Si2Al2013H12) with an Si/Al ratio of 1. The aluminosilicate tetramer complexes produced with the
addition of Si(OH)4 and AI(OH)s are shown in Appendix Figure 3 (as structures 27 and 32,
respectively).

Tetramerization steps for all systems display similar energetics, with Gibbs free energies
between -34 and -38 kJ/mol. At first glance, this suggests that the energetics of tetramerization are
not strongly affected by the composition of the system; however, upon evaluation of the electronic
energies we observe that this is not the case. In the silicate and aluminosilicate systems with
Si/Al=3, the electronic energies were found to be -53.5 and -54.3 kJ/mol, respectively, whereas
the electronic energy of the Si/Al=1 aluminosilicate system was found to be -35.8 kJ/mol. This
indicates that entropic effects are more pronounced in systems where Si(OH)4 is added to the trimer
species (AS term is -0.041 kJ/mol-K for both pure silicate and Si/Al=3 tetramerization steps) rather
than AI(OH)s (AS is -0.003 kJ/mol K for Si/Al=1 tetramerization). These effects are shown in
Appendix Figure 2 as the steps between states 11-12, 25-26, and 30-31 for the silicate system,
Si/Al=3 aluminosilicate system, and Si/Al=1 aluminosilicate system, respectively. This difference
can be explained by the interaction between the water molecule produced during the formation of
the aluminosilicate tetramer and the second aluminum atom (state 31 in Appendix Figure 1). Upon
formation of the linear tetramer in the Si/Al=1 aluminosilicate system, the aluminum atom strongly
interacts with the oxygen atom of the water molecule, which would explain why the entropic
effects in this system are much smaller than in its counterparts. This can be seen in Appendix
Figure 3 where reactant and product structures for the tetramerization steps are labeled as 11 and

12 for the silicate system, 25 and 26 for the Si/Al=3 aluminosilicate system, and 30 and 31 for
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Si/Al=1 aluminosilicate system. Treatments of water molecules produced during condensation

reactions will be discussed in greater detail in following sections.

3.4 Cyclization

Cyclization of (alumino)silicate complexes is critical to zeolite growth as many of the
produced ring species are recognized as composite building units of zeolite framework structures
17 The cyclization step occurs via a condensation reaction between the two ends of a linear chain,
which produces a cyclic conformation of the oligomer complex and a water molecule. For both
silicate and aluminosilicate systems, cyclization reactions were found to be favorable for the trimer
and tetramer species, which is consistent with literature 7. For both the silicate and aluminosilicate
systems, we have investigated a configuration of the dimer species analogous to a cyclic
configuration, where the two tetrahedral metal atoms share two oxygen atoms (shown respectively
as states a and b in Figure 1, for silicate and aluminosilicate systems). The condensation steps
necessary to form these dimer configurations are highly endothermic (113.2 and 44.0 kJ/mol in
silicate and aluminosilicate systems, respectively) which suggests that they are unlikely to occur.
Cyclization steps following dimerization were found to be exothermic. Gibbs free energies of
trimer cyclization for the silicate (Figure 1, state ¢) and aluminosilicate (Figure 1, state d) systems
are -3.5 and -5.2 kJ/mol, respectively. Tetramer cyclization was found to be the most exothermic
of the cyclization reactions for all oligomer systems studied, which agrees with the observation
that cyclic tetramer structures are common in several zeolite topologies. Cyclic tetramer structures
are shown in Figure 1 as e, f, and g for the silicate, Si/Al=3 aluminosilicate, and Si/Al=1

aluminosilicate systems, respectively. The oligomerization paths explored in this work considers
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oligomerization to occur in linear structures. Cyclization of linear oligomer structures produces
terminal states in the growth pathway, therefore growth occurring on cyclic complexes is not

investigated in this work.

3.5 H20 Desorption vs. H20 Dissociation in Aluminosilicates

To further understand how pre-nucleation species assemble and grow, we now focus on
the step subsequent to an oligomerization step. Each oligomerization reaction produces an H20
molecule in addition to the (alumino)silicate complex. In order to maintain consistency in all
calculations, the product H.O molecule was either desorbed (to the liquid phase) or dissociated on
the complex, as shown in Figure 2. For the aluminosilicate system, we evaluated the energetics of
the reaction path in the same step order (oligomerization step followed by H2O desorption step) as
its silicate-only counterpart. We found the energetics of water removal steps in the aluminosilicate
system to be significantly more endothermic than those of the silicate system. The H2O desorption
step following the dimerization reaction in the aluminosilicate system (shown as step a-b in Figure
2) has a Gibbs free energy of +69.7 kJ/mol. That same water removal step in the silicate system
has a value of -9.0 kJ/mol. Silicates are known to be hydrophobic, which is captured by the
exothermic water desorption step. However, in the aluminosilicate system we observe an
endothermic H2O desorption because upon H2O formation during oligomerization, the H20
molecule strongly associates with the aluminum atom on the aluminosilicate complex, which
stabilizes the structure. This allows the aluminum atom to obtain its preferred tetrahedral

coordination, which enhances the overall stability of the complex.
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Figure 2 Free energy reaction profile for oligomerization of the aluminosilicate system (note that this is a
subset of information shown in Figure 1), demonstrating the energetics for water dissociation and water
desorption after each Al(OH)3 addition. The water dissociation and desorption steps have been highlighted in
red and yellow arrows, respectively. The number listed by each step represents the absolute value of the
change in Gibbs free energy between the two corresponding states. Each number is color-coded to indicate
the process that is occurring in that specific step and is consistent with the coloring of the dashed lines, details
of which are given in Figure 1. Water prefers to dissociate on SiAlOsHs and Si2Al2012H10 rather than desorb,

generating acidic hydrogens (Brgnsted acid sites).

To further address this thermodynamically unfavorable step in aluminosilicate systems, we
explored the dissociation of water as an alternative to water desorption. Upon dissociation of the
H>0 molecule, a hydroxide group stays associated with the aluminum atom, while the remaining
H™ is bound to the bridging oxygen of the Si-O-Al bond, resulting in the formation of a Brensted

acid site. Figure 2 shows that the dissociation of H2O is energetically more favorable than H,O
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desorption for species where an H,O molecule interacts with an aluminum atom (highlighted in
Figure 2 as red and yellow arrows, respectively). Appendix Figure 4 provides the free energy
reaction diagram, with the structure corresponding to each labeled state provided in Appendix
Figure 5. For the H>O desorption step following dimerization where the Gibbs free energy was
found to be +69.7 kJ/mol (step a-b in Figure 2), the alternative option of dissociating the H20
molecule (a to c) exhibits a free energy of +14.9 kJ/mol, which is significantly less endothermic
than water desorption. The same trend is observed following the oligomerization step forming the
Si/Al=1 tetramer, in which H2O desorption (step d to €) has a free energy of +97.9 kJ/mol, and
H20 dissociation (step d to f) is at +38.5 kJ/mol. This energetic preference of H,O dissociation
over H20 desorption in the aluminosilicate system occurs due to the aluminum atom’s preference
to be tetrahedrally coordinated. By dissociating the water molecule, the aluminum atom remains
tetrahedrally coordinated unlike in H20 desorption steps. Importantly, these observations indicate
that Brgnsted acid sites may be formed on intermediate species during these first steps of zeolite

growth.

3.6 Cation Effect on Energetics of Silicate Growth

As an effort to elucidate the role of cationic species in the initial steps of zeolite growth,
we have investigated how the thermodynamics of growth change in the presence of Na*, Ca®*, and
Zn?*. To this end, a proton on the Si(OH)s molecule was substituted with either Na*, Ca(OH)*, or
Zn(OH)™ (representing experimental NaOH, Ca(OH)2, or Zn(OH). addition, respectively) with the

overall systems retaining their charge neutrality. We found that the presence of these cations (Na*,
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Ca?*, and Zn?*) shifts the reaction pathway to become more exothermic, as shown in Figure 3.
Appendix Figures 6, 8, and 10 provide the free energy reaction diagrams, with the structures
corresponding to each labeled state provided in Appendix Figures 7, 9, and 11 for the NaOH,
Ca(OH),, and Zn(OH), containing systems, respectively. Overall, we observe that the Ca?
oligomerization path is the most exothermic, followed in exothermicity by Na*, then Zn?*, and
then the pure silicate. This is an interesting observation; taking into consideration that naturally
formed zeolites typically contain Ca®* cations, here we demonstrate that the presence of Ca?*
cations thermodynamically facilitate oligomerization. The dimerization reaction for silicate
oligomerization in the absence of cations has a free energy of -10.1 kJ/mol, whereas this reaction
in the presence of Na* becomes more exothermic with a free energy of -36.9 kJ/mol. Although the
overall reaction path is most exothermic in the presence of Ca?* the respective dimerization step
(second oligomerization step in Ca?* pathway) is less exothermic (compared to Na* and pure
silicate paths) with a free energy value of -0.6 kJ/mol. This is particularly interesting considering
the dimerization step in the presence of Zn?* (also divalent like Ca?*) has a free energy value of
1.6 kJ/mol, which though similar to the dimerization step of the Ca?* system, the difference in the
overall exothermicity of the paths is over 100 kJ/mol. The reduced exothermicity of the
dimerization reaction in the presence of Ca?* and Zn?*can be explained by the cation-oxygen
interactions upon the addition of a Si(OH)4 molecule. The formation of the Si-O-Si bond during
dimerization decreases the number of silicon-bonded oxygens that Ca?* and Zn?* has available to
interact with. These structures are provided in the Appendix as Appendix Figure 9 (labeled as state
5) for the Ca(OH)2 system and as Appendix Figure 11 (labeled as state 5) for the Zn(OH)2 system.
The overall high exothermicity of the calcium-containing pathway can be partially explained by

the exothermicity (-89.7 kJ/mol) of the substitution step, where Si(OH). and Ca(OH): react to form
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the Ca?* substituted monomer Si(OH);0Ca(OH), depicted as state 3 in Appendix Figure 9. We see
while observing the two divalent cation containing systems (Ca?* and Zn?*) that the monomer
oligomerization, subsequent Si(OH)s addition, trimer oligomerization, and tetramer
oligomerization steps are all notably more exothermic for the Ca?* system than the Zn?* system.
This suggests that the exothermicity of these systems are not dependent upon the valency of the
cation. Neither the addition of Na*, Ca?*, or Zn?* produced a significant change in the energetics
of dimer cyclization (edge-sharing tetrahedra configurations), which is endothermic for all
systems. As shown in Appendix Figure 6, the edge-sharing dimer species Si.OsHsNa(H20),
Sio07H4Ca(H20), and Si2O7H4Zn(H20) have formation Gibbs free energies of 124.4, 171.6, and
123.3 kJ/mol, respectively. Structures for these complexes are shown in Appendix Figure 7 (state
7), Appendix Figure 9 (state 7), and Appendix Figure 11 (state 7) for the systems including Na*,
Ca?*, and Zn?*, respectively (results not shown in Figure 3 for clarity).

The introduction of divalent Ca?* or Zn?* into the silicate system was found to open an
alternative oligomerization pathway. As a divalent atom, calcium (and zinc) can form two Ca-O
(Zn-0) bonds and incorporate itself into the zeolite primary units formed during these initial steps,
which could result in integration into the zeolite framework. This produces the formation of an O-
Ca-O (0O-Zn-0) bridge between two tetrahedral (Si, Al) atoms. Upon the addition of a second
Si(OH)4 to the Ca(OH) (Zn(OH)) substituted monomer (Si(OH)sOCaOH; structure 3 in Appendix
Figure 9, or Si(OH)30ZnOH; structure 3 in Appendix Figure 11) the pathway splits to form either
a Si-O-Si bond (shown in Appendix Figure 8 as the step between states 4 and 5 for the Ca?*
system; Appendix Figure 10 as the step between states 4 and 5 for the Zn?* system ) or an O-Ca-
O (0-Zn-0) bond (shown in Appendix Figure 8 as the step between states 4 and 9 for the Ca?*

system; Appendix Figure 10 as step between states 4 and 9 for the Zn?* system). These complexes
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are shown in Appendix Figure 9 as structures 5 and 9 for the species with Si-O-Si and O-Ca-O,
respectively (Appendix Figure 11 as structures 5 and 9 for Si-O-Si and O-Zn-0O, for the Zn system).
We investigated all reaction steps in the silicate systems containing Ca?* and Zn?* (with the
exception of the cyclic dimer) using structures that contain an O-Ca-O or O-Zn-O bond rather than
structures that include an O-Ca-OH or O-Zn-OH bond. It is also worth noting that in addition to
zeolites, calcium silicates also play an important role in the composition of Portland cement, and
thus have significant environmental impact®. There has been much work done in the field of
cement science that seeks to optimize cement composition, improve cement hydration rates, and

in turn lower the carbon footprint of global cement use®-*°.
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Figure 3 Free energy reaction profiles for oligomerization of silicates in the absence and presence of Na+,
Ca2+, and Zn2+ cations (NaOH, Ca(OH)2, and Zn(OH)2 addition). The initial reactants for the systems are
Si(OH)4 + Si(OH)4, Si(OH)4 + NaOH, Si(OH)4 + Ca(OH)z, and Si(OH)4 + Zn(OH)2, respectively. The
number listed by each step represents the absolute value of the change in Gibbs free energy between the two
corresponding states. Each number is color-coded to indicate the process that is occurring in that specific step

and is consistent with the coloring of the dashed lines, details of which are given in Figure 1. The solid lines
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are color-coded to highlight the paths forming oligomers of different size as in Figure 1. The profile shows
the energetics for the formation of both the linear and cyclic structures for each species through the tetramer.

Terminal structures are shown for each pathway.

3.7 Cation Effect on Energetics of Aluminosilicate Growth

Following the approach used to explore the effects of cations on the reaction pathway of
silicate oligomerization, the impact of Na* and Zn?* was also investigated in the aluminosilicate
systems (Figure 4). Appendix Figures 12 and 14 provide the free energy reaction diagram with
each state labeled for the Na* and Zn?* systems, respectively. Here we substitute the cation onto
the AI(OH)s molecule rather than Si(OH)4, forming the AI(OH),ONa and AI(OH).0Zn(OH)
monomers (Appendix Figure 13, state 3 and Appendix Figure 15, state 3, respectively). In the case
of the zinc containing system, the substitution of Zn?* on Al(OH)s is preferred (78.2 kJ/mol, Figure
4) over substitution on Si(OH)s (46.7 kJ/mol, Figure 3). Though the substitution of Na* on Si(OH)a4
is thermodynamically preferred (-73.1 kJ/mol, Figure 3) over substitution on AlI(OH)s (-30.8
kJ/mol, Figure 4), the aluminosilicate system containing sodium is evaluated starting from the
substituted AI(OH)s complex (AI(OH).ONa) for consistency with the Zn?* system (starting with
Al(OH)20Zn(OH)). We chose to evaluate this pathway in order to understand the effects of
aluminosilicate growth when the cation is substituted on AI(OH)s, which is compared with the
respective growth energetics when the cation is substituted on Si(OH)4 groups (Figure 3). Despite
there being some differences in the energetics of the individual steps along the growth path, the
overall thermodynamics converge upon formation of the dimer when in both systems we consider

the Na* atom to be positioned on the bridging oxygen, which results in the same dimer product
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regardless of which tetrahedral atom (Si, Al) the Na* is first associated with. We observe that Na*
behaves as an aggregation center for the small aluminosilicates, which promotes the growth of
larger oligomer complexes.

As discussed above, a condensation reaction involving AlI(OH)s is followed by a H.O
dissociation step, forming a Brensted acid site on the bridging oxygen. In aluminosilicate systems
containing Na* counterions, we consider the Na* atom to take the place of the H™ on the acid site
(similar to ion exchange), whereas in the case of Zn?* the cation takes a bridging position in the
framework as it does in the silicate systems discussed previously. In this Na* case, the
AI(OH).ONa molecule reacts with a Si(OH)s monomer, forming an Al-O-Si bond with Na*
positioned on the bridging oxygen atom (similar to positions assumed by extra-framework cations
in zeolites). In the same step a hydroxide group coordinates with the aluminum atom producing
the dimer complex AISiNaO7He (structure 5 in Appendix Figure 13), where the aluminum atom is
tetrahedrally coordinated and Na* is stabilized on a bridging oxygen of the dimer, resulting in a
highly exothermic (-292.1 kJ/mol) oligomerization step. As we have only added one cation (NaOH
or Zn(OH)2) molecule to our systems, the Na* atom is associated with the position that was the
Brensted acid site in the pure aluminosilicate system. In the case that we form the tetramer with a
Si/Al ratio of 1 (i.e., presence of 2 Al atoms), the additional negative charge of the oligomer is
counterbalanced by H* occupying the oxygen bridging the silicon and aluminum atoms. This
produces an aluminosilicate tetramer (shown in Appendix Figure 13 as state 20) that contains both
a typical Brgnsted acid site and a Na* cation that is associated with a bridging oxygen.

Consistent with what was observed in the silicate system, the growth pathways of the
aluminosilicate system are found to become more exothermic in the presence of a cation. The

NaOH containing system was found to be the most overall exothermic when compared to its
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Zn(OH)2 containing and pure (alumino)silicate counterparts. In all three systems, the pathway to
tetramer formation with a Si/Al ratio of 1 is more energetically favorable than tetramer formation
with a Si/Al ratio of 3. One important observation made for the (alumino)silicate systems is that
the Zn?* containing systems seem to limit growth to the trimer, whereas Na* seems to promote
growth past the trimer. In the Zn?* containing system, upon formation of the trimer the addition of
Si(OH)4 (to form tetramer product with Si/Al of 3) is an endothermic step with a Gibbs free energy
34.6 kJ./mol and is closely followed by a water desorption step and tetramer cyclization step, both
endothermic with Gibbs free energy values of 45.1 and 57.9 kJ/mol, respectively. When evaluating
the path to formation of a tetramer species with Si/Al ratio of 1 for the Zn?* containing system, we
see that there are also endothermic steps on this path (tetramer oligomerization and water
dissociation with Gibbs free energies of 28.4 and 24.0 kJ/mol, respectively) that may limit the
formation of the tetramer product. The Na* containing system has significantly lower
thermodynamic limitations, thus promoting formation of the tetramer product. Interestingly, we
see that in the case of the Zn?* system the first the H-O dissociation step (directly following Zn?*
substitution on the AI(OH)s monomer) becomes significantly exothermic (-114.9 kJ/mol), whereas
almost all H>O dissociation steps in all other systems are endothermic. This could be due to
enhanced interactions between the Zn?* cation and surrounding oxygen atoms and additional

hydrogen bonding interactions (Appendix Figure 14, state 9) upon water dissociation.
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Figure 4 Free energy reaction profile for oligomerization of aluminosilicate system in the absence and
presence of NaOH and Zn(OH)2. The initial reactants for the systems are Si(OH)4+ AI(OH)z (-93.6 kJ/maol),
Al(OH)s + Na(OH) (-30.8 kd/mol), and Al(OH)s + Zn(OH)2 (-78.2 kd/mol), respectively. The number listed by
each step represents the absolute value of the change in Gibbs free energy between the two corresponding
states. Each number is color-coded to indicate the process that is occurring in that specific step and is
consistent with the coloring of the dashed lines, details of which are given in Figure 1. The solid lines are
color-coded to highlight the paths forming oligomers of different size as in Figure 1. The profile shows the
energetics for the formation of both the linear and cyclic structures for each species through the tetramer.

Terminal structures are shown for each pathway.

3.8 Reaction Extent Analysis

Quantification of species in solution has been a well-investigated topic in the materials
growth field for many years. Many approaches, both experimental and computational, such as

NMR%57 Kinetic Monte Carlo®®, Mass Spectrometry®®®, etc. have been employed to quantify the
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species present in a growth environment. Pelster et. al. investigated the species present during
synthesis of various pure-silicate zeolites using Mass Spectrometry®. The most prevalent species
found in the synthesis media was a 32-unit oligomer, however, they also detected the presence of
smaller 6- and 8-unit species at lower concentrations. Kirschhock et. al. performed a study using
NMR and infrared spectroscopy to identify the polycondensation products formed during growth
of the MFI zeolite, where the most predominant species was a 33 Si atom complex®’. Several
smaller species were also observed at various times throughout the synthesis such as the three-
ring, bicyclic pentamer, and double five-ring complexes (five-ring containing species are common
in the MFI topology). Experimentally determining the species present at these very initial stages
of growth remains challenging due to the small size of the pre-nucleation species, fast time-scales
of nucleation, and complex growth environment. It is also worth noting that both aforementioned
studies have different synthesis conditions (temperature, time-scale, reactant materials, etc.),

which can have significant impact on the species found during growth.

Here, in an effort to determine if early growth will be limited by the endothermic steps on
the reaction pathways and find the relative concentrations of each species along the reaction
pathway, a reaction extent analysis was performed. Each pathway was evaluated individually in
order to determine which species were most prevalent for each system under thermodynamic
equilibrium at 373K. For the three silicate systems shown in Figure 5A, each calculation was
performed with an initial Si concentration of 4 mol, and 1 mol for the cation reactant species,
NaOH or Ca(OH).. The four aluminosilicate pathways, displayed in Figure 5B, had initial
concentrations (Si:Al:Na) of 3:1:0, 2:2:0, 3:1:1, and 2:2:1 for aluminosilicate Si/Al=3,
aluminosilicate Si/Al=1, aluminosilicate with Na* and Si/Al=3, and aluminosilicate with Na* and

Si/Al=1, respectively. Additional details on the reaction extent calculations can be found in the
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Appendix. The percentages reported in Figure 5 correspond to the Si-content converted to products
with respect to the initial Si of the system.

The silicate system in the absence of cations (red pathway in Figure 5A) was found to
proceed until 97% of initial Si was converted to the cyclic tetramer complex (Figure 5A, state c).
Upon the addition of NaOH (purple pathway in Figure 5A), 91% of initial Si was converted to the
linear tetramer complex (Figure 5A, state e), with only 1% of initial Si progressing to the cyclic
tetramer (Figure 5A, state f). This indicates that the endothermic tetramer cyclization step (25.9
kJ/mol) limits growth past the linear tetramer in the presence of NaOH. The silicate with Ca(OH)2
produced two complexes, 22% for the cyclic tetramer—H,O (hydrated complex) and 78% of the
cyclic (dehydrated) tetramer (hydrated and dehydrated states shown in Figure 5A as states g and
h, respectively). Structures corresponding to states labeled a-c in Figure 5A can be found in
Appendix Figure 3 labeled as structures 1A, 14 and 15. Similarly, the structures corresponding to
states labeled d-f in Figure 5A can be found in Appendix Figure 7 as structures 15-16, and 18, and
states labeled g-h in Appendix Figure 9 as structures 19-20.

As shown in Figure 5B, the aluminosilicate system and aluminosilicate system with Na*,
for pathways with Si/Al=3 (red and purple paths, respectively), the cyclic tetramer species (Figure
5B, states b and g, respectively) were most prevalent with 98% total Si content in each case. For
the Si/Al=1 pathway involving pure aluminosilicate, the cyclic tetramer (Figure 5B, state e) and
linear tetramer—H,0O (Figure 5B, state ¢) complexes were found at concentrations of 42% Si and
57% Si, respectively. Similarly, the Si/Al=1 pathway for the aluminosilicate system with Na* is
also split with the cyclic tetramer (Figure 5B, state j) and linear tetramer (Figure 5B, state i)

complexes, with Si concentrations of 50% and 49%, respectively.
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The key difference between the two Si/Al=1 pathways is that in the pure aluminosilicate
system, the H.O molecule produced during tetramerization is still associated with the linear
tetramer, whereas in the system of aluminosilicate with Na*, the prevalent species is the linear
tetramer with water dissociated. This can be attributed to the respective H.O dissociation steps
being exothermic (-12.4 kJ/mol) in the Na* containing system and endothermic (38.5 kJ/mol) in
the pure aluminosilicate system. In the case of the Na* containing aluminosilicate system with
Si/Al=1, the tetramer cyclization step is endothermic (15.9 kJ/mol), resulting in an almost even
split between the linear and cyclic tetramer products as explained by the almost isoenergetic nature
of these states (5B, states i and j). Structures corresponding to states a-e can be found in Appendix
Figure 5, labeled as 15-16, 19, and 21-22. Likewise, the structure for state f can be found in
Appendix Figure 3, labelled as 1A, and structures corresponding to states g-j can be found in
Appendix Figure 13, labeled as 17, 19-20, and 22.

Detailed reaction extent analysis is provided in the Appendix as Appendix Figures 16 — 20
and Appendix Tables 1- 14. Overall, the reaction extent analysis reveals that the growth pathways
will progress to formation of the tetramer species. Interestingly, it suggests that the presence of
Na* results in a higher percentage of total Si remaining in the linear tetramer configuration rather
than forming the cyclic tetramer species, as in every other growth pathway. This is evidenced by
the silicate system with Na* (purple path in Figure 5A) and the aluminosilicate system with Na*

and Si/Al=1.
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Figure 5 Free energy reaction profiles for oligomerization of A) silicate system in the absence of cations (red)
and in the presence of NaOH (purple) and Ca(OH): (yellow), and of B) aluminosilicate system in the absence
of cations with Si/Al=3 (red) and Si/Al=1 (blue) and in the presence of NaOH with Si/Al=3 (purple) and
Si/Al=1 (pink). States labeled (a, b, etc.) along the pathways indicate the complexes that are found to be in
highest concentration within each individual path based on reaction extent calculations. Percentages shown
for each labeled state correspond to the mol % of Si in each respective complex and are color-coded to
indicate the path to which they belong. The species in panel A are as follows: a - Si(OH)4, b - cyclic tetramer +
H:0, c - cyclic tetramer, d - linear tetramer with Na*+ H20, e - linear tetramer with Na*, f - cyclic tetramer
with Na*, g - cyclic tetramer with Ca®* + H.0, and h - cyclic tetramer with Ca?*. The species in panel B are as
follows: a - cyclic tetramer (Si/Al=3) + H20, b - cyclic tetramer (Si/Al=3), ¢ - linear tetramer (Si/Al=1) + H20,
d - cyclic tetramer (Si/Al=1) + H20, e - cyclic tetramer (Si/Al=1), f - Si(OH)a4, g - cyclic tetramer with Na*
(Si/Al=3), h - linear tetramer with Na* (Si/Al=1) + H20, i - linear tetramer with Na* (Si/Al=1), and j - cyclic
tetramer with Na* (Si/Al=1). The growth pathways progress to convert most Si content to the tetramer

species, either linear or cyclic, with the linear complexes often appearing in the media containing Na*.
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3.9 Cation Substitution

After exploring the initial steps in zeolite formation, the focus of this work shifted to further
understanding the role and atomic placement of cations in zeolites and we investigated cation
substitution in zeolite crystal cells. All substitution calculations were performed on a 354-atom
faujasite (FAU) crystal cell adapted from the FAU framework on the International Zeolite
Association database®. All substitutions were made in the high-layer region of at either
tetrahedrally coordinated metal sites (Si, Al) or in place of charge balancing Brensted acid sites,
for framework and extraframework substitution, respectively. We would like to note here that in
the remainder of this work when we are discussing surface substitution, we are referring to a
substitution occurring on the external surface of the zeolite crystal cell. Likewise, when we discuss
bulk substitution, we are referring to a substitution that does not occur on the external surface of
the zeolite crystal cell. Here we look at substitution of AI** and Zn?" into the FAU crystal
framework, and the substitution of Na*, Zn?*, and a combination of the two as extraframework
cations. In addition to being regularly found in the composition of FAU zeolites®?, we chose to
investigate the substitution of AI** and Na* because of the results of the aluminosilicate oligomer
growth portion of our work. It was shown that aluminosilicate oligomerization was
thermodynamically preferred over pure silicate oligomerization, and in general the introduction of
Na* to the system further increased the exothermicity of growth. In the case of Zn?*, when
investigating aluminosilicate oligomerization (in the presence of Zn?*) it was found that growth
past the trimer species was limited, which made its behavior during substitution into the crystal
cell particularly interesting. In cases where the substitution of a cation into a Si** site would result
in a charge imbalance, the appropriate number of Brgnsted acid sites (H") were added to bridging

oxygen atoms in the framework (introduced to the system by the cation complexes). To fully
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investigate the positions of these cations, we accounted for substitution both in the bulk (Figure 6,

a-b) and on the surface (Figure 6, c-d) of the zeolite crystal.
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Figure 6 Zeolite crystal cells with FAU zeolite topology. The portion of the framework displayed with ball-
and- stick is the high-layer portion of the system calculated at most accurate level of theory (ab-initio). The
portion of the framework displayed with bond-line is the low-layer portion of the system calculated with the

lower level of theory (semiempirical). a) visualization of partitioning of high and low-layer portions of bulk
system b) enhanced view of high-layer portion of bulk system c) visualization of partitioning of high and low-
layer portions of surface system (includes terminating -OH groups) d) enhanced view of high-layer portion of

surface system (includes terminating -OH groups).
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3.10 Framework Substitution

The first step taken to investigate the impact of cations on the FAU framework was to
perform a substitution of either AIP* (in the form Al(OH)3(H20) as reference) or Zn?* (in the form
Zn(OH)2(H20): as reference) in the place of a Si** (producing (Si(OH)4). The reaction that takes
place in A" substitution is SigsO202Hes + AI(OH)3(H20) = SigsAlO202Hss + Si(OH)4. Likewise,
the reaction for Zn?* substitution is SisaO202Hes + ZN(OH)2(H20)2 > SissZnO202H70 + Si(OH)a.
Introducing the cations into the system in this form allows the system to remain charge neutral at
all times. These substitutions were made in both surface and bulk positions of the pure silicate
FAU cell (Si in Table 1), aluminosilicate FAU cell (AlSi in Table 1), and zincosilicate FAU cell
(ZnSi in Table 1). Table 1 displays the substitution energy in kJ/mol for substitution of cations
into specific FAU cells (initial systems). As is shown in Table 1, zinc substitution in bulk positions
was found to be endothermic, with Gibbs free energies of 47.2 and 38.9 kJ/mol for substitution in
pure silicate bulk (Appendix Figure 21, state labeled ZnSi-Bulk) and aluminosilicate bulk
(Appendix Figure 21, state labeled ZnAl- Bulk), respectively. This can be attributed to zinc’s
preference to be tri-coordinated, thus breaking Zn-O bonds during relaxation to achieve that
preferred coordination. Though this is also seen in surface calculations (Appendix Figure 21, states
labeled ZnSi-Surface, ZnAl-Surface, and 2Zn-Surface) , there is less confinement at surface sites
and allows more movement for atoms that have bonds broken to reorient. In fact, Zn?* substitution
was found to be exothermic only in surface positions. In bulk positions the Zn?* atom is confined
to the space near the oxygen atoms to which it previously had been bonded. This suggests that
Zn?* would not be found in the bulk, but rather would be found at sites on the surface of the of the

crystal cell. Defects in the framework of the crystal cell are produced when Zn?* is substituted in
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a tetrahedral site (Si**) and Zn-O are broken to achieve a tri-coordinated configuration. It would
be particularly interesting to see if the presence of these defects could limit the growth of the
zeolite and or inhibit interzeolite transformation (i.e. transformation of metastable FAU to stable
GIS*). Overall, AP* substitution was most exothermic, with each AI®" substitution being
exothermic on all initial systems, both on surface and bulk positions. In bulk positions specifically,
the substitution of AI** was highly exothermic with AI** substitution of a Si** atom in the bulk
aluminosilicate system most exothermic (-343.3 kJ/mol), forming the 2 Al substituted bulk
framework (Appendix Figure 21, state labeled 2 Al- Bulk). The formation pathways of the above
discussed substituted systems are given in Figure 7, which clearly depicts the differences in the

energetics of the surface and bulk systems.
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Table 1 Gibbs free energies in kd/mol for substitution in the framework of FAU zeolite crystal cell. Initial
system refers to the zeolite structure to which substitution is being performed. The abbreviations provided in
the initial system column (left) refers to the following zeolite systems: Si- silicate, AlSi- aluminosilicate, ZnSi-
zincosilicate. The middle and right columns (Al and Zn) denote the cation that is being substituted in place of

a Siatom. Surface and bulk designations refer to the location where the substitution is taking place.
Energetics for all substitution calculations are color-coded for upmost clarity: red- endothermic, blue-

exothermic, green- highly exothermic. Structures for all initial and resulting systems given in Appendix

Figure 21.

Initial System

Si—Surface -57.4
Si - Bulk -
AlSi =Surface -14.1
AlSi —Bulk
ZnSi—Surface = -59.4
ZnSi —Bulk

Exothermic
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Figure 7 Free energy reaction profiles for a) surface and b) bulk cation substitution of framework Si atoms in
FAU zeolite crystal cells. States are labeled with abbreviation of system and represent the following: Pure Si-
silicate, ZnSi- zincosilicate, AlSi- aluminosilicate, 2Al- 2 aluminum containing aluminosilicate, ZnAl-
zincoaluminosilicate, 2Zn- 2 zinc containing zincosilicate. Structures for all states are provided in Appendix

Figure 22.

3.11 Extraframework Substitution

Following the investigation of cation substitution into the framework positions of these
FAU zeolite systems, the substitution of cations into extraframework positions were also evaluated
to fully examine the possible positions of cations in the final zeolite product. In substitution
calculations performed on extraframework sites, the cations were substituted on Bregnsted acid
sites (replacing a proton). For each substitution of Zn?*, two Brgnsted acid sites were substituted,
with Zn?* bridging the two oxygens where the H* were prior to substitution. In the case of Na*

substitution, two Na* atoms were substituted on two separate Bragnsted acid sites, for consistency
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with the Zn?* substitution calculations. As is displayed in Table 2, the substitution of Na* onto
extraframework positions were found to be highly exothermic in all cases, both in the bulk and on
the surface. Consistent with what was seen in the framework Zn?* substitution cases, Zn?*
substitution was found to be exothermic on the surface only. It is important to note that the
zincosilicate (ZnSi) and zincoaluminosilicate (ZnAl) bulk systems would not be formed in the first
place, as can be seen above in Table 1, where formation of these structures were both found to be
endothermic. The formation pathways to these structures can be found in Figure 8, for both surface
and bulk. These systems were included in this analysis in order to be fully comprehensive. In the
case of the zincoaluminosilicate system (ZnAl in Table 2), there are three separate Brgnsted acid
sites which provided the unique opportunity to evaluate the substitution of a single Na* cation and
a single Zn?* cation, which would be consistent with the environment present in zeolite synthesis
(Na* cations are commonly present in zeolite synthesis, regardless of if the system contains Zn?").

We see in this case that including Na* with Zn?* substitution the energetics become exothermic.
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Table 2 Gibbs free energies in kd/mol for substitution on the extraframework positions of FAU zeolite crystal
cell. Initial system refers to the zeolite structure to which substitution is being performed. The abbreviations
provided in the initial system column (left) refers to the following zeolite systems: 2Al- 2 aluminum containing
aluminosilicate, ZnSi- zincosilicate, ZnAl- zincoaluminosilicate. The middle two and right-hand columns
(Na*, Zn?*, and Na*/Zn?*) denotes the cation that is being substituted in place of Brgnsted acid sites (H*) .
Surface and bulk designations refer to the location where the substitution is taking place. Energetics for all
substitution calculations are color-coded for upmost clarity: red- endothermic, blue- exothermic, green-

highly exothermic. Structures for all initial and resulting systems given in Appendix Figure 23.

Initial System Na* Na*/Zn?*

2Al —Surface - =
ZnSi — Surface - -25.3 -
ZnSi -Bulk -- -
ZnAl —Surface --
ZnAl —Bulk

Exothermic
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Figure 8 Free energy reaction profiles for a) surface and b) bulk cation substitution of extraframework
Bregnsted acid sites (H*) on FAU zeolite crystal cells. States are labeled with abbreviation of system and
represent the following: 2Al- 2 aluminum containing aluminosilicate, 2Al w/ Zn?*- 2 aluminum containing
aluminosilicate with Zn?* extraframework cation, 2Al w/ 2 Na*- 2 aluminum containing aluminosilicate with 2

Na* extraframework cations. Structures for all states are provided in Appendix Figure 24.
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4.0 Conclusions

Herein, we have investigated the thermodynamics of oligomerization reactions in zeolite
growth for systems with varied compositions. Overall, the oligomerization of the silicate system
was found to be slightly exothermic, whereas the aluminosilicate system was found to be
significantly more exothermic, with the presence of aluminum increasing the exothermicity of
oligomerization. We found that in aluminosilicate complexes, H>O dissociation on the complex is
energetically preferred over H.O desorption, which may result in the formation of Brgnsted acid
sites on bridging oxygens (Si-O-Al). This suggests that Brgnsted acid sites, responsible for zeolite
acidity, may be first introduced during the early stages of growth as an intermediate species which
then could participate in ion exchange (in the presence of cations). The thermodynamics of silicate
complexes growth were also evaluated in the presence of Na*, Ca?*, and Zn?*. All three cations
increase the exothermicity of silicate oligomerization, with Ca?* exhibiting the most exothermic
path, which is particularly interesting as Ca?* is often found in naturally occurring zeolites.
Furthermore, introducing divalent cations (Ca®* and Zn?*) into the silicate system provided an
alternative growth pathway due to their divalent nature, acting as a bridge between two Si atoms
by the formation of OCaO or OZnO bonds. Moreover, to elucidate the cation effect in
aluminosilicate growth, we considered the presence of Na* and Zn?*, which both increased the
exothermicity of the reaction pathways similarly to case of silicates. In all aluminosilicate systems,
the tetramer product with Si/Al ratio of was found to be energetically preferred over the tetramer
product with Si/Al ratio of 3. Cyclic structure formation was evaluated for each (alumino)silicate
complex (dimer, trimer, etc.). Apart from the dimer species, cyclization was found to be favorable
for all silicate and aluminosilicate complexes both in the presence and absence of cations. Reaction
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extent analysis suggests that all growth pathways will progress to convert most Si introduced as a
reactant to the tetramer species, either linear or cyclic, with the linear complexes appearing in the
media containing Na*. Overall, this portion of our computational work reveals the oligomerization
thermodynamics during early stages of zeolite growth and the impact of cations on altering the
speciation of preferred complexes and unravels the complexity of reaction steps taking place
during early nucleation stages of zeolite growth, which can further aid the control of materials
synthesis. With the early stages of zeolite growth being practically infeasible to track with
experiments, this computational work demonstrates the detailed thermodynamics of
oligomerization and how speciation changes in the presence of cations.

In addition to the investigation of initial zeolite oligomerization steps, we also explored the
role and position of cations in zeolite cells by performing cation substitutions over a variety of
zeolite crystal systems. Substitution was performed in both surface and bulk sites, and cations were
substituted as both framework and extraframework cations. AI** was found to be the most
energetically favorable cation for framework substitution for all systems, with Zn?* framework
substitution only being exothermic on the surface due to a preferred tri-coordination. Na* and Zn?*
were substituted as extraframework cations on Brgnsted acid sites on both bulk and surface
positions. The substitution of Na* was found to be highly exothermic in all cases, whereas
substitution of Zn?* was found to be exothermic only on surface sites which is consistent with
framework substitution of Zn?*,

Looking ahead, computational efforts should focus on larger oligomers and their overall
impact on zeolite structure. For instance, although at the conditions of interest we revealed a
polymeric behavior of oligomerization, it is unclear if oligomer growth stops at larger complexes

(of specific size) or continues this polymeric behavior. Oligomers stabilized at specific sizes can
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in turn act as building blocks in zeolite growth. Theory and experiments should be tightly coupled
together to understand if highly stable oligomers formed at the early growth stages act as building
units for zeolites or as spectator species. Additionally, further investigations should be made into
substitution of cations into other compositions and topologies of zeolite crystal cells. The potential
to find ways to modify zeolite crystal composition to direct growth towards or away from certain
products has an abundance of possible applications across several fields. Again, working closely
with experimental investigators to approach these problems with a wholistic approach will be

invaluable to the fields of zeolite synthesis and applications.
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Appendix Supplementary Information
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Appendix Figure 1 Free energy reaction profiles for oligomerization of silicate and aluminosilicate systems, as

shown in Figure 1 of the manuscript. The structure for each numbered state is shown in Appendix Figure 3.
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Appendix Figure 2 Electronic energy reaction profiles for oligomerization of silicate and aluminosilicate
systems, corresponding to Figure 1 of the manuscript. The structure for each numbered state is shown in

Appendix Figure 3.
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Appendix Figure 3 Structures for each numbered state on the oligomerization pathway of silicate and
aluminosilicate systems shown in Appendix Figures 1 and 2. Structures 1A and 1B are the initial reactants for

the silicate and aluminosilicate systems, Si(OH)4 + Si(OH)4 and Si(OH)4+ AlI(OH)s, respectively.
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Appendix Figure 4 Free energy reaction profiles for oligomerization of aluminosilicate system, as shown in

Figure 2 of the manuscript. The structures for each numbered state are shown in Appendix Figure 5.
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Appendix Figure 5 Structures for each numbered state on the oligomerization pathway of aluminosilicate

system, as given in Appendix Figure 4.
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Appendix Figure 6 Free energy reaction profiles for oligomerization of silicate system in the presence of

NaOH, as shown in Figure 3 of the manuscript. The numbered states are used as a guide for the structures

presented in Appendix Figures 7.
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Appendix Figure 7 Structures for each numbered state on the oligomerization pathway of silicate system in

the presence of NaOH, as given in Appendix Figure 6.
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Appendix Figure 8 Free energy reaction profiles for oligomerization of silicate system in the presence of
Ca(OH)2, as shown in Figure 3 of the manuscript. The numbered states are used as a guide for the structures

presented in Appendix Figures 9.
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Appendix Figure 9 Structures for each numbered state on the oligomerization pathway of silicate system in

the presence of Ca(OH)2, as given in Appendix Figure 8.
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Appendix Figure 10 Free energy reaction profiles for oligomerization of silicate system in the presence of

Zn(OH)2, as shown in Figure 3 of the manuscript. The numbered states are used as a guide for the structures

presented in Appendix Figures 11.
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Appendix Figure 11 Structures for each numbered state on the oligomerization pathway of silicate system in

the presence of Zn(OH)2, as given in Appendix Figure 10.
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Appendix Figure 12 Free energy reaction profiles for oligomerization of aluminosilicate system in the
presence of NaOH, as shown in Figure 4 of the manuscript. The numbered states are used as a guide for the

structures presented in Appendix Figure 13.
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Appendix Figure 13 Structures for each numbered state on the oligomerization pathway of aluminosilicate

system in the presence of NaOH, as given in Appendix Figure 12.
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Appendix Figure 14 Free energy reaction profiles for oligomerization of aluminosilicate system in the

presence of Zn(OH)2, as shown in Figure 4 of the manuscript. The numbered states are used as a guide for

the structures presented in Appendix Figure 15.
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Appendix Figure 15 Structures for each numbered state on the oligomerization pathway of aluminosilicate

system in the presence of Zn(OH)2, as given in Appendix Figure 14.
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In order to determine the prominent species along a given pathway, an analysis on the
reaction extent was performed based on the reported Gibbs free energies. The Gibbs free energy
for each reaction step was used to determine the equilibrium constant of that reaction at 373 K.
The Isgnonlin solver in Matlab was used to solve a set of non-linear equations (one per each
reaction step) using the calculated equilibrium constants and designating an initial concentration
of reactant species. Each pathway was evaluated individually, i.e., reaction extent of silicate

system was calculated independently of reaction extent of silicate in the presence of NaOH.
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Appendix Figure 16 Free energy reaction profile for oligomerization of the silicate system. The alphabetically
labeled states are used as a guide for the reaction extent data presented in Appendix Tables 1 and 2. The

initial concentration of Si(OH)4 was 4 mol.
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Appendix Table 1 Reaction extent data for each step in the oligomerization of the silicate system up to

formation of the cyclic trimer. Reaction species labeled A-H according to Appendix Figure 16.

Path to Tetramer | Reaction |Extent of Reaction ()
1 2A > B-C 1.00
2 B-C>B+C 1.00
3 B+A - B-A 1.00
4 B-A - E-C 1.00
5 EEC>E+C 1.00
6 E+A->E-A 1.00
7 E-A - G-C 1.00
8 G-C>G+C 1.00
9 G > H-C 1.00
10 H-C>H+C 0.97

Appendix Table 2 Final number of moles, molar Si content, and total Si % of each species along the

oligomerization pathway of the silicate system. Species designated A-H according to Appendix Figure 16.

Species Nga | Si Content| Total Si %
A Si(OH)4 0.01 0.01 0.25
B Si(OH)3-0-Si(0OH)3 0.00 0.00 0.00
C H20 3.96 0.00 0.00
E Si(OH)3-0-Si(OH)2-0-Si(OH)3 0.00 0.00 0.00
G Si(OH)3-0-Si(OH)2-0-Si(OH)2-0-Si(0OH)3 0.00 0.00 0.00
H 0Si(OH)2-0-Si(OH)2-0-5i(OH)2-0-Si(0H)2 0.97 3.88 97.00
B-C Si(OH)3-0-Si(OH)3--H20 0.00 0.00 0.00
B-A Si(OH)3-0-Si(OH)3 -- Si(OH)4 0.00 0.00 0.00
E-C Si(OH)3-0-Si(OH)2-0-Si(0OH)3--H20 0.00 0.00 0.00
E-A Si(OH)3-0-Si(OH)2-0-Si(OH)3 -- Si(OH)4 0.00 0.00 0.00
G-C| Si(OH)3-0-Si(OH)2-0-Si(OH)2-0-Si(OH)3--H20 0.00 0.00 0.00
H-C| OSi(OH)2-0-Si(OH)2-0-Si(OH)2-0-Si(OH)2--H20 | 0.02 0.08 2.00
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Appendix Figure 17 Free energy reaction profile for oligomerization of silicate system in the presence of

NaOH. The alphabetically labeled states are used as a guide for the reaction extent data presented in

Appendix Tables 3 and 4. The initial concentrations of Si(OH)4 and NaOH were 4 mols and 1 mol,

respectively.
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Appendix Table 3 Reaction extent data for each step in the oligomerization of the silicate system in the

presence of NaOH up to formation of the cyclic trimer. Reaction species labeled A-J according to Appendix

Figure 17.
Path to Tetramer Reaction Extent of Reaction ()

A+B-> C-D 1.00
2 C-D->C+D 1.00
3 C+A->C-A 1.00
4 C-A-> E-D 1.00
5 E-D>E+D 1.00
6 E+A > E-A 1.00
7 E-A-> G-D 1.00
8 G-D->G+D 1.00
9 G+A->G-A 1.00
10 G-A->I-D 1.00
11 I-D->1+D 0.92
12 |- J-D 0.02
13 J-D>J+D 0.01
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Appendix Table 4 Number of final moles, molar Si and Na content, and total Si % and Na % of each species
along the oligomerization pathway of the silicate system in the presence of NaOH. Species designated A-J

according to Appendix Figure 17.

Species Ng.a | Si Content| Total Si % |Na Content|Total Na %
A Si(OH)4 0.00 0.00 0.0 0.00 0.0
B NaOH 0.00 0.00 0.0 0.00 0.0
C Si(OH)30Na 0.00 0.00 0.0 0.00 0.0
D H20 3.94 0.00 0.0 0.00 0.0
E Si(OH)3-0-Si(OH)20Na 0.00 0.00 0.0 0.00 0.0
G Si(OH)3-0-Si(OH)ONa-0-Si(0H)3 0.00 0.00 0.0 0.00 0.0
| Si(OH)3-0-Si(OH)ONa-0-Si(0OH)2-0-Si(0OH)3 0.91 3.64 91.0 0.91 91.0
J 0Si(OH)2-0-5i(OH)ONa-0-Si(OH)2-0-Si(OH)2 0.01 0.04 1.0 0.01 1.0
C-D Si(OH)30Na--H20 0.00 0.00 0.0 0.00 0.0
C-A Si(OH)30Na -- Si(OH)4 0.00 0.00 0.0 0.00 0.0
E-D Si(OH)3-0-Si(OH)20Na--H20 0.00 0.00 0.0 0.00 0.0
E-A Si(OH)3-0-Si(OH)20Na-- Si(OH)4 0.00 0.00 0.0 0.00 0.0
G-D Si(OH)3-0-Si(OH)ONa-0-Si(0OH)3--H20 0.00 0.00 0.0 0.00 0.0
G-A Si(OH)3-0-Si(OH)ONa-0-Si(OH)3 -- Si(OH)4 0.00 0.00 0.0 0.00 0.0
I-D Si(OH)3-0-Si(OH)ONa-0-Si(0OH)2-0-Si(0OH)3--H20 0.08 0.32 8.0 0.08 8.0
J-D | 0Si(OH)2-0-Si(OH)ONa-0-Si(OH)2-0-Si(OH)2--H20 | 0.00 0.00 0.0 0.00 0.0
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Appendix Figure 18 Free energy reaction profile for oligomerization of silicate system in the presence of
Ca(OH)2. The alphabetically labeled states are used as a guide for the reaction extent data presented in

Appendix Tables 5 and 6. The initial concentrations of Si and Ca were 4 mols and 1 mol, respectively.
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Appendix Table 5 Reaction extent data for each step in the oligomerization of the silicate system in the
presence of Ca(OH)2 up to formation of the cyclic trimer. Reaction species labeled A-K according to

Appendix Figure 18.

Path to Tetramer Reaction |Extent of Reaction (§)
1 A+B-> CD 1.00
2 C-D->C+D 1.00
3 C+A->C-A 1.00
4 C-A->G-D 1.00
5 G-D->G+D 1.00
6 G+A->G-A 1.00
7 G-A-> H-D 1.00
8 H-D>H+D 1.00
9 H+A > H-A 1.00
10 H-A = J-D 1.00
11 J-D>J+D 1.00
12 J > K-D 1.00
13 K-D->K+D 0.78
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Appendix Table 6 Number of final moles, molar Si and Ca content, and total Si % and Ca % of each species
along the oligomerization pathway of the silicate system in the presence of Ca(OH)2. Species designated A-K

according to Appendix Figure 18.

Species Ng.a | Si Content | Total Si % | Ca Content | Total Ca %
A Si(OH)4 0.00 0 0.0 0 0.0
B Ca(OH)2 0.00 0 0.0 0 0.0
C Si(OH)30Ca0H 0.00 0 0.0 0 0.0
D H20 4.78 0 0.0 0 0.0
G Si(OH)3-0Ca0-Si(0OH)3 0.00 0 0.0 0 0.0
H Si(OH)3-0Ca0-Si(0OH)2-0-Si(OH)3 0.00 0 0.0 0 0.0
J Si(OH)3-0-Si(OH)2-0Ca0-Si(OH)2-0-Si(OH)3 0.00 0 0.0 0 0.0
K 0Si(OH)2-0-Si(0OH)2-0Ca0-Si(OH)2-0-Si(0H)2 0.78 3.12 78.0 0.78 78.0
C-D Si(OH)30Ca0OH--H20 0.00 0 0.0 0 0.0
C-A Si(OH)30CaO0H -- Si(OH)4 0.00 0 0.0 0 0.0
G-D Si(OH)3-0Ca0-Si(0OH)3--H20 0.00 0 0.0 0 0.0
G-A Si(OH)3-0Ca0-Si(OH)3-- Si(OH)4 0.00 0 0.0 0 0.0
H-D Si(OH)3-0Ca0-Si(0OH)2-0-Si(OH)3--H20 0.00 0 0.0 0 0.0
H-A Si(OH)3-0Ca0-Si(0OH)2-0-Si(OH)3 -- Si(OH)4 0.00 0 0.0 0 0.0
J-D | Si(OH)3-0-Si(OH)2-0Ca0-Si(OH)2-0-Si(OH)3--H20 | 0.00 0 0.0 0 0.0
K-D | OSi(OH)2-0-Si(OH)2-0Ca0-Si(OH)2-0-Si(OH)2--H20 | 0.22 0.88 22.0 0.22 22.0
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Appendix Figure 19 Free energy reaction profile for oligomerization of aluminosilicate system. The

alphabetically labeled states are used as a guide for the reaction extent data presented in Appendix Tables 7-

10. The initial concentrations of Si and Al were 3 mols and 1 mol, and 2 mols and 2 mols, for the Si/Al=3 and

Si/Al=1, respectively.
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Appendix Table 7 Reaction extent data for each step in the oligomerization of the aluminosilicate system with

Si/Al=3 up to formation of the cyclic trimer. Reaction species labeled A-J according to Appendix Figure 19.

Path to Tetramer Reaction Extent of Reaction (§)
1 A+B—-> C-D 1.00
2 C-D->E 1.00
3 E+A-> E-A 1.00
4 E-A-> G-D 1.00
5 G-D-> G+D 1.00
6 G+A-> G-A 1.00
7 G-A- I-D 1.00
8 I-D-> I+D 1.00
9 - J-D 1.00
10 J-D>J+D 0.98

Appendix Table 8 Number of final moles, molar Si and Al content, and total Si % and Al % of each species
along the oligomerization pathway of the aluminosilicate system with Si/Al=3. Species designated A-J

according to Appendix Figure 19.

Species Nfinal Si Content Total Si % Al Content Total Al %
A Si(OH)4 0.00 0.00 0.0 0.00 0.0
B Al(OH)3 0.00 0.00 0.0 0.00 0.0
C-D Si(OH)3-0-AI(OH)2--H20 0.00 0.00 0.0 0.00 0.0
D H20 2.98 0.00 0.0 0.00 0.0
E Si(OH)3-OH-AI(OH)3 0.00 0.00 0.0 0.00 0.0
G Si(OH)3-0OH-AI(OH)2-0-Si(OH)3 0.00 0.00 0.0 0.00 0.0
I Si(OH)3-OH-Al(OH)2-0-Si(OH)2-0-Si(OH)4 0.00 0.00 0.0 0.00 0.0
J 0OSi(OH)2-0OH-AI(OH)2-0-Si(0OH)2-0-Si(0H)2 0.98 2.94 98.0 0.98 98.0
E-A Si(OH)3-OH-AI(OH)3--Si(OH)4 0.00 0.00 0.0 0.00 0.0
GA Si(OH)3-OH-Al(OH)2-0-Si(OH)3--Si(OH)4 0.00 0.00 0.0 0.00 0.0
G-D Si(OH)3-OH-Al(OH)2-0-Si(OH)3--H20 0.00 0.00 0.0 0.00 0.0
I-D Si(OH)3-0OH-AI(OH)2-0-Si(0H)2-0-Si(OH)3--H20 0.00 0.00 0.0 0.00 0.0
J-D 0Si(OH)2-0H-AI(OH)2-0-Si(OH)2-0-Si(0H)2--H20 0.02 0.06 2.0 0.02 2.0
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Appendix Table 9 Reaction extent data for each step in the oligomerization of the aluminosilicate system with

Si/Al=1 up to formation of the cyclic trimer. Reaction species labeled A-M according to Appendix Figure 19.

Path to Tetramer Reaction Extent of Reaction (§)

A+B-> C-D 1.00
2 C-D->E 1.00
3 E+A-> E-A 1.00
4 E-A-> G-D 1.00
5 G-D-> G+D 1.00
6 G+B—-> G-B 1.00
7 G-B > K-D 1.00
8 K-D->L 0.43
9 L-> M-D 0.42
10 M-D-> M+D 0.42

Appendix Table 10 Number of final moles, molar Si and Al content, and total Si % and Al % of each species
along the oligomerization pathway of the aluminosilicate system with Si/Al=1. Species designated A-M

according to Appendix Figure 19.

Species Nginal Si Content Total Si % Al Content Total Al %
A Si(OH)4 0.00 0.00 0.0 0.00 0.0
B Al(OH)3 0.00 0.00 0.0 0.00 0.0
C-D Si(OH)3-0-Al(OH)2--H20 0.00 0.00 0.0 0.00 0.0
D H20 1.42 0.00 0.0 0.00 0.0
E Si(OH)3-OH-AI(OH)3 0.00 0.00 0.0 0.00 0.0
G Si(OH)3-0OH-AI(OH)2-0-Si(OH)3 0.00 0.00 0.0 0.00 0.0
L Si(OH)3-0OH-Al(OH)2-0-Si(OH)2-0H-AI(OH)3 0.01 0.00 0.0 0.00 0.0
M 0Si(OH)2-0OH-AI(OH)2-0-Si(OH)2-OH-Al(OH)2 0.42 0.84 42.0 0.84 42.0
E-A Si(OH)3-OH-AI(OH)3--Si(0OH)4 0.00 0.00 0.0 0.00 0.0
G-D Si(OH)3-0OH-AI(OH)2-0-Si(OH)3--H20 0.00 0.00 0.0 0.00 0.0
G-B Si(OH)3-OH-AI(OH)2-0-Si(OH)3--Al(OH)3 0.00 0.00 0.0 0.00 0.0
K-D Si(OH)3-OH-Al(OH)2-0-Si(OH)2-0-Al(OH)2--H20 0.57 1.14 57.0 1.14 57.0
M-D 0Si(OH)2-0OH-Al(OH)2-0-Si(OH)2-0OH-AI(OH)2--H20 0.01 0.02 1.0 0.02 1.0
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Appendix Figure 20 Free energy reaction profile for oligomerization of aluminosilicate system in the presence
of NaOH. The alphabetically labeled states are used as a guide for the reaction extent data presented in
Appendix Tables 11-14. Initial concentrations of Si, Al and Na were 3 mols Si, 1 mol Al, and 1 mol Na for the

Si/Al=3 path, and 2 mols Si, 2 mols Al, and 1 mol Na for the Si/Al=1 pathway.
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Appendix Table 11 Reaction extent data for each step in the oligomerization of the aluminosilicate system in

the presence of NaOH with Si/Al=3 up to formation of the cyclic trimer. Reaction species labeled A-K

according to Appendix Figure 20.

Path to Tetramer Reaction Extent of Reaction ()
1 A+B - C-D 0.99
2 C-D->C+D 0.98
3 C+E-> C-E 0.98
4 C-E->F 0.98
5 F+E—> F-E 0.98
6 F-E—> H-D 0.98
7 H-D->H+D 0.98
8 H+E- H-E 0.98
9 H-E > J-D 0.98
10 J-D>J+D 0.98
11 J>K-D 0.98
12 K-D-> K+D 0.98

Appendix Table 12 Number of final moles, molar Si, Al, and Na content, and total Si %, Al %, and Na % of

each species along the oligomerization pathway of the aluminosilicate system with Si/Al=3. Species designated

A-K according to Appendix Figure 20.

Species Ngnal | Si Content | Total Si % | Al Content|Total Al %| Na Content |Total Na%
A AI(OH)3 0.01 0.00 0.0 0.01 1.0 0.00 0.0
B NaOH 0.01 0.00 0.0 0.00 0.0 0.01 1.0
C Al(OH)20Na 0.00 0.00 0.0 0.00 0.0 0.00 0.0
D H20 3.92 0.00 0.0 0.00 0.0 0.00 0.0
E Si(OH)4 0.06 0.06 2.0 0.00 0.0 0.00 0.0
F Si(OH)3-ONa-Al(OH)3 0.00 0.00 0.0 0.00 0.0 0.00 0.0
H Si(OH)3-ONa-Al(OH)2-0-Si(OH)3 0.00 0.00 0.0 0.00 0.0 0.00 0.0
J Si(OH)3-ONa-Al(OH)2-0-Si(OH)2-0-Si(0H)3 0.00 0.00 0.0 0.00 0.0 0.00 0.0
K 0Si(OH)2-ONa-Al(OH)2-0-Si(OH)2-0-Si(0OH)2 0.98 2.94 98.0 0.98 98.0 0.98 98.0
C-D Al(OH)20Na--H20 0.01 0.00 0.0 0.01 1.0 0.01 1.0
C-E Al(OH)20Na--Si(OH)4 0.00 0.00 0.0 0.00 0.0 0.00 0.0
F-E Si(OH)3-ONa-Al(OH)3--Si(OH)4 0.00 0.00 0.0 0.00 0.0 0.00 0.0
H-D Si(OH)3-ONa-Al(OH)2-0-Si(0OH)3--H20 0.00 0.00 0.0 0.00 0.0 0.00 0.0
H-E Si(OH)3-ONa-Al(OH)2-0-Si(0OH)3--Si(OH)4 0.00 0.00 0.0 0.00 0.0 0.00 0.0
J-D | Si(OH)3-ONa-Al(OH)2-0-Si(OH)2-0-Si(OH)3--H20 | 0.00 0.00 0.0 0.00 0.0 0.00 0.0
K-D | OSi(OH)2-ONa-Al(OH)2-0-Si(OH)2-0-Si(OH)2--H20| 0.00 0.00 0.0 0.00 0.0 0.00 0.0

68




Appendix Table 13 Reaction extent data for each step in the oligomerization of the aluminosilicate system in

the presence of NaOH with Si/Al=1 up to formation of the cyclic trimer. Reaction species labeled A-N

according to Appendix Figure 20.

Path to Tetramer| Reaction |Extent of Reaction (§)
1 A+B—> C-D 1.00
2 C-D->C+D 1.00
3 C+E-> C-E 1.00
4 C-E->F 1.00
5 F+E-> F-E 1.00
6 F-E—-> H-D 1.00
7 H-D>H+D 1.00
8 H+A - H-A 1.00
9 H-A - L-D 1.00
10 L-D->M 0.99
11 M —->N-D 0.51
12 N-D->N+D 0.50

Appendix Table 14 Tabulation of final moles, molar Si, Al, and Na content, and total Si %, Al %, and Na %

of each species along the oligomerization pathway of the aluminosilicate system with Si/Al=1. Species

designated A-N according to Appendix Figure 20.

Species Nsinal | Si Content | Total Si % | Al Content|Total Al % |Na Content|Total Na %
A Al(OH)3 0.00 0.00 0.0 0.00 0.0 0.00 0.0
B NaOH 0.00 0.00 0.0 0.00 0.0 0.00 0.0
C Al(OH)20Na 0.00 0.00 0.0 0.00 0.0 0.00 0.0
D H20 2.50 0.00 0.0 0.00 0.0 0.00 0.0
E Si(OH)4 0.00 0.00 0.0 0.00 0.0 0.00 0.0
F Si(OH)3-ONa-Al(OH)3 0.00 0.00 0.0 0.00 0.0 0.00 0.0
H Si(OH)3-ONa-Al(OH)2-0-Si(OH)3 0.00 0.00 0.0 0.00 0.0 0.00 0.0
M Si(OH)3-ONa-Al(OH)2-0-Si(OH)2-0OH-Al(OH)3 0.49 0.98 49.0 0.98 49.0 0.49 49.0
N 05i(OH)2-ONa-Al(OH)2-0-Si(OH) 2-OH-AI(OH)2 0.50 1.00 50.0 1.00 50.0 0.50 50.0
C-D Al(OH)20Na--H20 0.00 0.00 0.0 0.00 0.0 0.00 0.0
C-E Al(OH)20Na--Si(OH)4 0.00 0.00 0.0 0.00 0.0 0.00 0.0
F-E Si(OH)3-ONa-Al(OH)3--Si(OH)4 0.00 0.00 0.0 0.00 0.0 0.00 0.0
H-D Si(OH)3-ONa-Al(OH)2-0-Si(OH)3--H20 0.00 0.00 0.0 0.00 0.0 0.00 0.0
H-A Si(OH)3-ONa-Al(OH)2-0-Si(OH)3--Al(OH)3 0.00 0.00 0.0 0.00 0.0 0.00 0.0
L-D | Si(OH)3-ONa-Al(OH)2-0-Si(OH)2-0-Al(OH)2--H20 | 0.01 0.02 1.0 0.02 1.0 0.01 1.0
N-D |0Si(OH)2-ONa-Al(OH)2-0-Si(OH)2-OH-AI(OH)2--H20| 0.00 0.00 0.0 0.00 0.0 0.00 0.0
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ZnSi - Bulk \ ZnAl - Bulk

Appendix Figure 21 Structures for each initial and substituted state included in Table 1. States are arranged

in the same order and correspond to each Gibbs free energy given in Table 1.
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a. Surface

ZnSi ZnSi

AlSi

Appendix Figure 22 Structures for each state given on the reaction profiles of a) surface and b) bulk systems

included in Figure 7. Structures are labeled to correspond to labels of states in Figure 7.
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Appendix Figure 23 Structures for each initial and substituted state included in Table 2. States are arranged

in the same order and correspond to each Gibbs free energy given in Table 2.
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b. Bulk

2 Al

2Al w/ 2 Na* 2Al w/ 2 Na*
Si Al Z Na (0] H

Appendix Figure 24 Structures for each state given on the reaction profiles of a) surface and b) bulk systems

n

included in Figure 8. Structures are labeled to correspond to labels of states in Figure 8.
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