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Abstract

The mechanisms of many zeolitic processes, including nucleation and interzeolite transformation
are not fully understood owing to complex growth mixtures that obfuscate in situ monitoring of
molecular events. In this work, we provide insights into zeolite chemistry by investigating the
formation thermodynamics of small zeolitic species using first principles calculations. We
systematically study how formation energies of pure-silicate and aluminosilicate species differ by
structure type and size, temperature, and the presence of alkali or alkaline earth metal cations (Na",
K*, and Ca*"). Highly condensed (cage-like) species are found to be strongly preferred to simple
rings in the pure-silicate system, and this thermodynamic preference increases with temperature.
Introducing aluminum leads to more favorable formation thermodynamics for all species.
Moreover, with a low Si/Al ratio (< 2), a thermodynamic preference no longer exists among
structure types and a pool of diverse aluminosilicate structures compete in formation. Metal cation
effects strongly depend on the presence of aluminum, cage size, cation type, and location since
each of these factors can alter electrostatic interactions between cation and zeolitic species. We
reveal that confined metal cations may destabilize pure-silicate cages due to localized interactions;
conversely, they stabilize aluminosilicates due to strong cation-framework attractions in
sufficiently large cages. Importantly, this work rationalizes a series of experimental observations

and can potentially guide efforts for controlling zeolite nucleation/crystallization processes.
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1. Introduction

Elucidating mechanisms of nucleation and growth of zeolites, including interzeolite
transformations, remain one of the most difficult challenges for controlling zeolite synthesis
outcomes. An early concept introduced by Barrer and coworkers postulated that zeolite crystals
could directly result from the sequential addition of prefabricated building units, which was based
on the observation that the crystals are composed of small repeating units'. Through technological
advances in spectroscopy (Raman, Infrared, and NMR) over several decades, it became possible
to identify silicate speciation in solution’¢. Notably, some research groups observed strong
structural similarities between the soluble species and final crystals, which directly supported the

957-11

idea of the “assembly of precursors”’~"'. However, both the mechanism and the supporting

1215 For instance, Houssin et al.!! proposed new

evidence have been disputed in literature
molecular precursors (pentacyclic dodecamer) for MFI-type zeolites based on 2°Si NMR spectra,
but Knight et al.! pointed out that the peaks ascribed to such precursors arise from smaller soluble
species, and therefore the existence of the precursors was not fully supported. In fact, none of the
~40 unique silicate structures that have been confirmed are composed of more than 9 silicon atoms,
and no “molecular precursor” exits exclusively for a targeted topology'% 416, This shows that there
is no clear correlation between the soluble species and resulting zeolite crystals, which appears to
contradict the assembly mechanism. Instead, potential alternative mechanisms for zeolite
crystallization have been suggested including: (1) the release of small soluble species from an
amorphous gel into the solution phase and their nucleation to grow crystals'” '¥, and (2) the
reorganization of amorphous structures towards crystals via breakage and recombination of
siloxane bonds under hydrothermal conditions'-?!. The crystallization of zeolites involves kinetic
processes that are highly affected by many factors (e.g., temperature, cation, elemental
composition, and source selection for silicon and aluminum). Therefore, revealing zeolite
formation mechanisms requires integrated observations and knowledge in a wide range of zeolitic
structures in multiple phases, from aqueous oligomers to solid particles.

Examining amorphous/crystalline solid particles that appear during a crystallization process is no
longer technically limited owing to the advances in microscopy and crystallography?* %*. In
contrast, small solution species are difficult to study experimentally. Although there have been

3-6, 24-27
5

extensive efforts to identify (alumino)silicate species in solution using spectroscopies our

understanding of the molecular events during zeolite nucleation processes is limited due to the

2
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hurdles of in situ monitoring. Thus, theoretical studies have been carried out using quantum

2831 and kinetic simulations**-*. Especially, the initial stage of nucleation, i.e.,

mechanical methods
oligomerization of silicate monomers (Si(OH)4) and cyclization of linear oligomers, has been of
particular interest. Most of the studies**-** have focused on the formation of up to tetrameric species
(consisting of 4 tetrahedral (T) atoms), since they are abundant in solution and do not require high
computational cost to simulate. However, mid-sized species (i.e., larger than 4 T-units but smaller
than experimentally accessible solid particles) have not attracted much attention, albeit they are
also essential for understanding zeolite chemistry. Therefore, theoretical investigation of species

falling into the mesoscale range is necessary to fill the gap in our understanding of how zeolite

precursors evolve.

Furthermore, the building units that appear in topologies but not in solution (many composite
building units (CBUs) and secondary building units (SBUs); for example, double-6-membered
ring (d6r) or hexagonal prism) contain information of a particular framework since its geometry
and topology result from thermodynamics and kinetics of nucleation/growth processes. For
instance, Blatov and coworkers proposed a packing model of zeolite building units, which
explained why only a limited number of zeolites have been experimentally realized out of millions
of hypothetical zeolites®®> and predicted the existence of zeolites that have not been synthesized
yet’®. Moreover, zeolite building units are putatively of great importance in interzeolite
transformation. There are many transformation pairs that share a CBU (e.g., d6r in LEV-to-CHA
conversion®’ and mor for BEA-to-MFI*®). It was found that there is a remarkable similarity in
graph representation of the transformation pairs that do have a common CBU?°, which indicates

that geometry may play a significant role in transformation processes.

Understanding the role of cations during zeolite crystallization and interzeolite transformation
processes is also of high importance. Zeolites are always produced in the presence of cations,
which can significantly affect crystallization chemistry*’ and physicochemical properties of the
products*!. The roles of extra-framework cations include counterbalancing negative framework
charges that result from the presence of trivalent atoms in tetrahedrally coordinated environments
(e.g., AI*" and Fe*")?, and directing the formation of target topologies*?>. While alkali metal cations
(Na", K', Cs", etc.) are the most common in naturally occurring or synthetic zeolites, highly
siliceous zeolite crystals (Si/Al > 10) typically require cationic organic structure-directing agents

(OSDAs)**™#, Since siliceous zeolites have low framework charge and intrinsic hydrophobicity,

3



Dalton Transactions

bulky organic cations can direct these frameworks effectively by simultaneously filling pores and
compensating for negative framework charges*®%°. Despite their effectiveness, OSDAs suffer from
high synthesis costs and significant pollution during their removal®’, which has spurred extensive
efforts towards OSDA-free synthesis, often by introducing seed crystals to direct desired
products*® 45154 - Although the mechanism of the process has not been fully understood, it has
been suggested that the transformation is mediated by zeolitic species in a solution phase.
Kamimura and coworkers claimed that the dissolved fragments of zeolite beta (*BEA) seeds in
alkaline solution induce zeolite MTW crystallization®*. Similarly, Zhang et al. showed small
building units originating from zeolite CDO seed crystals enable OSDA-free synthesis of FER-
type zeolites’!, where the interactions between the fragments and alkali metal cations play a key
role®. Furthermore, Tendeloo et al. reported that FAU crystals could evolve to four different
topologies (ABW, CHA, MER, and ANA) depending on which alkali species is present (Li", K,
Rb*, and Cs*, respectively)®®. These findings demonstrate that a better understanding of the
interactions between zeolitic species and inorganic cations is crucial for effectively controlled

zeolite syntheses.

Herein, we use first principles calculations to understand the formation thermodynamics of
structurally diverse zeolitic oligomers that are relevant to a wide range of zeolite synthesis and
transformation processes. First, we explore how the formation energy of zeolitic species depends
on the structure type (from simple rings to cages), structure size, temperature, and the presence of
framework aluminum. Next, we investigate the effects of select alkali and alkaline earth metal
cations on the formation thermodynamics of cage structures. The formation energy profiles
provided herein reveal a thermodynamic preference for growth of (alumino)silicates under
hydrothermal conditions. Also, our calculations rationalize the wider window of experimentally
accessible Al-rich zeolite crystals compared to that of highly siliceous crystals®’. Moreover, we
unravel effects from inorganic cations in the formation thermodynamics of pure-
silicate/aluminosilicate cages, shedding light on the roles and limitations of cations for directing
target zeolite frameworks. Taken together, our results rationalize the presence of zeolitic species
and frameworks under specific experimental conditions and compositions, which can guide

experimental efforts to efficiently synthesize a wide range of zeolite crystals.
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2. Computational Details

Density functional theory (DFT) calculations were performed using the Gaussian 09 software
package®. The M062X functional coupled with split-valance triple-zeta basis set with polarizable
functions 6-311G(d,p) was used since it has been shown to accurately describe main-group
chemistry®. In order to address a typical hydrothermal environment of zeolite synthesis,
calculations were carried out applying implicit solvation model, the conductor-like polarizable
continuum model or CPCM®, having water as a solvent. Thermochemistry was applied at three
different temperatures (50, 100, and 150 °C; specified in results) as implemented in Gaussian 09"
to address thermal effects. Frequency calculations were performed after full optimization to
calculate Gibbs free energy and verify that the structures were minima of the potential energy
surfaces by the absence of any imaginary frequencies. Pure-silicate/aluminosilicate structures are
assumed to form via condensation reactions of silicate monomers (or silicic acid, Si(OH)4) and
aluminate monomers (Al(OH)3(H20)), which release one water molecule per condensation
reaction. Therefore, all silicate and aluminate species are terminated with hydroxyls and aluminum
has one terminal water (to retain the tetrahedral coordination and due to the high affinity of Al for
water molecule). We also considered the presence of a cation (Na*, K*, or Ca?"), which is assumed
to incorporate via condensation between a (alumino)silicate structure and cation hydroxide (NaOH,
KOH, or Ca(OH)»), resulting in charge-neutral species. More specifically, hydroxyl(s) from the
cation hydroxide react(s) with the hydrogen atom(s) on the terminal hydroxyl (on Si) or water (on
Al) on the zeolitic clusters to generate water. The Gibbs free energy of formation (AGy¢) is
determined by equations (1-4), depending on the structure type formed (monocycles, multicycles,

and cages; see Table 1 for the description of each structure type):

GSixAly03(x+y)H2x+3y + (x + ¥)Gn,o — XGsicony, — YGai(on)s(H,0)

AGf,monocycle = x+y (1)
3(x+y)
GSixAlyOs(rsy) Hurzyss T <—2 - 2) Ghy0 — XGsicony, — YGal(om); (1,0)
AGf,multicycle (complete) — 2 x+y (2)
3x+y) 5
GsixAlyOs(rry) sHr+zy+s (—2 - 2) Gry0 — XGsicony, — YGai(om); (1,0)
_ 2 12
AGf,multicycle (branched) — x+y (3)
3x+y) , . ;
GSiyAlyOs sy Hrsay—izMi <—2 + lz) Gr,o — XGsitom, — ¥YGaioms#,0) ~ (Gmom),
AGf,cage = : (4)

x+y
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where G stands for the Gibbs free energy of a species, and x and y are the numbers of silicon and
aluminum atoms in a structure, respectively. The numbers of oxygen and hydrogen atoms involved
in each structure are determined in terms of x and y, based on the structure size and type. For cages,
the presence of cation (M) is also considered (eqn. 4), where i indicates the presence of a cation (1
if a cation exists and 0 otherwise) and z is the valence of the cation (+1 for Na and K, and +2 for
Ca). Note that the formation Gibbs free energy is normalized by the number of T (tetrahedral, Si
and Al) units with T =x + v, to eliminate exergonicity arising from different system sizes (i.e.
we used an intensive form of free energy based on the number of T). The formation electronic
energy and entropy are calculated in the same way by replacing G by E and S in equations (1-4),

respectively.

3. Zeolitic Systems

Among various subunits of zeolite structures (e.g., soluble units, SBUs, and CBUs), we selected
three families of species to study: monocycles, multicycles, and cages. Table 1 shows the four
smallest structures in each family with graphical representations and names. The full list of the
investigated species is available in the Supporting Information (Tables S1 — S6). Monocycles are
cyclic structures composed of 3 or more T atoms, investigated up to dodecamer (12 T units). Each
structure is named nMR for convenience (n = number of T units, i.e., x + Yy in equation 1, and
MR stands for “membered ring”). Another type of structure is a multicycle, which is linked 4MR,
resembling the most frequently found “chains” in zeolite topologies (dzc, dcc, or dsc)®.
Multicycles are named mono-ring, di-ring, etc., depending on the number of 4MR found in each
structure. Note that the smallest multicycle, mono-ring, is identical to a 4MR species. The largest
multicyclic structure (penta-ring) is composed of 12 T units. The branched multicyclic structures
are also considered as intermediates connecting two complete multicycles. Finally, cages are
prismatic structures, which are characterized by base size, i.e., trigonal prism, tetragonal prism,

and so on. The largest cage investigated is an octagonal prism (16 T units).
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Table 1. Names and graphics of the selected structures of three different families of zeolite subunits

(monocycles, multicycles, and cages).

Name 3MR 4MR SMR 6MR
| /\ O. O
Mono- 3) (4) (5) (6)
cycles
Conventional name cyclic trimer cyclic tetramer cyclic pentamer cyclic hexamer
SBU name 3 4 6
CBU name
Name Mono-ring Branch.ed Di-ring Bre.m(.:hed
mono-ring di-ring
Structure Eli E'j Qj/
Multi- “ &) (6) (7
cycles _ _ _
Conventional name cyclic tetramer su!astltuted bicyclic
cyclic tetramer hexamer
SBU name 4 4-1 4-2
CBU name
Name Trigonal prism Tetragonal prism  Pentagonal prism  Hexagonal prism
Structure g N
Cages 1 (6) ®) (10) (12)
Conventional name | prismatic hexamer cubic octamer
SBU name 4-4 6-6
CBU name d3r d4r d5r dor

“MR” in monocycles stands for “membered ring”. In graphical representations, each vertex and edge
represents a T (tetrahedral, Si or Al) atom and oxygen bridge, respectively, with terminal non-bridging
oxygen (as hydroxyls or water) being omitted. Numbers in parenthesis alongside graphics stand for the
number of T atoms in the structures. Conventional names of structures and SBU and CBU classifications®?
are given for reference (dots represent non-existing name convention). The full lists of the investigated
species can be found in the Supporting Information with their optimized molecular structures (Tables S1 —
S6).
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4. Results and Discussion
4.1. Structure and temperature effects

(1) Pure-silicate system. For pure-silicate species, we first study the dependence of formation
energy on structure type and temperature in a cation-free environment. Figure 1 shows the
formation electronic energies and Gibbs free energies of three different types of structures up to
the 12 T-unit size. In terms of electronic energy (Figure 1(a)), monocycles compete with
multicycles up to T=8 (i.e., 8MR and tri-ring) whereupon monocycles become more favorable,
while cages of all sizes show far less negative formation energy. Also, size effects are significant
in monocycles, i.e., they prefer to form larger rings, whereas all multicycles and cages larger than
trigonal prism do not show a significant size dependence. Conversely, trends change drastically in
the formation Gibbs free energies when one accounts for temperature and entropic effects. At 50
°C (Figure 1(b)), cage formation becomes the most exergonic for all sizes except the smallest
(trigonal prism), with progressively lower thermodynamic stability for multicycles and
monocycles. In addition, multicycles show a clear size dependence favoring larger species,
whereas the AGy of monocycles does not have a strong dependence on size. Increasing system
temperature (50 °C — 150 °C) amplifies these differences such that the AG¢ of monocycles become
size-independent, whereas the cage formation becomes increasingly exergonic at 150 °C. Hence,
under typical zeolite synthesis (hydrothermal) conditions, silicate species prefer to exist in a more
condensed form, which aligns well with experimental observations of a relatively high

concentration of condensed silicates in solution'> 63

. It is worth noting that there is no
thermodynamic driving force for silicate cages to grow larger than a tetragonal prism as seen by
the nearly identical formation Gibbs free energies from tetragonal to hexagonal prisms. This may
explain the abundance of tetragonal prisms in silicate solutions under some experimental setups®>
%3 and final topologies®?.

The changes in trends between AE; and AGy are attributed to entropic contributions since more
condensed structures release more water molecules upon their formation. According to eqn.1-4, at
the same number of T units (= x + y), the coefficient associated with water is always larger in
cages, followed by multicycles and monocycles. This results in significantly positive formation

entropy for cages (Table S7), which negatively contributes (i.e., more exergonic) to the AG¢. In

contrast, the formation entropy is negative (i.e., endergonic contribution to AG¢) in monocycles
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(except 3MR and 4MR), and insignificant in multicycles (Table S7). The temperature effects
described here, which make the more condensed structures be thermodynamically favored, may
explain why zeolite crystallization typically requires thermal treatment. We note that it was
experimentally observed that the equilibrium among soluble silicate species shifts is—shifted

towards lower molecular weights at higher temperature®:

, which seems to contradict our findings.
In fact, our results suggest that condensed species would be thermodynamically more stable than
less condensed species at a higher temperature, regardless of how species populate in solution on
observable time scales. In other words, polymerization kinetics, interactions between the species
and structure-directing agents (SDAs), and pH effects should all be considered to explain
experimental findings in aqueous silica solutions. This highlights the complexity of silicate
solution chemistry, where formation thermodynamics may not dominate species growth and many
factors contribute simultaneously. Nevertheless, our results clearly demonstrate that temperature

significantly alters formation thermodynamics of zeolitic oligomers (due to entropic contributions),

which in turn may lead to changes in precursor size, nucleation/growth rates, and reaction kinetics.
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Figure 1. (a) Normalized formation electronic energies (AE¢) of pure-silicate structures, and their
normalized formation Gibbs free energies (AGs) determined at (b) 50 °C, (c¢) 100 °C, and (d) 150 °C. Fitted
lines (determined by least square regression) serve as a guide to the eye for formation energy trends as a

function of the structure size.

(2) Aluminosilicate system. Here, we repeat the same calculations as above (formation
electronic/Gibbs free energies of 3 families of species) for aluminosilicate structures, where the
maximum possible number of aluminum atoms are included in the framework (Si/Al = 1), obeying
Lowenstein’s rule® (i.e., there are no Al-O-Al bridges). Monocycles and multicycles composed of
an even number of T units have a Si/Al ratio of unity, while the other mono/multicycles have Si/Al
> 1. For instance, a 3MR species has two Si and one Al (Si/Al =2), and a SMR has 3 Si and 2 Al
(Si/Al = 1.5). Likewise, cages with an even-numbered base (tetragonal, hexagonal, and octagonal
prisms) have Si/Al = 1, while others have Si/Al> 1. Using the lowest possible Si/Al ratio facilitates

the identification of aluminum effects across different types of structures. It should be noted that

10
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aluminosilicate multicycle and cage structures are not major species in solution. While Al-
containing soluble species have been detected using NMR techniques, which include 3MR, 4MR,
trigonal prism, and tetragonal prism, none of them contains more than two aluminum atoms?® 2
66-69 Furthermore, those species are not abundant nor active enough to significantly contribute to
zeolite crystal formation; rather, unstable and reactive small species (2-4 T units) are likely to take
part in zeolite growth? . Therefore, while the results shown below are not directly applicable to

aluminosilicate solution chemistry, they are meaningful within the context of the thermodynamic

stability of independent species and possibly crystals.

The inclusion of aluminum significantly alters formation energies compared to pure-silica
structures, as shown in Figure 2. Aluminum enhances formation thermodynamics regardless of
structure type and size and increases the size-dependency (more negative slopes). The formation
electronic energy exhibits a similar trend as for silicates (more negative in the order of monocycles
> multicycles > cages), but the energy difference between different families becomes more
significant in aluminosilicates. Hence, accounting for entropic contributions results in eliminating
the thermodynamic preference among different structure types in terms of Gibbs free energy at 50
°C, instead of inverting the order as observed in pure silicates. The increase in temperature plays
the same role as that observed in the pure-silicate system, i.e., monocycles and cages become less
and more exergonic, respectively, with only minimal effects being observed in multicycles.
However, the formation energy difference among the three families is minimal at any size, even
at 150 °C. Therefore, the effects of aluminum on the formation energy of zeolitic species are two-
fold: (1) enhancing exergonicity and size-dependency, and (2) eliminating dependence on the

structure type.

11
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Figure 2. (a) Normalized formation electronic formation energies (AE¢) of aluminosilicate structures (Si/Al
~ 1), and their normalized formation Gibbs free energies (AGy) determined at (b) 50 °C, (¢) 100 °C, and (d)
150 °C.

The enhanced formation thermodynamics and size-dependence in the presence of aluminum may
imply the thermodynamically favorable crystallization of aluminosilicates compared to the pure-
silicates. Using DFT calculations, Freeman and coworkers®!' also reported the more favorable
formation of aluminosilicate oligomers (number of T units < 4) compared to silicates of the same
size, where the most negative formation energy is achieved at the lowest possible Si/Al ratio (=
1) . Likewise, Muraoka et al. showed that higher aluminum content increases the thermodynamic
stability of zeolite topologies that normally have a low Si/Al ratio’®. Herein, the effects of the Si/Al
ratio are also demonstrated in the formation Gibbs free energies of the small aluminosilicate
species. At all temperatures, the formation of SMR (Si/Al = 1.5) is not favored over 4MR (Si/Al

= 1) (Figure 2), which is against the overall tendency that the larger species show more negative

12
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formation energies. Likewise, for multicycles, a branched mono-ring (Si/Al = 1.5) shows similar
formation exergonicity with mono-ring (Si/Al = 1), and a branched di-ring (Si/Al = 1.33) is less
exergonic than a di-ring (Si/Al = 1). Finally, a trigonal cage (Si/Al = 2) is less favorable than a di-
ring (Si/Al = 1), which is against the other cages that showed similar AG; with the multicycles of
the same size. Although we have not systematically investigated the effect of Si/Al ratio on
formation thermodynamics, the above examples reveal the general trend that lower Si/Al ratios
allow for greater formation exergonicity. For species larger than those mentioned above, the effects
of Si/Al ratio are not pronounced since it does not vary significantly. In fact, low-temperature (i.e.,
room temperature) crystallization has been successful only for low-silica zeolites, including zeolite
A2 (Si/Al = 1), zeolite X (Si/Al = 1.14-1.20)"* ", zeolite Y (Si/Al = 1.95-2.52)"°, and EMT
zeolite (Si/Al = 1.14)’°, whereas highly siliceous zeolites typically require moderate to high

77-79

temperature’’"”. Therefore, we posit that aluminum has a crucial role in facilitating the

crystallization of zeolites by introducing a thermodynamic driving force.

The second effect (i.e., no strong preference towards condensed aluminosilicates) indicates that
the presence of aluminum results in generating a diverse pool of thermodynamically stable
aluminosilicate structures. Table 2 shows structure information of some highly siliceous zeolites
that can be hydrothermally synthesized in an alkaline media®® and do not contain heteroatomic
framework elements (i.e., elements besides Si and Al). Their framework densities, listed in units
of T/1000 A3, are high (>17) relative to all reported zeolites (13-21)°7, whereas those of low-silica
aluminosilicate zeolites have a wider range and can be as low as 13 (e.g., FAU and LTA). Our
calculations combined with structural information presented in Table 2 collectively indicate that
aluminum-based stabilization of a pool of different structures (besides cages) may enable the
synthesis of more metastable and diverse topologies. Some frameworks contradict this argument;
for instance, certain ITQ-family structures are purely siliceous zeolites with extra-large pores and
relatively low framework density®?. However, experimental factors for their synthesis (HF media
with bulky OSDAs?!* 82 or pressure-induced phase transformations®’) are far from conventional
hydrothermal methods and not considered in our computation results. Overall, Figure 2 reveals the
general tendency that aluminosilicates allow for greater framework diversity because of the strong
stabilization effects of aluminum on the formation of various types of species (i.e., monocycles,

multicycles and cages). This is contrary to what is observed on the purely siliceous species, which

13
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show a strong thermodynamic preference towards highly condensed structures (i.e., cages) (Figure

).

Table 2. Structural information of select highly siliceous zeolites.

Material (topology) Si/Al ratio Framework de3n sity*
(T/1000 A )

ZSM-5 (MFI) > 158485 18.4
ZSM-11 (MEL) > 15786 17.4
ZSM-12 (MTW) >30% 18.2
ZSM-22 and Theta-1 (TON) > 25888 18.1
ZSM-23 and SSZ-32 (MTT) >20%-% 18.2
ZSM-48 (*MRE) >30" 19.7

*Data sourced from the International Zeolite Association®?.

4.2. Cages with alkali/alkaline earth metal cations

After we investigated the formation thermodynamics of pure-silicate and aluminosilicate cages,
we systematically studied the effects of alkali and alkaline earth metal cations (i.e., Na*, K*, and
Ca?"). These cations counterbalance the negatively charged cages, which emerge from either the
highly alkaline synthesis environment or the presence of trivalent aluminum in tetrahedral
framework positions. We focus on cages because they represent interactions between zeolite
crystals and cations better than less condensed species (i.e., monocycles and multicycles). In
addition, the formation of oligomers in the presence of cations has been investigated in detail with

DFT calculations* 331,

(1) External cations. Since cages are 3-dimensional structures with internal volume, cations
can be located either externally or internally. A cation can be placed in various external positions
as depicted in Figure 3. As mentioned in the Computational Details section, cations are introduced
to the system assuming a dehydration reaction between a zeolitic cage and cation hydroxide, which
results in a charge-neutral species. Essentially, alkali metal cations replace one proton on either

hydroxyl (on Si in pure-silicates) or water (on Al in aluminosilicates) from different positions of
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the optimized cation-free cages. Likewise, two protons are removed to add a calcium cation. The
vertex position represents that a cation is introduced taking the original position of the removed
proton, resulting in a single terminal cation-oxygen pair. If a cation replaces a proton but interacts
with another nearby terminal or framework oxygen simultaneously, the cation resides at an edge
position. A surface position represents that a cation is not in the proximity of the terminal oxygen
or hydroxyl (from which a proton is removed) but strongly interacts only with the framework
oxygens. The cage structures with an external cation (including detailed info of cation placement)

can be found in the Supporting Information (Table S3 and S4).

Vertex Top edge Lateral edge Top surface  Lateral surface

Figure 3. Possible external positions of cation associated with (alumino)silicate cages. Each vertex and
edge in black represent a T atom and oxygen bridge, respectively, with terminal non-bridging oxygen (as
hydroxyls or water) omitted. The purple sphere indicates a single cation. Note that there is no distinction
between the top and side edges nor between the top and side surfaces in the tetragonal prism. The optimized

molecular structures are available in Table S3 and S4.

Figure 4 shows the relative Gibbs free energies of formation (AAG¢) of cages with an external

cation, which are calculated by equation (5):
AAG¢ = AGs — AGE®f (5)

where AGy is the formation Gibbs free energy determined by equation (4) in the presence of cation
(i=1), and AGFEf is that of the corresponding cation-free structure (i = 0). Overall, external
cations enhance exergonicity of cage formation regardless of cage size and cation type, which
indicates that interactions between (alumino)silicate species and cations can facilitate zeolite

formation. Thermodynamic stabilization by cations is the primary reason why zeolite
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nucleation/growth always occurs in the presence of cations?’. Also, it is consistently observed that
cation effects are more significant in smaller cages. Considering that the calculated formation
energies are normalized by the number of T units in cages, the decrease in exergonicity of AAGy
with size indicates that cation effects per T unit decrease with size, rather than interactions between

cation and cages diminish with cage size.
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Figure 4. Relative formation Gibbs free energies (AAGy) of silicate (a-c) and aluminosilicate (Si/Al = 1,
d-f) cages with an alkali or alkaline metal cation (Na®, K*, or Ca?") located at an external position (vertex,
top edge, lateral edge, top surface, or lateral surface). The Gibbs free energies are determined at 100 °C.
Missing data points indicate that the cation at the corresponding position moves to another position during

optimization.

For pure-silicate cages with alkali metal cations (Figure 4(a) and (b)), the vertex position is equally
or more favorable compared with top/lateral edge positions. On the other hand, the divalent cation
(Ca*") has a strong thermodynamic preference for edge positions rather than vertex positions
(Figure 4(c)), which is attributed to the cation valence. The interactions between the monovalent

cation and cage are maximized with the presence of one cation-oxygen pair, and additional
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interactions do not significantly contribute to formation thermodynamics. In contrast, calcium can
strongly interact with two negatively charged terminal oxygen atoms simultaneously, i.e., edge
positions. Compared to edge/vertex positions, cations located on the surface have less impact on
the formation thermodynamics of pure-silicate cages. Surfaces that are smaller than SMR (i.e., the
top surface of the trigonal and tetragonal cages, and the lateral surfaces of cages of any size) are
unable to hold a cation (the cation initially located at those locations moved to nearby vertex or
edge during optimization). Furthermore, larger rings (top surfaces of pentagonal and larger cages)
show less negative AAG¢ compared to vertex/edge positions. Figure 5(a) shows the charge
distribution on the surface of single negatively charged silicate tetragonal prisms calculated with
Natural Bond Orbital (NBO) analysis®* as implemented in Gaussian 09, at the same level of theory
(M062X/6-311g(d,p)). The terminal oxygen is the most negatively charged (-1.36) because of
proton removal, which is therefore capable of strong interactions with a cation. Although
framework oxygen atoms are also negatively charged (around -1.29), highly positive framework
silicon atoms (> 2.39) prevent strong attraction between the cation and the cage body. As ring size
increases, framework oxygen atoms become more accessible to cations, but surface positions
consistently show the least negative AAG (Figure 4(a-c)), with only one exception at the largest
ring with K" (top surface of the octagonal prism, Figure 4(b)). The charge distribution calculated
with the NBO method aligns well with reported values for the BEA zeolite structure® determined
by GGA-PBE exchange-correlation functional, coupled with the Iterative Hirshfeld or Density
Derived Electrostatic and Chemical charge method: +2.55 to +2.62 for Si and -1.26 to -1.31 for O.
Additionally, the authors identified the Extended Charge Equilibration semi-empirical method
showing very good agreement with the DFT calculated charges: +2.53 for Si and -1.26 for O. In
comparison, most molecular dynamics studies have used atomic charges (Si: +1.6 to +2.1, Al: +1.2
to +1.8, and O: -0.8 to -1.2), which are smaller in magnitude than the values reported here to
account for the framework-cation or framework-adsorbate Coulombic interactions”®. Hence, the
atomic charge density determined at the high level of theory in this work may be used in future

studies for more accurate description of electrostatic interactions.
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(a) Pure silicate (b) Aluminosilicate

Psi
DA
Qo0
JH

Figure 5. Atomic charges on one plane of the cation-free pure-silicate (a) and aluminosilicate (b) tetragonal
prisms, which possess a -1 overall charge by removing one terminal proton (left top, highlighted by orange
circle) from the optimized neutral species. The atomic charge is calculated by Natural Bond Orbital

analysis®.

As expected, Figure 4(d-f) reveals that aluminosilicate cages interact with cations very differently
compared to pure-silicates, which is attributed to the different charge distribution on the
framework atoms (Figure 5(b)). The negative charge of the terminal hydroxyl on aluminum
(generated by removing one proton from terminal water; -1.21) is smaller in magnitude than that
of the terminal oxygen of pure-silicates (-1.36), whereas framework oxygen atoms in
aluminosilicates are more negatively charged (-1.35 or -1.36) than those in silicates (-1.29 or -
1.30). At the same time, aluminum is less positively charged than silicon. These differences
strongly favor cationic attraction on edge positions as they allow cations to interact with terminal
and framework oxygen simultaneously. As a result, a cation located at a vertex position always
moves to edge/surface positions during geometry optimization, as indicated by the missing data
for the vertex position (Figure 4 (d-f)). Moreover, the top surface positions of cages larger than
tetragonal prisms (> SMR) attract cations as strongly as edges because the cations can strongly
interact with framework oxygens. In fact, framework oxygen atoms are more negatively charged
than the oxygen of the terminal hydroxyl (-1.35 or -1.36 vs. -1.21, Figure 5(b)). This indicates that
cation — cage interactions are less localized in the aluminosilicate system compared to the pure-
silicates. This phenomenon is putatively due to the presence of aluminum changing the charge
distribution of multiple neighboring atoms, especially since the investigated systems possess high

aluminum content (i.e., aluminum is spread throughout the cages).
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The differences in the effects of cations are also worth noting. Essentially, monovalent cations
(Na" and K*) show similar trends of AAGy with cage size and cation position in each system (Figure
4(a) and (b) for pure-silicates and Figure 4(d) and (e) for aluminosilicates). However, the effects
of potassium are consistently stronger (more negative AAG¢) than sodium. This does not
necessarily indicate that potassium more effectively directs the same type of crystal structures as
sodium. Instead, the different formation thermodynamics can significantly alter the crystallization
kinetics and therefore final zeolite topologies. Indeed, it has been well demonstrated that different
alkali metal cations can have various structure-directing effects. In the pioneering work of Barrer
et al. in the 1950s** 1%, it was found that aluminosilicate gels with identical chemical compositions
except for alkali metal cation selection (M20-Al203-1nS102, where M = Na or K and 1 <n < 12)
can result in either the same or different types of zeolite/aluminosilicate minerals, depending on
the hydrothermal synthesis conditions. Further, they revealed that the Na"/K" ratio is a key factor
to determine the product crystals when both cations are used together, which demonstrated that
Na* and K* can play different structure-directing roles!. Likewise, Iwama et al.!’! showed that the
controlled addition of potassium could change the selectivity of FAU-type zeolite over LTA by

altering the aluminosilicate precursor assembly. Tendeloo et al.*°

synthesized various zeolite
crystals (ABW, CHA, MER, and ANA) via interzeolite transformation from zeolite Y using
different alkali metals. Moreover, the distinct roles of alkali metal cations (Na*, K*, and Cs")

1.192, where a mixture

during the synthesis of CHA nanocrystals were identified by Ghojavand et a
of the cations was used. Rimer et al. showed that the zeolite synthesis phase diagram constructed
with K" is completely different from that with Na*, which demonstrates the significant effect of

the cations in altering crystallization kinetics!'® 104,

The effects of calcium on the formation energy of (alumino)silicates are different from those of
monovalent cations (Figure 4(c) and (f) for pure-silicates and aluminosilicates, respectively).
These effects can be attributed to a higher valence state (+2 rather than +1). In the aluminosilicate
system, the trends of AAG¢ with the cage size and cation position are similar for all cations, but
calcium consistently shows the most negative AAG; (Figure 4(d-f)). This is because the higher-
valent cation has stronger electrostatic interactions with terminal/framework oxygen atoms.
Interestingly, in the pure-silicate system, we show that the dependence of AAG¢ on cation position
is significantly different in calcium compared to the alkali metals, where the edge positions surpass

the vertex in exergonicity. These observations indicate that the divalent cation can play a
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considerably different structure-directing role than those of monovalent cations. Compared with
alkali metal cations, relatively little attention has been devoted to exploring the possibilities of
altering crystallization pathways using divalent cations; however, divalent cations such as Ca**
and Mg?" are present in a number of naturally-forming zeolites (e.g., GIS', CHA!%, and FER!?"),
and it has been shown that introducing divalent cations into zeolite growth mixture has a potential
to alter zeolite crystallization pathways. For example, Liang et al. recently observed that
introducing Sr** in K-CHA growth mixtures can lead to a dramatic reduction in CHA
crystallization time'%, Similarly, it has been demonstrated that Mg?* can promote zeolite *BEA!®,
Collectively, previous studies have shown that the use of different cations can direct structure
and/or accelerate zeolite kinetics, and our findings suggest that this may be attributed to
electrostatic effects on the formation thermodynamics of small zeolitic species, which stem from
the difference in cation size and charge. Although our study addresses formation thermodynamics
of small zeolitic structures, it should be noted that changes in reaction free energies can affect
kinetics of zeolite crystallization through the well-known Brensted-Evans-Polanyi relationships!!,

which have been shown to play a role in both nucleation and growth of nanoparticles!!!.

(2) Internal cations. In addition to external positions, we investigated the thermodynamic
effects of cations occupying the center of the cage. The formation Gibbs free energies of cages
confining cations are shown in Figure 6, along with those of cation-free cages and cages with the
external cations at the most stable positions (shown in Figure 4). Interestingly, the pure-silicate
trigonal prism with an internal cation shows significantly endergonic formation energies (Figure
6(a)). Additionally, the formation of pure-silicate tetragonal and pentagonal prisms (for all cations)
and the hexagonal prism (for calcium) is less favored than the corresponding cation-free cages. In
contrast, larger silicate cages (heptagonal prism with alkali metal cations and octagonal prism with
all cations) show enhanced formation exergonicity relative to the cation-free cages (black), which
indicates the cage size should be sufficiently large for an internal cation to provide thermodynamic
stabilization. However, the effects of internal cations on aluminosilicate cages are significantly
different from those on pure-silicate cages (Figure 6(b)). Although the smallest (trigonal) cage is
endergonic (K* and Ca?") or nearly thermoneutral (Na®) in formation with an internal cation,

tetragonal prisms with an internal cation show the same exergonicity as cation-free cages, and
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larger cages show significantly more exergonic formation energies. For pentagonal prisms and

larger cages, there is no noticeable difference between the net effects of internal vs. external cations.
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Figure 6. Normalized formation Gibbs free energies (AG¢) of (a) silicate and (b) aluminosilicate (Si/Al =
1) cages with and without an alkali or alkaline metal cation (Na*, K*, or Ca*") at internal and external
positions. The external cations are located at positions that exhibit the most exergonic formation energy

(see Figure 4). The Gibbs free energies are determined at 100 °C.

The observations described above clearly demonstrate the interplay of electrostatic interactions
and steric effects between the different cages and cations. As discussed, a cation can have attractive
interactions with framework oxygen atoms because of their negative charge. The cages that are
optimized in the presence of cations at the external top surface position can provide the optimal
distance information between cation and framework oxygen since there are no confinement effects.
Figure 7 shows the cage radii, which are determined as average Euclidean distances from the
geometric center of framework oxygen atoms to each oxygen in the optimized cation-free cages.
Also, average distances between the cation at the top surface and framework oxygen atoms that
attractively interact with each cation are shown for comparison (dashed and dotted lines in Figure

7, for pure-silicates and aluminosilicates, respectively). The stable cation-framework oxygen
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distances are longer than the radius of the trigonal prisms, which indicates that the trigonal prisms
impose strong steric hindrances and are thus destabilized. Pure-silicate tetragonal prisms also do
not have sufficient space to confine potassium, while the radius of the aluminosilicate tetragonal
prism is comparable to the potassium-oxygen distance. Therefore, all cages larger than a tetragonal
prism are not likely to impose steric hindrance to any internal cation, which is the case for the
aluminosilicate systems, as seen in Figure 6(b). In contrast, there are many pure-silicate cages that
do not confine cations with strong favorability despite their sufficiently large space (i.e.,
pentagonal and hexagonal prisms for all cations, and heptagonal prism for calcium), and this can
be attributed to the weak attractive interactions between the cage body and the cation (compared
to aluminosilicate species). The discussion herein is clearly displayed in the charge density and
optimized geometry of pentagonal prisms confining calcium, as shown in Figure 8. The
electrostatic cation-cage interactions are stronger in the presence of aluminum due to the more
negatively charged oxygen atoms, which is reflected in the shorter cation-oxygen distances (Figure
7(a) and Figure 8). These differences lead to the opposite effects from calcium confinement on the
formation of the pure-silicate and aluminosilicate pentagonal cages, which are destabilizing and

stabilizing, respectively (Figure 6).
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Figure 7. (a) Radii of pure-silicate and aluminosilicate (Si/Al = 1) cages (solid lines with symbols) and

optimal distances between (external) cation and framework oxygens (dashed lines for pure-silicates and
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dotted lines for aluminosilicates) (both in A). On a cation-free cage, a geometric center between the
framework oxygens is defined, with the average distance from the center to the framework oxygens defining
the cage radius. The optimal cation-framework oxygen distances are determined on the cages optimized in
the presence of a cation at the top surface position. The framework oxygens that are closely bound to the
cation are selected, and the distances between the cation and framework oxygens are averaged. (b)
Optimized molecular structures of pure-silicate cages in the presence of sodium on the top surface, along

with the distances between sodium and the selected framework oxygens (in A).

(b) Aluminosilicate

(a) Pure silicate J

Figure 8. Charge of framework atoms on a base of (a) pure-silicate and (b) aluminosilicate pentagonal
prisms that confine calcium cation, as well as distances between cation and framework oxygen atoms (in

A). Atomic charges are calculated by Natural Bond Orbital analysis.

The thermodynamic understanding of the relationship between cage and cation reveals potential
roles and limitations of cations in zeolite formation chemistry. We show that pure-silicate cages
interact with alkali or alkaline earth metal cations primarily at external vertex/edge positions unless
the cage is sufficiently large (> hexagonal prism) to allow framework oxygen to confine cations.
Moreover, the cations at an external location consistently show stronger stabilizing effects to pure-
silicate cages compared to internal cations. These indicate that attractive interactions between
pure-silicate cages and small inorganic cations (compared with bulky OSDAs) are extremely
localized, which may adversely affect the stability of cages. This supports the experimental
observation that the presence of alkali metal cations (Na") changes the stabilization of silicate cage

species in solution®. On the other hand, aluminosilicate cages are shown to attractively interact
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with the cations, as seen by equally exergonic cage formation with internal and external cations
(for cages > tetragonal prism). These results corroborate the fact that the formation of pure-silicate
species is only viable with bulky, hydrophobic, organic cations (e.g., tetraethylammonium cation
(TEA™) and tetramethylammonium cation (TMA")%), whereas aluminosilicate zeolites can be
synthesized in the presence of alkali metal cations?’. For the crystallization of siliceous zeolites,
the role of alkali metal cations has been limited to facilitating the reaction in the presence of
OSDAs!"? or seed crystals'!>. Our results demonstrate that the key of OSDA-free synthesis of
siliceous zeolites lies in enhancing attractive electrostatic interactions between the framework
atoms and cation (for example, by introducing heteroatoms into the framework) or exploring
bulkier inorganic cations (i.e., less charge density). Further, we posit that novel combinations of
OSDAs and inorganic cations can be used to synthesize novel zeolite frameworks by stabilizing
cages and structures that are not energetically favorable in conventional zeolite syntheses. Of more

114" only a small number (~250) have been

than 300,000 theoretically predicted zeolite frameworks
realized experimentally, and it has been suggested that unique cation pairings are one method for

designing previously unrealized architectures'!>,

Conclusions

In this work, we studied the formation thermodynamics of a wide range of zeolitic species by
applying density functional theory calculations. For purely siliceous and aluminosilicate (Si/Al =
1) complexes, we systematically investigated the dependence of formation energy on structure
type, structure size, temperature, and the presence of alkali or alkaline earth metal cations (Na”,
K", and Ca?"). It was found that the most condensed form of pure-silicate species, i.e., prismatic
cages, show the highest exergonic formation, followed by multicyclic structures (linked 4-
membered rings) and monocyclic structures (simple rings), since the higher degree of condensation
favors entropic contributions, leading to more negative formation Gibbs free energy (i.e., more
exergonic). As the entropic contribution to the Gibbs free energy is proportional to temperature,
the formation preference of condensed structures increases with temperature. Conversely,
investigation of aluminum-rich structures reveals significantly different trends. The
thermodynamic preference among the three types of species almost vanishes with temperature (50-

150 °C), imposing the formation of complexes with high structural diversity, while a size-
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dependence appears, favoring larger structures. At the same time, it was found that the formation
Gibbs free energy of aluminosilicate structures is significantly more exergonic than pure-silicates.

These findings consistently support the abundance of aluminum-rich natural and synthetic zeolites.

The effects of cations on formation thermodynamics of cages were found to depend highly on
cation charge and size, cage size, and the presence of aluminum, which alters electrostatic
interactions. In the case of pure-silicate cages, a terminal oxygen atom (resulting from the proton
on terminal hydroxyl group being exchanged with cation) is more negatively charged than
framework oxygens, so that the optimal location of a cation is an external vertex or edge, instead
of being in proximity of framework atoms (i.e., surfaces) or inside cages. In contrast, framework
aluminum and oxygen atoms in aluminosilicate cages (with high aluminum content) are less
positively and more negatively charged, respectively, compared to silicon and oxygen in the pure-
silicate cages. Therefore, for aluminosilicates, cations can strongly interact with the cage body (at
surface or inside of cage) only if cages are sufficiently large to overcome steric hindrance. This
supports experimental observations that alkali metal cations can direct growth of many
aluminosilicate zeolites, whereas highly siliceous zeolites require the use of bulky organic cations

or seed crystals.

Overall, the formation thermodynamics provided herein can potentially guide experimental efforts
for discovering more effective synthetic methods of zeolite crystals. Moreover, our detailed study
of structurally diverse zeolitic oligomers can provide insights into controlling specific zeolite
synthesis pathways, including prenucleation pathways and interzeolite transformations. At the
same time, a further theoretical investigation is required to address the effects of experimental
factors that are omitted in the current work, e.g., alkaline pH conditions, explicit solvent, kinetics,
and types of raw materials, for a more accurate description of zeolitic species growth. In particular,
efforts using explicit solvation environments to more precisely capture cation effects on zeolite
crystallization processes, as well as the role of water molecules on the reaction kinetics can be

instrumental to unravel zeolite growth.
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