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ABSTRACT: Zeolites are a diverse class of crystalline microporous materials of,
mainly, aluminosilicate chemical composition. Organic structure-directing agents
(OSDAs) are generally utilized in zeolite synthesis to drive the outcome to a specific
zeolite phase. In addition to OSDA, the presence and content of aluminum in the
gel play a role in driving the synthesis under specific conditions. The structure-
directing role of aluminum as well as fluoride in zeolite synthesis was explored
through the analysis of three recently synthesized aluminosilicate zeolites, PST-21
(PWO), PST-22 (PWW), and ERS-7 (ESV), using a force field simulation
approach. An updated and recently proposed method based on the calculation of -3 »-4%%
“synthesis energy” is used to predict the stability of zeolites at pure-silica and >
aluminosilicate gel compositions, also able to include fluoride anions as well as
OSDAs, and hence largely general. The results are not only demonstrating that the

Si0, SDA
=

+ N

calculated structures with lowest “synthesis energy” correspond to those

experimentally obtained under “standard” (meaning HF/SDA = 1) synthesis conditions but also that new structures obtained
under the recently introduced “excess fluoride approach” are those which follow with energy slightly larger than the lowest, as
calculated from the list of competing zeolites. With this method, we were able to rationalize the structure-directing effect of
aluminum, in the presence of fluoride and OSDAs, in the synthesis of zeolites.

1. INTRODUCTION

Chemical disorder of Si and Al corner-sharing tetrahedra in
zeolites is a key property that gives room to a large number of
possibilities whose control leads to tuning the location and
strength of Bronsted acid sites, SIO(H)Al, aka the catalytic
properties. ~* Such disorder is only limited by the well-known
Loewenstein rule enunciated in 1954:" “Whenever two
tetrahedra are linked by one oxygen bridge, the center of only
one of them can be occupied by aluminum; the other center
must be occupied by silicon. ... Likewise, whenever two
aluminum ions are neighbors to the same oxygen anion, at
least one of them must have a coordination number larger than
four, that is, five or six, towards oxygen”. Also, the looser
Dempsey rule suggests that the number of close aluminum such
as Al-O—Si—O—Al must be minimized.’

Early computational work aimed to elucidate the Al
distribution in zeolites was based on an exhaustive analysis of
all possible Al locations for each given Si/Al ratio®” studied
either without or with taking into consideration the energy of
each configuration through a force field approach. Since for most
of the Si/Al ratios the number of possible Si, Al configurations is
large and XRD does not allow one to distinguish Si and Al due to
their similar number of electrons, it soon became of crucial
interest to put forward experimental techniques providing
accurate information about the location of Al. In some instances,
XRD gives some indication of preferential Al location
corresponding to larger T-O distance (T = tetrahedral atom,
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Si, Al) since Al-O bonds (ca. 1.75 A) are larger than Si—O
bonds (ca. 1.61 A). ?°Si NMR provides valuable information by
allowing us to quantify the number of first T-neighbors of each Si
type, Si(n-Al), with n = 0—4.% This has been recently employed,
together with inelastic neutron scattering (INS) and periodic
DFT calculations, to elucidate the Si, Al distribution of LTA
zeolites with high (40)” and low (5)'* Si/Al ratios, and also
more recently using IR and 2D MAS NMR spectroscopy plus
DFT calculations."" A similar theoretical approach, although
without including zeolite framework relaxation upon Al
substitution has been presented by Jeffroy et al.,'* based on an
exhaustive Monte Carlo approach that makes an analysis of all Si,
Al distributions and determines average properties based on
equilibrium configurations.

Conventional “’Al MAS NMR is unable to characterize
different Al species, since quadrupolar Al interactions lead to
peak broadening. High sample spin rates and large r number of
scans, together with *’Al multiple quantum (MQ) MAS NMR
may allow differentiation of the peaks corresponding to each Al
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Table 1. Names and Structures of the SDA Molecules Considered in This Study and Zeolite Phases Obtained by Using Them

under Pure-Silica and Aluminosilicate Conditions”

SDA Name Pure-Silica Aluminosilicate Structure
- NX N.
SDAI . 1.23- ITW, MTW NON, PWO, RTH TN
trimethylimidazolium
1,34 Y\N”
SDAZ  imethylimidazolium ITW, TON FER, PWW /N§/
Ny \
SDA3 1,2,3,4- ITW, STW PWW, RTH /k
tetramethylimidazolium ’ ’ Y
|'_/—OH
SDA4 Choline AST, MTN, NON  ESV, FER, RUT —N

“References and more details are given in Table S1 (Supporting Information).

crystallographic site. Notably, Sklenak et al."* prepared a large
number of ZSM-5 samples (Si/Al = 14—45) and were able to
distinguish the Al population of the 24 different crystallographic
positions using ’Al MQ MAS NMR spectra, and periodic
quantum/classic calculations. A similar strategy in the group of
Yokoi and co-workers, using high-resolution 27A1 MAS NMR
technique, allowed them to distinguish whether the different Al
peaks belong to the different types of micropores in zeolite
structures such as MFI'* and MSE."® Further, the authors
analyze samples of the same topology and same Si/Al, obtained
with different organic structure directing agents (OSDAs), to
demonstrate how each OSDA generates a different Al
distribution. With an appropriate selection of OSDAs, also
combined with inorganic SDAs, it is possible to generate
aluminum and, hence, Bronsted sites preferentially located in
specific micropores. The implications and fine control of these
effects in catalysis have been exploited recently by several
groups.'**® All this knowledge arises importantly from the
initial discovery by Shantz et al.”’ of geometrical relations
between the positive charge of OSDAs and the negative charge
of the [AlO,,]” tetrahedra in ZSM-12 zeolite, suggesting that
the distribution of acid sites can be controlled using OSDAs with
different charge distributions. This was soon confirmed in our
group using a computational approach that was able to suggest a
Si, Al distribution in ZSM-18 synthesized with trispyrrolidi-
nium®® as well as ITQ-7 synthesized with 1,3,3-trimethyl-6-
azonium-tricyclo[3.2.1.4%%]dodecane hydroxide,” in both cases
not in disagreement with experimental findings from XRD (T—
O distances) and the infrared spectrum (O—H stretching
region), respectively. Wang et al.”” combined DFT calculations
with molecular dynamics simulations to investigate the effect of
OSDA orientation on the Al distribution in CHA type zeolites
by modeling every possible OSDA orientation and Al
distribution in CHA zeolite. Their energetic analysis showed
that total energies are sensitive to Al—Al proximity and that Al
pairs in 8-rings were favored since they are closer to the
quaternary ammonium center of N,N,N-trimethyl-1-adamantyl
ammonium cations. Recent work by Rube$ et al.”" has also used
infrared OH stretching spectra to validate the computational
work on FER, TON, CHA, and IFR. The above work on ZSM-
18 allows the effects of framework flexibility and zeolite-OSDA
interactions to be separated through the calculation of the

relative energetic penalties resulting from introducing Al in the
different crystallographic position by using the Mott—Littleton
methodology for defects. The results for ZSM-18 show that the
less favorable Al position is in fact the most populated due to the
dominant effect of the AI-OSDA electrostatics. Instead of
separating the effects of intrinsic Al stability (in the absence of
OSDA) plus the effect of zeolite-OSDA interactions, most
recent work only focuses on the analysis of total energies of the
different Si, Al configurations in the zeolite-OSDA system. More
recent work on finding Al distributions in zeolites include that by
Muraoka et al.** which deals with IFR obtained with, among
others, N-benzyl-DABCO and N-benzyl-quinuclidinium, which
only differ in N vs CH atoms, respectively. This small difference,
in a tight microporous packing, is enough to produce a larger
population probability for Al3 when N-benzyl-DABCO is used
as OSDA instead of N-benzyl-quinuclidinium, in agreement
with 2A1 MQMAS NMR results. .

An excellent recent computational study by Antunez-Garcia
et al.>> employs periodic DFT calculations to analyze how the
stable locations of Al change across the 4 crystallographic sites of
mordenite from high Si/Al = 40 down to low Si/Al = S. The
study was able to justify the rule of one Al occupancy for each -
cage (t-tes, [5*]) in the framework, which explains the limit of
maximum Al content at Si/Al = S.

While the topic of Si, Al ordering in a zeolite is a topic widely
studied, as well as the role of OSDAs in the synthesis of
zeolites,"'”**73% the reasons why (or if) the aluminum
contributes to stabilize such a zeolite phase is a less explored
aspect, and this is the aim of the present study. Following the
idea of our previous work regarding the roles of fluoride® and
aluminum®’ as SDAs in the synthesis of zeolites, we now try to
compare the role of aluminum and fluoride on the synthesis of
recently synthesized aluminosilicate zeolites PST-21 (PWO),
PST-22*" (PWW), and ERS-7** (ESV) by selecting certain
specific cases in which different zeolites are obtained using the
same OSDA when the synthesis gel has a silicate or
aluminosilicate chemical composition. PST-21 and PST-22
both consist of nonjointly connected bre composite building
units, which are synthesized under excess fluoride conditions
using 1,2,3-trimethylimidazolium, 1,3,4-trimethylimidazolium,
and 1,2,3,4-tetramethylimidazolium as OSDA molecules,
respectively. The small pore, one-dimensional zeolite, ERS-7 is
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synthesized using choline, again under excess fluoride
conditions.

2. COMPUTATIONAL METHODS

2.1. SDA and Competing Phase Selection. Our aim was
to investigate, in detail, the structure-directing effect of
aluminum in the synthesis of these zeolites and how the
synthesis products change under similar synthesis conditions
when synthesis gels contain either silicate or aluminosilicate. To
achieve that, we searched for recently synthesized aluminosili-
cate zeolites using the Database of Zeolite Structures created by
the International Zeolite Association,” which returned seven
zeolite phases: PTO, PTT, PTY, PWN, PWO, PWW, and ESV.
Since we want to focus on the structure-directing effects of
framework Al atoms and F~ anions specifically, the zeolite
phases that are synthesized using inorganic cations (e.g.,, Na*,
K") and seed crystals were removed, which left us with three
aluminosilicate zeolite phases: PWO, PWW, and ESV.
Interestingly these zeolites have, so far, not been obtained as
pure silica. Using the information from the publications of these
three zeolites, the OSDAs employed for the syntheses were
identified, and a list of four OSDAs was obtained. To determine
the competing zeolite phases for each OSDA molecule, an
exhaustive literature search using the Organic Structure
Database (OSDB)** was performed, which led to 52
publications. Similar to our previous work,* the publications
that include (i) synthesis in the presence of seed crystals, (ii)
synthesis in the presence of inorganic cations, (iii) synthesis of
germanosilicates, and (iv) synthesis of MFI, FAU, and MOR
phases, since they are easy to obtain without an SDA present,
were removed from the records to focus on the structure-
directing effect of Al and F~. In the end, seven publications fit
those criteria.

From the information gathered from the remaining
publications, a table was generated containing the relevant
synthesis information, such as the presence of Al atoms in the
synthesis, Si/Al, and HF/SDA, and zeolite obtained for each
OSDA molecule (Table S1). The most relevant information is
presented in Table S1, with names and structures of the OSDA
molecules as well as the competing zeolite phases for both
aluminosilicate and pure-silica gels is given in Table 1. The
resulting product of the synthesis depends on various properties
of the synthesis gel such as Si/Al and HF/SDA. Table 2 is given
in order to facilitate comparison of our computational results
with synthesis experiments by Jo et al.*' and Bae et al.** at
various gel conditions, using the “excess fluoride approach”.

2.2. Force Field Simulation Details. Similar to our
previous studies,””*’ to find the optimal position of SDA
molecules and fluoride anions (in the case of synthesis in
fluoride media) inside the zeolite cavities, zeoTsda software was
employed.* zeoTsda software works by finding the most
favorable location of SDAs, at full loading, on a given pure silica
zeolite through Monte Carlo + Lattice Energy Minimization
(MC+LEM) using the General Utility Lattice Program
(GULP)." Then, for the optimized zeo(Si)-SDA system, 100
Al distributions are generated with zeoTAl software’ (a
modified version of zeoTsites software), with an Al content
that is selected so as to counteract the SDA loading found
previously. All of the Al distributions generated follow the
Lowenstein rule. Each of these 100 zeo(Si,Al)-SDA unit cells is
energy minimized using the previously found SDA location as
the initial location and the corresponding energies are compared
so that the zeo(Si,Al)-SDA configuration with the lowest energy

Table 2. Experimentally Synthesized Zeolite Phases, Using
the SDA Molecules Considered in This Work, Taken from
Studies by Jo et al.*' (SDA1, SDA2, SDA3) and Bae et al.*?
(SDA4)“

HF/SDA
Si/
SDA Al 0.5 1.0 2.0 3.0

SDAI1 10 RTH+ITW RTH+ITW  PWO IT™W

o A IT™W IT™W IT™W
SDA2 10 FER FER+U PWW TON+A

co ITW+TON  ITW IT™W D
SDA3 10 RTH RTH+ITW  PWW PWW+A

20 RTH+ITW ITW+RTH PWW+ITW  ITW

o STW+A STW I™W IT™W
SDA4 10 FER+RUT FER ESV A

o MTN+AST  AST NON+U A

“A, D, and U denote amorphous, dense, and unknown phases,
respectively.

is selected. This method for finding the Al distribution with the
lowest energy was proven efficient in one of our previous
studies'’ where the computationally modeled LTA zeolite had
similar Si MAS NMR and INS spectra with the experimental
structure. In the first stage, when using zeoTsda, it is possible to
consider the possibility of adding fluoride anions to the system,
in which case its most stable location is also found by using the
same MC+LEM approach. When no fluoride is selected, the
atomic charges of the SDA atoms are corrected by a special
procedure, so that the overall charge becomes zero. This is the
current approach for pure silica systems mimicking the synthesis
in hydroxide media, which in the near future will be replaced by a
zeolite containing defects.

In molecular simulations, the nonbonded two-body inter-
actions between SDA molecules as well as zeolite atoms (Al, O,
Si) were described by Lennard-Jones potential with a cutoff
radius of 12 A. The potential parameters of the SDA atoms were
taken from Oie et al.*” An overall cationic charge (+1) was
assigned to the SDA molecules to compensate for the anionic
charge (—1) of fluoride anions and Al-(O,)-(SiO5,,), units. The
charge distribution of the SDAs along with Si(OH),, Al(OH),,
and H,O0 molecules was done by a charge equilibration
approach.*® The charges of zeolite atoms were taken from the
force field by Bushuev and Sastre (BS),*” where charges of Si and
O atoms for the central SiO, tetrahedra in Si-(O,4)-(SiO;/,)4
units are 2.1 and —1.05, respectively, corresponding to an overall
zero charge, while the charges of Al and O atoms for the central
AlQ, tetrahedra in Al-(O,)-(SiOs,), units are 1.575 and
—1.16875, respectively, giving an overall —1 charge (1.575 —
1.16875 X 4 + 2.1 X 4 — 1.05 X 6). The Ewald summation
method was employed for the incorporation of long-range
electrostatic interactions.”” The Al content of zeolites was
specified according to the Si/Al ratio of the synthesis gel such
that the Si/Al ratios of the zeolites were similar to that of the
synthesis gel. Therefore, when the number of Al-(O,)-(SiO;,),
units of the zeo-SDA system is lower than the number of SDA
molecules, the remaining cationic charge is compensated by F~
anions. The preferential locations of the F anions for each
zeolite are given in the relevant section in the Supporting
Information.

2.3. Synthesis Energy Calculations. In this manuscript, as
well as our recent previous study,*’ we compare the stabilities of
zeolites according to their “synthesis energy”, a parameter we
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Scheme 1. Synthesis Reactions of Aluminosilicate Zeolites

(a) p,"SDAOH +m;-Si(OH), +p,"AI(OH); — zeo;-SDA(my p, ) +w;H,0

(b) p,"SDAOH +m,Si(OH)4 + p,"Al(OH); — ze0,-SDA(my,p, ) + wy'H,0 +m;-Si(OH), +p,-Al(OH);

recently derived based on the fact that two different zeolites can
be synthesized using the same reactants.

In Scheme 1, the same reactants are used to synthesize two
zeolites. Employing the same reactants, one zeolite (zeo,) is
obtained with Si/Al = m,/p, with water as a product, whereas
the other zeolite (zeo,) is synthesized with Si/Al = m,/p, giving
excess Si and Al monomers (m; and p;). Since both reactions
have the same reactants, the energetic stability of the products
can be directly compared to each other. A detailed analysis of the
energies of both equations (see ref 40.and Supporting
Information section S2) results in the following equation
which quantifies the stability of zeolite-SDA pairs from their
synthesis reactions.

(p—q/(m+p)
q/(m + p)-Egpar

Esyn = Ezeo—SDA—F + 2'EHZO -

(Espaon + EAJ(OH)3) -
— (m + q)/(m + p)-Egom), (1)

E, is the “synthesis energy” which represents the total energy of
reaction for the synthesis of zeolites, E,., spar is the energy of
zeo-SDA pair with a set Si/Al, and Egpaqy is the energy of SDA
which is neutralized with an OH™ group. “p” and “q” represent
the total number of SDA molecules employed and the number of
F anions in the framework, respectively, in equation 1. The
number of Al atoms in the framework is equal to “p — q” to
achieve the charge balance in the structure. Finally, to be
consistent with the total number of tetrahedral atoms with
synthesis energy equation of our previous publication,” we set
the number of Si as “m + q”, leading to a total number of (m + q)
+ (p — q) = m + p total tetrahedral atoms (Si + Al). Because of
their energetic contribution to the oligomerization and ring
closure processes during zeolite synthesis, the energies of H,O,
SI(OH)4, and Al(OH); (Table S2) are incorporated in equation

The synthesis product obtained by each SDA using pure-silica
and aluminosilicate gel can be anticipated based on the E,
values of all the competing phases, selecting the zeolite phase
with the lowest E,,, value as the most stable.

3. RESULTS AND DISCUSSION

3.1. Synthesis Energies of Zeolites Using SDA1. The
synthesis energies of possible aluminosilicate phases obtained
using SDA1 with a synthesis gel corresponding to Si/Al of 10 are
given in Table 3. Out of five total competing zeolite phases
(Table 1), we excluded NON for the calculations since by
allowing a maximum loading of 4 SDAL in a unit cell of 88 T
atoms, this leads to a maximum aluminum content of 84/4 = 21,
and hence it is not possible to reach Si/Al = 10. The four
remaining competing phases (RTH, ITW, PWO and MTW)
could be synthesized with a Si/Al close to 10. From these four
zeolites, RTH is calculated to have the lowest E,, value of
—1.406 eV/TO,. Thls is in agreement with the experlrnental
study of Jo et al.*' (Table 2) as RTH is the main synthesis
product at a gel composition of Si/Al = 10 and HF/SDA = 0.5
and 1.0 using SDALI.

Table 3. “Synthesis Energies” of Aluminosilicate Phases
Obtained Using SDA1 with Si/Al of ca. 10 in the Synthesis
Gel”

Si/ Total ener E(syn)
SDA  Zeolite m p Al (evV/TO %}’ (eV/TO,)
SDA1 RTH 28 4 7 —39.708 —1.406
SDA1 IT™W 22 2 11 —40.038 —1.006
SDA1 PWO 18 2 9 —39.877 —1.137
SDA1 MTW 52 4 13 —40.0585 —-0.814

a«  »

m” and “p” represent the number of Si and Al atoms, respectively, in
the unit cell.

To investigate the driving force for the synthesis of
aluminosilicate and pure-silica zeolites, we calculated the van
der Waals energies between zeolite-SDA pairs in Tables S3 and
S4, respectively. zeo-SDA energies per SDA molecule give an
indication of how well an SDA molecule fits into the cavities of
zeolites, whereas zeo-SDA energies per T atom specify, in
addition to the previous concept, the extent of the SDA packing.
Both concepts contribute to stabilizing the corresponding
zeolite phase. In the case of SDA1-RTH, the zeo-SDA energy
per SDA molecule (E/&%p, = —0.755 eV/SDA, Table S3)
implies that SDA1 does not have the best fit in RTH cavities.
However, due to a favorable packing of two SDAs per zeolite
cage, RTH has the lowest zeo-SDA van der Waals energy per T
atoms (E/%%pa = —0.094 eV/TO,), which contributes to the
synthesis of aluminosilicate RTH. Moreover, RTH zeolite allows
incorporation of a higher number of Al atoms to the framework,
with more favorable incorporation energy than Si atoms, as
demonstrated in our previous study.*’

After RTH, the second most favorable synthesis energy is
calculated for the PWO phase (—1.137 eV/TO,), which is
observed as the experimental synthesis product when the
fluoride concentration in the gel increases (HF/SDA = 2.0,
Table 2). Recently, Bae and Hong elucidated that the excess
fluoride in aluminosilicate zeolite synthesis acts as a mineralizing
agent accelerating the crystalhzatlon phase while also affecting
the Al distribution in zeolites.”’ Therefore, under excess fluoride
conditions, new zeolite phases that are not feasible under lower
fluoride concentrations in the gel can be synthesized. Thus, it
was possible to synthesize PWO using SDALI at high fluoride
concentration, even though the synthesis energy of PWO
(—1.137 eV/TO,) is not the most favorable among the
competing zeolite phases. Hence, from the viewpoint of
synthesis energies, the excess fluoride route allows the synthesis
of phases with energy higher than that of the most stable.

When pure silica conditions were considered in the synthesis
using SDA1 (Table 4), ITW became the preferred zeolite phase
with an E,, value of —0.359 eV/TO,. This is in fact supported
by the experimental studies that identify ITW as the synthesis
product of pure silica synthesis under fluoride media using
SDAI1 (Table 2). There are two main reasons why ITW is
obtained as the only pure silica product using SDAI: (i) Due to
their shape, rigidity and hydrophobicity, small methyllmldazo—
lium cations, such as SDALI, are very selective for ITW zeolite.>>
The good fit between SDAI and ITW cavities is also supported
by the favorable zeo-SDA van der Waals energy of —1.141 eV/

https://doi.org/10.1021/acs.jpcc.3c03640
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Table 4. “Synthesis Energies” of Pure Silica Phases Obtained
Using SDA1“

Si/ Total ener: E(syn)
SDA  Zeolte m g Al (eV/TO, (eV/TO,)
SDA1 RTH 28 4 0 —40.844 —0.307
SDA1 IT™W 22 2 0 —40.881 —0.359
SDA1 PWO 18 2 0 —40.727 -0.199
SDA1 MTW 52 4 [+3) —40.705 —0.188
SDA1 NON 84 4 [« —40.654 —0.146

“m + q” and “q” represent the number of Si and F atoms,
respectively, in the unit cell.

SDA molecule between SDA1 and ITW in Table S4. (ii) ITW is
a zeolite that contains double four rings (D4R), which are
known to be favorably formed in the presence of fluoride.”” Due
to the presence of D4Rs, ITW is prone to being a pure silica
zeolite under fluoride media even when the synthesis gel
contains aluminum, to the extent that the ITW zeolite
synthesized with the, so far, highest Al content only had Si/Al
ratio of 70.>*

3.2. Synthesis Energies of Zeolites Using SDA2. SDA2 is
an isomer of SDALI in which the methyl chain at the second
carbon is substituted to the fourth carbon. Even though
molecular volume and conformational rigidity of the two
molecules are similar, they have different shapes, which leads to
different con_lgeting aluminosilicate phases for both SDA
molecules.*”* Table 5 shows the synthesis energies of

Table S. “Synthesis Energies” of Aluminosilicate Phases
Obtained Using SDA2 with Si/Al of ca. 10 in the Synthesis
Gel”

Si/ Total ener: E(syn) (eV/
SDA  Zeolite m p Al (eV/TO, TO,)
SDA2 FER 32 4 8 —39.879 —1.283
SDA2 ITW 22 2 11 —40.057 —-0.987
SDA2 PWW 36 4 9 —39.884 —1.099

“«, »

“m” and “p” represent the number of Si and Al atoms, respectively, in
the unit cell.

competing aluminosilicate zeolite phases when SDA2 is utilized
in a synthesis gel with Si/Al = 10. FER, ITW, and PWW were
identified as possible synthesis products with a Si/Al ratio close
to 10 when SDA2 is used. Out of the three competing phases,
FER is the preferred synthesis product according to the synthesis
energies (ESYH'FER = —1.283 €V/TO,) which agrees with the
literature where FER is the synthesis product for SDA2 at lower
fluoride concentrations (Table 2). The ability to accommodate
more Al atoms per Si atom and a good fit of SDA in the 10-ring
channels make FER the most favorable zeolite among its
competitors. When the fluoride concentration increases (HF/
SDA = 2.0), the synthesis product becomes PWW, which is
correctly calculated to be the second most favorable zeolite
phase according to its synthesis energy (Esyn,PWW =—1.099 eV/
TO,). Hence, again, increasing the HF/SDA ratio leads to the
synthesis of less energetically stable zeolites.

At pure-silica conditions (Table 6), SDA2 is highly selective
for ITW similar to its isomer, SDAI1, due to the good fit of SDA
molecules in ITW cavities E/W,, = —1.157 €V/SDA,Table S4)
and the presence of D4Rs in the ITW structure favoring pure-
silica zeolite. The selectivity of SDA2 for pure-silica ITW is
accurately calculated as ITW has the lowest synthesis energy
among all of the possible zeolite phases in competition (Ey, rrw

Table 6. “Synthesis Energies” of Pure Silica Phases Obtained
Using SDA2“

Si/ Total ener: E(syn)
SDA  Zeolite m g Al (ev/ Tij (eV/TO,)
SDA2 FER 32 4 [e§) —40.842 —-0.275
SDA2 I™W 22 2 3 —40.887 —0.339
SDA2 PWW 36 4 [«§) —40.733 -0.173
SDA2 TON 46 2 [e3) —40.670 —0.151

“m + q” and “q” represent the number of Si and F atoms,
respectively, in the unit cell.

= —0.339 eV/TO,). In the experiments, pure-silica TON was
also seen as a side product at HF/SDA = 0.5. However, Rojas et
al.’” indicated that high framework density TON phase
transforms in situ to ITW; therefore, TON is not considered a
stable pure-silica synthesis product using SDA2.

3.3. Synthesis Energies of Zeolites Using SDA3. The last
imidazolium cation we considered in this study is SDA3, a
molecule slightly larger than SDA1 and SDA2 (one extra methyl
group). Four zeolite phases were identified to be competing as
aluminosilicate phases obtained using SDA3 in a synthesis gel
with Si/Al = 10, namely, ITW, PWW, RTH, and STW (Table 7).

Table 7. “Synthesis Energies” of Aluminosilicate Phases
Obtained Using SDA3 with Si/Al of 10 in the Synthesis Gel®

Si/ Total ener; E(syn)
SDA  Zeolite m p Al (eV/TO, (eV/TO,)
SDA3 IT™W 22 2 11 —40.008 —0.987
SDA3 PWW 36 4 9 —39.870 —1.143
SDA3 RTH 28 4 7 —39.672 —1.386
SDA3 STW 54 6 9 —39.772 —1.045

ac«  »

m” and “p” represent the number of Si and Al atoms, respectively, in
the unit cell.

Out of these four zeolites, RTH has the most favorable synthesis
energy of —1.386 eV/TO,, in accordance with the experiments
where RTH was the main synthesis product at lower fluoride
concentrations (Table 2). The synthesis of RTH zeolite using
SDAS3 can be explained by a high degree of aluminum lattice
substitution, which is energetically favorable. Moreover, even
though the zeo-SDA energy between SDA3 and RTH is not the
most favorable (E!Ws, = —0.100 eV/TO,, Table S3), it is not
far from the zeo-SDA energy between SDA3 and PWW (EZSXYSDA
= —0.105 eV/TO,), which indicates a good packing of SDA3
molecules in RTH cavities. As the fluoride content in the
synthesis gel increases (HF/SDA = 2.0 and 3.0), RTH is
replaced by PWW as the final product, which was correctly
identified as the second most favored zeolite phase according to
its synthesis energy (E,,, pww = —1.143 €V/TO,). Therefore, the
rule proposed that increasing HF/SDA allows us to obtain less
stable phases is again followed.

For SDA3, we also calculated the synthesis energies of
aluminosilicate phases obtained while using a synthesis gel with
Si/Al = 20 (Table S7), in order to compare with the
corresponding experimental results in Table 2. Similar to the
results of synthesis with Si/Al = 10, RTH is the preferred zeolite
phase at Si/Al = 20, with the lowest synthesis energy (E,rrn =
—0.823 eV/TO,, Table S7), and RTH is in fact observed in the
experimental results with HF/SDA values of 0.5 and 1.0 (Table
2). But then, as the fluoride content increases, also the less
energetically favorable products appear, ITW and PWW
(—0.666 and —0.685 eV/TO, respectively, Table S7).

https://doi.org/10.1021/acs.jpcc.3c03640
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According to these arguments, ITW should not be observed at
low HF/SDA contents, in apparent contradiction to the
experimental results in Table 2. But, as said above, it is unlikely
that ITW was synthesized with Si/Al ca. 20, since an exhaustive
study reported that ITW could not be obtained with a larger
aluminum content than that corresponding to Si/Al = 70.>* In
the study by Jo et al.*' cited in Table 2, the Si/Al of the ITW
phase is not explicitly indicated.

The synthesis energies of zeolite phases in competition using
SDA3 in a pure-silica synthesis gel are given in Table 8. Just like

Table 8. “Synthesis Energies” of Pure Silica Phases Obtained
Using SDA3“

Si/ Total ener: E(syn)

SDA  Zeolite m q Al (eV/TO, (eV/TO,)
SDA3 ITW 22 2 [+ —40.857 —0.358
SDA3 RTH 28 4 (3} —40.742 —0.239
SDA3 PWW 36 4 [y —40.727 —0.226
SDA3 STW 54 6 (<3} —40.760 —0.260

« »

“m + q” and “q” represent the number of Si and F atoms,
respectively, in the unit cell.

the other imidazolium-based SDAs (SDA1 and SDA?2) in this
study, SDA3 also directs the synthesis to ITW. However, the
bulkier SDA3 molecule also leads the synthesis to pure-silica
STW, a 3-D large pore zeolite with D4Rs, at low fluoride
contents (HF = 0.5 and 1.0, Table 2). According to the
calculated synthesis energies, ITW is favored with an E, value
of —0.358 eV/TO,, whereas STW has the second lowest
synthesis energy with an E_,, = —0.260 eV/TO,. Both structures
contain D4Rs in the framework which are favored by the
presence of fluoride anions. The synthesis of ITW is also favored
because of the excellent fit between SDA3 and ITW cavities as
indicated by the zeo-SDA van der Waals energy of the SDA3-
ITW complex (EX¥p, = —1.313 eV/TO,, Table $4).

3.4. Synthesis Energies of Zeolites Using SDA4. Finally,
the synthesis energies of the competing zeolite phases when
SDA4 is utilized in a synthesis gel with Si/Al = 10 are given in
Table 9. FER is calculated to be the preferred zeolite phase with

Table 9. “Synthesis Energies” of Aluminosilicate Phases
Obtained Using SDA4 with Si/Al of 10 in the Synthesis Gel”

Si/ Total ener; E(syn)
SDA  Zeolte m p Al (eV/TO, (eV/TO,)
SDA4 FER 32 4 8 —40.266 —1.008
SDA4 RUT 32 4 8 —40.257 —-0.999
SDA4 AST 36 4 9 —40.221 —0.840

SDA4 ESV 44 4 11 —40.306 —0.740

“«, »

““m” and “p” represent the number of Si and Al atoms, respectively, in
the unit cell.

a synthesis energy of —1.008 eV/TO, followed closely by RUT
(Egn = —0.999 eV/TO,). This is in accordance with the
experimental study of Bae et al."* where FER and RUT are the
synthesis products at lower fluoride concentrations when SDA4
is utilized in aluminosilicate media, with FER being the main
product (Table 2). In fact, Lee et al.”” also stated that RUT was
always obtained as an impurity using SDA4 with a very small
amount of Na* present. The experimental synthesis data indicate
that ESV can be synthesized under excess fluoride concentration
(HEF/SDA = 2.0); however, it was not possible to explain this
from the synthesis energy of ESV. Our prediction is that AST

should be obtained at lower HF/SDA than ESV since the
corresponding calculated synthesis energies are —0.840 and
—0.740 eV/TO,, and according to the previous results, we
established the rule that zeolite phases of decreasing stability are
obtained at increasing values of HF/SDA. Our prediction would
be that AST should be obtained at values of HF/SDA larger than
1.0 (at which the most stable phase, FER, is observed) and lower
than 2.0 (at which the less stable phase, ESV, is observed). Since
this information is not present in the experiments reported in
Table 2, we do not have, currently, enough information to try to
explain why the calculated synthesis energy of ESV is higher than
that of AST in the aluminosilicate composition (Table 9).
Nevertheless, the experiments at HF/SDA = 1.0 indicate (Table
1 of ref 42) that AST was obtained at Si/Al = 20, hence hinting
that this phase could also be obtained at HF/SDA = 1.5 and Si/
Al ca. 9, according to our prediction.

SDA4 is the least selective SDA molecule in this study when
pure-silica synthesis is considered since it led the synthesis to
three different zeolite phases (MTN, AST, and NON)
depending on the fluoride concentration of the synthesis gel.
However, AST stands out from the others as it can be
synthesized in the two syntheses with low fluoride content
(HF/SDA= 0.5 and 1.0, Table 2). This is correctly calculated
using the synthesis energy method as AST is the most favored
pure-silica zeolite phase when SDA4 is utilized, with an E,,
value of —0.168 eV/TO, (Table 10). The main factors behind

Table 10. “Synthesis Energies” of Pure Silica Phases
Obtained Using SDA4“

Si/  Total energy (eV/  E(syn) (eV/

SDA  Zeolite m q Al 5}' TO,)

SDA4 AST 36 4 [« —41.265 —0.168
SDA4 ESV 44 4 [+ —41.014 —0.018
SDA4 FER 32 4 [« —41.241 -0.077
SDA4 MTN 128 8 00 —40.855 —0.008
SDA4 NON 84 4 [« —40.828 —0.062
SDA4 RUT 32 4 [« —41.252 —0.088

« »

“m + q” and “q” represent the number of Si and F atoms,
respectively, in the unit cell.

the preferred synthesis of pure-silica AST using SDA4 are the
D4R units in the zeolite structure, which is favored by fluoride
anions, and the small size of the SDA which allows it to have a
good fit in the small cavities of the clathrasil AST.

Overall, total energies of the zeo-SDA system (shown in
Tables 3—10) were not explicitly employed in the comparison
between calculated and experimental results, unlike an older
energetic analysis in our group.’” Since the recent introduction
of the equations related to synthesis energies in a previous
study,” as well as in this study, it has become possible to
compare energies in a more realistic way, regardless not only the
zeolite phase but also the chemical composition of the final
material. Synthesis energy, on the other hand, requires the value
of total energy for its calculation as well as other energetic terms
whose calculation is simple, and hence it gives a wider picture of
the thermodynamics of the system than total energy.

It is also important to recall that a number of approximations
have been done. For instance, solvation energies were not
considered. Charged SDA molecules are not incorporated into
the zeolite coming from the “gas phase” (isolated molecule), as
implied in our calculations, but rather they are solvated by water
molecules, and the same argument also holds for fluoride anions.

https://doi.org/10.1021/acs.jpcc.3c03640
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Another approximation, for the particular case of pure silica
zeolites, is that by considering a perfect silica crystal (electrically
neutral), the SDA charge had to be “neutralized” (by changing
atomic charges so that the overall charge becomes neutral),
while, instead, the more correct approach of considering zeolite
defects (silanol and siloxy) has not yet been introduced. A
continuation of our recent study of defects*® is expected to allow
further insights into the role of defects in the processes being
studied here. Sources of silica and alumina are also another
aspect that has so far not been introduced in the synthesis
equations as well as free energies in order to understand the role
of entropy during the synthesis. Finally, the accuracy of the
computational method was somehow addressed in our previous
study,” with period DFT results being very similar to those
obtained using the current force field. Other effects such as pH
and water/silica ratio can hardly be introduced in this type of
calculation but have been considered in alternative computa-
tional ways of addressing the synthesis of zeolites, based on
classical nucleation theory and molecular dynamics simulations,
with promising results.””>*

We are aware that in the excess fluoride approach, it is possible
to obtain the same zeolite at increasing fluoride content, and in
that case, the Al distributions are different. We are currently not
capable of simulating this with our methods, but we can suggest
that the number or location of defects might be different in each
case, although it is widely known that the fluoride route leads to
almost no defects. This topic will be addressed in the future.

In this study, only the Al distribution with the lowest energy
for each zeo-SDA pair was used. In other words, “synthesis
energies” for different Al—Al distributions within the same zeo-
SDA pair were not calculated.

4. CONCLUSIONS

Synthesis energies have been introduced for aluminosilicate
zeolites with fluoride, and a general way to calculate them over
the full range of silica and aluminosilicate with and without
fluoride is now possible. This allows ranking zeolite stabilities
among competing phases with those having the lowest synthesis
energy being the main prediction of synthesis.

Recent work in the group of Hong demonstrated that new
zeolite phases may appear when using the fluoride route at HF/
SDA ratios larger than the usual values, close to 1, in what is
called the “excess fluoride approach”. Our calculations suggest
that increasingly larger values of HF/SDA stabilize zeolite
phases with increasingly higher synthesis energy. The force field
employed in this study seems to be accurate enough to predict or
justify the zeolite phases obtained with a given SDA throughout
the synthesis gel composition going from pure silica to
aluminosilicate. The computational results allow us to predict
the more likely amount of aluminum (also known as Si/Al ratio)
that will be incorporated in each competing zeolite framework.
The results suggest, in agreement with a previous study, that
zeolites that are able to incorporate a larger aluminum content
(lower Si/Al) are more likely to be synthesized. This arises in
part from the larger stability of the incorporation of aluminum
with respect to silicon oligomers, coming from the thermody-
namics of the synthesis process. The syntheses of aluminosilicate
PST-21 (PWO) and PST-22 (PWW) have been explained from
the computational results as with higher energy stabilized at
excess fluoride conditions than the lowest energy structures, that
are obtained at HF/SDA = 1. For the case of ERS-7 (ESV) the
justification can only be done if AST is obtained at an
intermediate fluoride content between the standard (HF/SDA

= 1) and that corresponding to ESV (HF/SDA = 2). Further
experiments not currently available may help to clarify this point.

The computational results also allow splitting of the total
energy of the zeolite-SDA system, which is one of the main
components of the synthesis energy, into different energetic
contributions. From the subsequent analysis, it is possible to
quantify, among others, the extent of the zeo-SDA van der Waals
contribution, which is well-known to be one of the main
contributions to drive the zeolite synthesis. Calculation of this
contribution as energy per SDA molecule and as energy per TO,
atom allowed us to separate the effects of “fitting” and “packing”,
respectively. The latter includes the former, but it also adds the
role of how the zeolite porosity is filled by SDA molecules and
relates also to the number of aluminum atoms (Si/Al) that can
be incorporated in the zeolite phase.

Further insights into the results of the zeolite synthesis are
expected when the role of defects is incorporated in the
calculations. This is underway and will be the subject of future
studies.
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