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ABSTRACT: Zeolites are a large family of crystalline microporous materials with,
mainly, silicate and aluminosilicate composition. Each topology can only be
synthesized in a specific range of aluminum content, Al/(Si + Al), within the
interval [0−0.5], and this interval cannot, in general, be predicted for each
structure. Aluminum and organic structure directing agents (OSDAs), among
others, act together in obtaining the zeolite phase under each specific synthesis
condition. The present study is an attempt to rationalize the role of aluminum as a
structure directing agent in the synthesis of zeolites using computational chemistry
and based on the criteria of energetic stability using both force field and periodic
DFT methods. A proper selection of cases in which, using the same OSDA,
different zeolite phases are obtained in the presence and absence of aluminum helps
to rationalize how aluminum contributes to the relative stability of the different
competing zeolite phases considered.

1. INTRODUCTION
Zeolites are nowadays a large family of crystalline microporous
materials made of corner-sharing TO4/2 tetrahedra, with T
being an atom with tetrahedral coordination such as�
mainly�Si, B, Al, Ge, and P. The composition of zeolites
can be expressed as OSDAm+

bMn+
aAlxPySi1−x−yO2, with the

electroneutrality condition x = n·a + m·b + y. Trivalent atoms
other than Al are allowed, such as B, Ga, Be, and very rarely N;
tetravalent atoms are typically Si and Ge; and pentavalent
atoms are�when present�almost exclusively P and very
rarely As. Also, framework atoms can be divalent, such as Zn
and Mg. Extra framework cations, hence located in the
micropore, are Mn+ (inorganic) and OSDAm+ (organic), which
are incorporated during the synthesis and play the role of a
structure directing agent (SDA). Exceptionally, protons are the
only cations located in the framework, forming Brønsted acid
sites such as �SiO(H)Al�.

Since their discovery (stilbite) as minerals in 1752 by Axel F.
Cronstedt, a large majority of known (ca. 67) natural zeolites
are aluminosilicates, but synthesis in the laboratory allowed us
to expand vastly the chemical composition as outlined above
and also the number of topologies found. Although
aluminosilicate is still the preferred chemical composition for
catalytic applications, the name zeolite can be applied to all
chemical compositions compatible with the microporous
corner-sharing tetrahedra coordination that defines the family.
However, the full definition also requires some conditions for
an appropriate structural characterization, which is sometimes
precluded due to the presence of intergrowths. Hence, if the

sample does not contain a sufficient amount of end polymorph,
it will be provisionally excluded from the database of zeolite
structures and will be moved to the database of disordered
zeolite structures. This separation has been formally intro-
duced very recently. At the time of this update, the number of
zeolites moved from the first group (ordered) to the second
(disordered) was 7 (BEA, CTH, MRE, PCS, SFV, STO, and
UOE), and the number of “Zeolite Structures” decreased from
253 to 246. Finally, in an extension of the above concepts,
interrupted structures (those containing terminal �Si−O) are
also accepted as zeolites. Currently, there are 14 interrupted
zeolite frameworks described: -CHI, -CLO, -EWT, -IFT, -IFU,
-IRY, -ITV, -LIT, -PAR, -RON, -SSO, -SVR, -SYT, and -WEN.

The structural characterization does not imply that the
atomic positions are chemically ordered, and so in zeolites, it is
very usual to achieve a structural characterization without full
knowledge of the chemical distribution of atoms, and so in
particular, for aluminosilicates, the aluminum distribution is
not known in full detail. 29Si and 27Al MAS NMR allow us to
reduce the number of possibilities so that, among all
possibilities, only those meeting certain criteria are compatible
with the characterization.1−5
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Different synthesis conditions have been described so that,
with the same Si/Al ratio in the same zeolite, several
possibilities of Al ordering are generated, and they can show
notable differences in specific catalytic applications. Li et al.6

introduced B atoms to the synthesis of ZSM-5 structures to
direct the Al atoms to 10-rings channels which enhanced the
catalytic activity of ZSM-5 samples for hexene cracking. While
investigating the methanol-to-dimethyl ether (DME) reaction
by density functional theory (DFT) calculations, Ghorbanpour
et al.7 found that Al atoms in different T sites of H-ZSM-5 alter
the Gibbs free energy profile of the reaction. Biligetu et al.8

utilized various straight- and branched-chain alcohols in the
synthesis gel to observe their effect on the Al distribution and
the catalytic performance of ZSM-5 zeolite. They concluded
that ZSM-5 synthesized with trimethylolethane in combination
with Na cations in the synthesis gel had the best catalytic
activity for methanol-to-olefin reaction due to Al atoms being
preferentially siting in 10-ring channels. Chu et al.9 synthesized
FER-type zeolites using various linear and cyclic organic
structure directing agents (OSDAs) under fluoride and
hydroxide medium to elucidate the relationship between Al
locations in FER-type zeolites and their catalytic activity in
DME carbonylation reaction. They found out that FER-type
zeolites are not ideal catalysts for DME carbonylation reaction
due to their Al atoms being mostly constrained on T1 and T3
sites which are inactive for the reaction, regardless of the
OSDA or the synthesis media. Vjunov et al.10 analyzed the Al
distribution HBEA zeolite with different Si/Al contents using
DFT-generated extended X-ray absorption fine structure
spectra of the structures. Their results showed that the Al
atoms in the crystallographic sites T-7 and T-2 are more
susceptible to be removed as the Al content of the structure
decreases. Perea et al.11 used atom probe tomography to
determine the location and nearest Al neighbors of framework
Al atoms in ZSM-5. They discovered that the Al atoms, which
are normally distributed uniformly in ZSM-5 with a probable
Al−Al neighbor distance of 18 ± 6 Å, start forming clusters
after severe steam-treating of the structure (a probable Al−Al
neighbor distance of 9 ± 3 Å). These works, along with many
others,12−21 show the importance of Al location of the catalytic
performance of zeolites.

Early studies by Shantz and co-workers22−24 used 29Si and
27Al NMR to study the aluminum distribution of Al-ZSM-12
zeolite and found that rather than random it is controlled by
the OSDA used in the synthesis. The Al atoms (+3 formal
charge) behave as pseudo-negative charges compared to Si
atoms (+4) and tend to locate close to the positive charge of
the OSDA molecule. A similar result was found when Li et al.25

studied the effect of N,N,N-trimethyl-1-adamantyl ammonium
on the Al distribution in SSZ-13. In this way, the OSDA has
not only the effect of directing the synthesis toward a particular
structure but is also responsible for the Al distribution in the
as-made zeolite. Also, in the case of ZSM-18, the OSDA (tris-
methyl-pyrrolidinium) does not only stabilize the structure but
also drives the Al location almost exclusively to the T3 (3-
rings) crystallographic position.26 The directing role of OSDAs
in the synthesis of zeolites has been widely explored in the
literature.27−38

While the conceptual idea on the role of an OSDA in Al
distribution is simple, a more difficult challenge is to unveil the
role of Al in driving the synthesis toward a specific zeolite
phase. The most general question is how do we guess the
zeolite obtained using as input the synthesis conditions? This

question is of course the holy grail of the synthesis of zeolites,
and we are still far from having a general explanation, although
undoubtedly a considerable advance has been done in the last
70 years, with excellent reviews available in the litera-
ture.29,39,40 The aim of this study is not so general, and thus,
a relatively simple strategy has been devised in order to unveil
how Al drives the synthesis to specific zeolites. For this task,
pairs of synthesis routes have been selected so that they (a)
employ the same OSDA and (b) give different phases when
using pure silica and aluminosilicate gels. In this way, we can
conclude that if the absence/presence of Al gives different
zeolites, with�roughly�all other synthesis parameters being
the same, then the role of Al, when present, is a crucial factor
to explain the zeolite phase obtained. Further, the use of
computational methods does not only allow us to compare the
total energies and establish if the zeolite obtained is driven
thermodynamically, as that with lowest energy, but also should
allow us to calculate the different contributions to the energy
and analyze which of them play a more dominant role in order
to justify the phase obtained. Similar ideas have been recently
used to computationally analyze the role of fluoride, by
comparing synthesis routes that give different pure silica
zeolites using the same OSDA in the absence/presence of
fluoride.41 Among other results, this study suggests an
explanation regarding the competition of pure silica UFI vs
LTA when using 1,2-dimethyl-3-(2-fluorobenzyl)imidazolium
as an OSDA forming self-assembling dimers in the lta cavities
present in both zeolites. The presence of the additional
[4554648] cavities in UFI allows a larger relaxation of the lta
cavities, considerably strained by the presence of OSDA
dimers, hence giving UFI in OH− media. In fluoride media, the
more compact electrostatic packing of SDA+-F− in LTA,
without the [4554648] cavities of UFI, contributes to a larger
electrostatic stabilization, giving LTA as a product. In a similar
way, the present study intends to guess general rules about
aluminum incorporation in zeolites that may ultimately lead to
understand and predict the most probable Si/Al interval upon
which each zeolite can be synthesized.

2. COMPUTATIONAL METHODS
2.1. OSDA Search Details. In this article, as well as in our

recent previous study,41 we introduce the idea of “competing
phases” from a strict experimental viewpoint. As a
consequence, the list of “competing zeolites” is obtained
from all zeolites experimentally synthesized with a given
OSDA, either as pure silica or as aluminosilicate. Unlike
previous works in which, for each OSDA, all known zeolites
were calculated with the aim of searching new OSDAs for the
synthesis of zeolites,42,43 the aim of the present work is rather
trying to explore the experimental interval of chemical
composition with which certain zeolites can be obtained. To
achieve this, an exhaustive literature search was performed
using SciFinder.44 Specific keywords were introduced in the
“reference search” in order to find OSDAs, and a total of 8754
publications + patents were identified, each of the records
containing an extended information including the abstract. An
algorithm was designed in order to remove records
corresponding to (a) germanium-containing zeolites; (b)
MFI, FAU, and MOR as the material names of the zeolite
structure since these structures can be easily synthesized
without an OSDA; (c) zeolites synthesized in the presence of
inorganic cations (e.g., Na+ and K+); (d) zeolites synthesized
in the presence of seed crystals; and (e) patents since they
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rarely disclose all relevant information regarding the synthesis
procedure. For instance, in the study by Dusselier et al.,45 the
authors synthesized aluminosilicate GME using N,N-dimethyl-
3,5-dimethylpiperidinium (SDA3 in Table 1) and Na+ cations
in the synthesis gel. Since we focus on the directing role of Al,
we exclude from this study any synthesis report containing
inorganic cations.

From the resulting selection, a table was generated gathering
basic synthesis parameters (such as Si/Al, water/Si, and the
presence of fluoride in the synthesis) that were grouped by
OSDA. Finally, only records involving the synthesis of different
zeolites as silica and aluminosilicate were kept (see Table S1).
Seven OSDAs were identified to fit those criteria. The names
and the structures of these OSDAs are given in Table 1 along
with the zeolite phases that are obtained under pure silica and
aluminosilicate conditions. The corresponding references are
indicated in the Supporting Information (Table S1).
2.2. Force Field Simulation Details. zeoTsda software

employs the General Utility Lattice Program (GULP)46 to
generate a combination of Monte Carlo and lattice energy
minimization techniques in order to find the lowest conforma-
tional energy of OSDAs inside zeolite micropores. In the
simulations, Lennard-Jones potentials were used to describe
the non-bonded two-body interactions, not only between
different OSDA molecules but also within all Si, Al, and O
atoms in the zeolite with a cut-off radius of 12 Å. The
incorporation of long-range interactions was tackled through
the Ewald summation method. The electrostatic charges of the
OSDAs as well as Si(OH)4, Al(OH)3, and H2O were taken
from a charge equilibration approach.47 As in our previous
work,42 the approximation of zero overall charge for the OSDA
was considered for pure silica zeolites, while for the
aluminosilicate cases, the OSDAs were considered with their
charge distribution corresponding to the overall cationic

charge, usually +1, except in the case of SDA7 (+2). The
charges of zeolite atoms were, on the one hand, q(Si) = 2.1 and
q(O) = −1.05 for the central SiO4 tetrahedra in Si−(O4)−
(SiO3/2)4 units, giving an overall zero charge, and on the other
hand q(Al) = 1.575 and q(O) = −1.16875 for the central AlO4
tetrahedra in Al−(O4)−(SiO3/2)4 units, giving an overall −1
charge, as obtained from the force field for silica,
aluminosilicate, and silicoaluminophosphate zeolites by Bush-
uev and Sastre (BS).48 The potential parameters of the OSDA
atoms are taken from Oie et al.49 The location of OSDAs
and�for synthesis in fluoride media�fluoride anions inside
the zeolite is determined using zeoTsda.42 The software works
in a fully automated way and is able to find the optimum
loading of OSDAs in the zeolite micropores with the CIF of
zeolite and the XYZ coordinates of the OSDA as the only input
required. An approximate 5% failure has so far been
experienced due mainly to difficult cases related to extremely
tight-fitting zeo−OSDA pairs or highly connected zeolite
micropores containing a large number of similar energetically
equivalent locations. Hence, visual inspection is always
recommended in order to refine possible errors. In the present
study, only SDA7-ITH was incorrectly predicted by zeoTsda.
In particular, the self-assembling (two molecules per cage) of
SDA4 in RTH50 was predicted by zeoTsda. Also, the cavity in
which fluoride is located, in the case of silica in fluoride media,
was correctly predicted by zeoTsda (except for ITH), although
covalent Si−F bonds in small (except D4R) cavities cannot be
predicted by this force field. The framework Al atoms were
incorporated into the aluminosilicate zeolite models using
zeoTAl software,51 which generated in each case 100 random
Al configurations for a given Al content, of which only the
most energetically favorable was selected. The Al content was
selected as that which compensates the positive charges of the
optimum loading of OSDAs obtained from the zeoTsda

Table 1. Names and Structures of the Seven OSDA Molecules and the Zeolite Phases That Are Obtained by Using Them under
Pure Silica and Aluminosilicate Conditions

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c01567
J. Phys. Chem. C 2023, 127, 10797−10805

10799

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01567/suppl_file/jp3c01567_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c01567/suppl_file/jp3c01567_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01567?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01567?fig=tbl1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c01567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


calculation for the corresponding pure silica zeolite. Hence,
since all aluminosilicates are synthesized without fluoride, the
positive charge of OSDAs is compensated exclusively by Al.

From the final geometries obtained by zeoTsda, an energy
decomposition was made for pure silica zeolites. For
aluminosilicate phases and pure silica zeolites under fluoride
media, the geometry optimization was also done by periodic
DFT calculations, which are explained in detail in Section S5,
to compare the results obtained by both computational
methods.
2.3. Synthesis Energy for Pure Silica and Aluminosi-

licate Zeolites. A new equation that allows us to compare the
stabilities of zeolites with different Si/Al ratios has been
derived based on the following concept. If the synthesis of two
different zeolites can be written in terms of the same reactants
(as in Scheme 1), the energies of the products can be directly
compared since they should have equal overall chemical
compositions.

In Scheme 1, two zeolites are obtained in two reactions with
the same reactants. A given zeolite (zeo1) is obtained (with Si/
Al = m1/p1) using an OSDA through condensation of Si and Al
monomers, giving water as a product, but also another zeolite
(zeo2) with different Si/Al can be obtained, giving Si and Al
reactant monomers in excess (m3 and p3), but also another
zeolite (zeo2) as well as OSDA. Since both reactions have the
same reactants, the stability of the products can be directly
compared. A more detailed analysis (see the Supporting
Information, Section S3) gives the following equation that
quantifies the stability, from the synthesis reaction, of a given
zeo−OSDA pair.

= + · + ·

+ + ·

E E E p m p

E E m m p E

2 /( )

( ) /( )

zeo OSDA
syn

zeo OSDA H O

SDAOH Al(OH) Si(OH)

2

3 4

(3)

where Ezeo−OSDA
syn represents the total energy of the zeolite

synthesis reaction, Ezeo−OSDA is the total energy of the pure
silica (as in eqs 1 and 2) or aluminosilicate zeo−OSDA pair,
ESDAOH represents the energy of the OSDA molecule
neutralized with a hydroxide, and “m” and “p” are the number
of Si and Al atoms in the framework, respectively. The energies
of H2O, Si(OH)4, and Al(OH)3 (Tables S5 and S6) are
included in eq 3 due to their energetic contribution to the
oligomerization and ring closure reactions during the synthesis
of zeolite.

Esyn can be regarded as an enthalpy of reaction when
considering silicon and aluminum hydroxides as sources of Si
and Al. In that sense, some of the synthesis seem to be
exothermic (negative values of Esyn), while others seem to be
endothermic (positive values of Esyn). From the different
possibilities considered, that with lowest enthalpy will be our
prediction, regardless of the fact that the value is positive or
negative. Exothermic reactions will in principle require less
activation energy and will be more favorable, but also
endothermic reactions are perfectly possible since the hydro-
thermal synthesis conditions require high pressure and
temperatures in the range of 130−180 °C.

The pure silica and aluminosilicate zeolite phase obtained by
each OSDA can be predicted according to the Ezeo−OSDA

syn values
for all the competing zeolites and taking the lowest as the most
stable. The results for the comparison of aluminosilicate
zeolite-OSDA stability considering force field and DFT
calculations are given in detail in Tables S6 and S9,
respectively. The main results are included in Tables 2 and 3.

2.4. Total Energy Decomposition for Pure Silica
Zeolites. A detailed energy decomposition analysis was
employed considering the various energy contributions to
the total energy of the zeo−OSDA system for pure silica
zeolites considering the hydroxide or fluoride route, depending
on the synthesis (Table S1), using a similar strategy with one

Scheme 1. Synthesis Reactions of Aluminosilicate Zeolites

Table 2. “Synthesis Energies” of Pure Silica Phases under
Fluoride and Hydroxide Media Calculated by Force Field
Simulations, as from eq 3a

aThe predicted (lowest energy) zeolite phase indicated in colors;
green indicates a correct prediction, while red indicates a false
prediction.
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of our recent studies.41 The total energies of the zeo-SDA
systems for pure silica zeolites can be calculated using the
following expressions

= + + +
+ +

E E E E E

E E
zeo OSDA zeo OSDA

Coul inter
OSDA
vdw

OSDA
intra

zeo OSDA
Coul inter

zeo OSDA
vdw (1)

= + + +
+ + +

E E E E E

E E E
zeo OSDA F zeo OSDAF

Coul inter
OSDAF
vdw

OSDAF
intra

zeo OSDAF
Coul inter

zeo OSDA
vdw

zeo F
vdw (2)

Each component in eqs 1 and 2 is essential in explaining the
structure directing effect of OSDAs and the stability of the final
structure. All contributions are divided by the number of SiO2
in the unit cell unless otherwise specified and are explained in
detail in the Supporting Information (Section S2 and Tables
S3 and S4). With these components of energy, it is possible to
identify the driving factor for the selection of the final zeolite

phase which is calculated depending on the synthesis energies
of zeolites. For the aluminosilicate case, it is not possible to
calculate separately Ezeo since the framework is not neutral
due to the presence of aluminum, and a periodic charged
system has no chemical sense. Hence, only pairing the
negatively charged framework with the counteranion (such
as OSDA) is possible to calculate an energy contribution.
Therefore, for aluminosilicates, we will only use the total
energy, Ezeo−OSDA, without energy decomposition.

3. RESULTS AND DISCUSSION
The force field results for the energetic analysis of pure silica
and aluminosilicate zeolites are shown in Tables 2 and 3,
respectively. The prediction of phase selectivity is done
according to the lowest E(syn) values in these tables regardless
of the fact that they are positive or negative. The predicted
zeolite phases for each OSDA under pure silica and
aluminosilicate conditions are presented in Table 4 along
with the experimental results for the sake of comparison.

Among the seven OSDA molecules employed in this work,
SDA1 was certainly the one with the worst selectivity, leading
to four different pure silica phases (BEA, DDR, DOH, and
SGT) and two different aluminosilicate zeolites (MTW and
CHA). The final product of the pure silica phase was reported
to be changing from BEA, a 3-D large pore zeolite, to DDR, a
2-D zeolite with eight-ring channels, and then eventually to
DOH, a clathrasil, as the water/silica ratio increases.52 This is
in agreement with the general rule of thumb for zeolite
synthesis that higher density products are formed with higher
water/silica ratios.53 All of these zeolite structures were
obtained as pure silica in fluoride media; thus, we included
in Table 2 the results of the calculations including F− anions to
compensate the charge of SDA1. Our calculations predicted
BEA, DDR, DOH, and MTW as the final pure silica products
in fluoride media (Ezeo−OSDA

syn = −0.036 eV/SiO2 for BEA,
−0.026 eV/SiO2 for DDR, −0.040 eV/SiO2 for DOH, and
−0.045 eV/SiO2 for MTW). All of the predicted pure silica
zeolite phases were in agreement with the experiments, except
for MTW. Although MTW is an aluminosilicate, Wagner et
al.54 were able to synthesize high-silica MTW (Si/Al = 70)
using SDA1. We believe that this small Al content (less than 1
Al per unit cell) could be the reason for the shortcoming of our
calculation method. When Al is included in the calculations,
CHA becomes the predicted zeolite phase with a “synthesis
energy” (eq 3 and Table 3) of −0.741 eV/T. Although the
prediction of CHA as the aluminosilicate phase is correct based
on experimental results, MTW can also be synthesized as
aluminosilicate with SDA1, which is not predicted from the

Table 3. “Synthesis Energies” of Aluminosilicate Phases
Calculated by Force Field Simulations, as from eq 3a

aThe predicted (lowest energy) zeolite phases indicated in colors;
green indicates a correct prediction, while red indicates a false
prediction. “m” and “p” are the number of Si and Al atoms,
respectively, in a unit cell.

Table 4. Comparison between Force Field-Calculated Pure Silica and Aluminosilicate Zeolite Phases and Experiments (See
also Table S1)

pure silica

hydroxide fluoride aluminosilicate

OSDA calculated experiments calculated experiments calculated experiments

SDA1 BEA, DOH, MTW BEA, SGT, DDR, DOH CHA CHA, MTW
SDA2 SFF SFF SFF SFF AEI AEI
SDA3 MTW MTW MTW MTW AEI, CHA AEI, CHA
SDA4 ITW ITW RTH RTH
SDA5 STW STW RTH RTH
SDA6 ITW ITW, TON FER FER
SDA7 MRE MRE MRE ITH ITH EUO
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calculations, albeit�as said above−this refers to a synthesis
with very low Al content (Si/Al = 70).54

The synthesis using SDA2 and SDA3 showed some
similarities as the final pure silica structures for both OSDAs
were one-dimensional channel zeolites, SFF for SDA2 and
MTW for SDA3, in both hydroxide and fluoride media. In
hydroxide media, SFF and MTW are correctly predicted as the
pure silica phases for SDA2 and SDA3, respectively, due to
their favorable “synthesis energies” (0.398 eV/SiO2 for SDA2-
SFF and 0.206 eV/SiO2 for SDA3-MTW, Table 2). The short-
range interactions between SDA2 and SFF are similar to those
for AEI, which is the competing phase, and so the larger
stability of SDA2-SFF is due to Ezeo and ESDA terms, the latter
referring to the strain of SDA2 in each zeolite (see Table S3).
For SDA3-MTW, in spite of the smaller short-range
stabilization, Ezeo−OSDA

vdw (−0.024 eV/SiO2, compared to
−0.068 and −0.064 eV/SiO2 for AEI and CHA, respectively,
Table S4), the larger stability of Ezeo for MTW dominates and
explains the overall lowest energy for SDA3-MTW in
hydroxide media. When fluoride anions were considered in
the calculations, the predicted pure silica phase for both SDAs
remain the same (Table 2), in agreement with the experiments
(Table 4).

The inclusion of Al using SDA2 leads to AEI as the
computationally predicted phase (Ezeo−OSDA

syn = −0.682 eV/T).
This is in perfect agreement with the experimental results. We
note that, even though SFF can be synthesized with SDA2 in
an aluminosilicate gel composition, the final product of the
synthesis was identified to be a pure silica zeolite.55 Therefore,
we do not include SFF in experimental aluminosilicate phases
obtained using SDA2 in Table 4. For SDA3, CHA is the phase
with lowest energy as aluminosilicate, in agreement with
experiments. The energy difference between CHA and AEI is
very small (−0.801 and −0.795 eV/T), which suggests that
both phases can be synthesized, and this is in fact the
experimental result (Table 4). AEI and CHA are both 3-D
open framework aluminosilicate structures containing D6R
units in the framework. These examples validate the structure
directing effect of Al toward more open structures.56

ITW and STW are zeolite structures containing double four-
ring units (D4R) which are obtained as pure silica in fluoride
media when using SDA4 and SDA5, respectively. ITW is the
most stable product in our calculations with Ezeo−OSDA

syn =
−0.362 eV/SiO2 (Table 2). Although the zeo-SDAF
interactions of SDA4-RTH-F are more favorable than those
for ITW, the lower SDA strain and the larger zeolite stability of
ITW drive the most stable phase to ITW (see Table S4). This
is due to the tight packing of OSDA molecules inside the pores
of RTH, with two OSDA molecules per cage, whereas in ITW,
one OSDA molecule was placed in each cage. When using
SDA5 in pure silica gel and fluoride media, STW shows lower
calculated “synthesis energy” than RTH (−0.331 eV/SiO2 for
STW and −0.314 eV/SiO2 for RTH). The main factor
contributing to this result is the favorable OSDA-F energy for
STW (0.099 eV/SiO2) compared to RTH (0.184 eV/SiO2,
Table S4) due to the smaller strain of SDA5 in STW.

When using SDA4 and SDA5, if Al is incorporated in the
synthesis gel, it replaces fluoride anions as the charge balancing
factor of OSDAs. As a result, the phase selectivity of the
synthesis shifts from D4R-containing frameworks (ITW and
STW) to RTH (Ezeo−OSDA

syn = −1.425 eV/T atom for both
SDAs, Table 3), containing [4454] and [46586484] rth cavities.

Using SDA6 in pure silica gel and fluoride media gives ITW
(2-D zeolite with D4R units) and TON (1-D zeolite with 10-
ring channels) according to the experiments (Tables 4 and S1).
Our calculations in fluoride media correctly predict ITW but
failed to predict TON. In the case of ITW, the largest
contribution to the selectivity came from its lower Ezeo−OSDAF
(−0.520 eV/SiO2, compared to −0.491 and −0.184 eV/SiO2
for FER and TON, respectively, Table S4). When Al atoms are
incorporated into the synthesis, the final product switches to
FER, which is correctly predicted from the calculations (Table
3).

For SDA7, pure silica zeolite synthesis in hydroxide media
correctly predicts MRE as the most stable phase. Having less
favorable short-range interactions with the OSDA, Ez‑SDA(vdw)
in Table S3, compared to its competitors, the synthesis of
MRE is driven by its larger stability (Ezeo = −40.573 eV/SiO2)
with respect to ITH and EUO (−40.529 and −40.528 eV/
SiO2, respectively). Addition of fluoride to the synthesis shifts
the synthesis product from MRE, a 1-D 10 MR channeled
zeolite, to ITH (3D) with D4R units, which could not be
predicted by our fluoride media calculations, although MRE
can also appear at low fluoride concentration and alkaline
pH.57,58 Inclusion of Al atoms in the synthesis with SDA7
changes the predicted final product to EUO, which is this time
only predicted by the periodic DFT (Ezeo−OSDA

syn,DFT = −0.711 and
−0.699 eV/T for EUO and ITH, respectively, Table S8) and
not by the force field calculations (Ezeo−OSDA

syn,ff = −0.718 and
−0.740 eV/T for EUO and ITH, respectively, Table 3). In all
other cases, there is a qualitative agreement between both
methods. Since the aluminosilicate gel does not contain
fluoride anions, the stabilizing role of fluoride-D4Rs in ITH is
not present, and this contributes to EUO being the phase
obtained.

When all the results for the aluminosilicate zeolites are
examined in detail, it is observed that competing phases with
lower Si/Al have a lower synthesis energy. This is in fact an
expected outcome since the energy of incorporating Al into the
framework is more favorable than the energy of Si
incorporation into the framework. Zeolites are in fact,
naturally, aluminosilicates. This effect becomes more pro-
nounced especially when the topology of the zeolite allows
occlusion of more OSDA molecules into the micropores,
leading to an increased amount of Al atoms in the framework
(lower Si/Al). Finally, we wanted to investigate how the
synthesis energies would be affected if two zeolites would have
the same Si/Al. Thus, in Table S12, we compared the synthesis
energies of ITW and TON with the same Si/Al = 23 using
SDA6. In this case, ITW is the preferred phase due to the
favorable zeolite−SDA interactions. Therefore, when Si/Al is
the same for two competing phases, the SDA packing drives
the synthesis instead of the Al incorporation energy.

4. CONCLUSIONS
Overall, both computational methods we used in this work
gave in general correct predictions for the most stable zeolite
phases obtained under pure silica and aluminosilicate
conditions according to their Esyn values, and the energetic
analysis was able to elucidate the structure directing effects of
OSDA and Al atoms in the framework. A few cases remain
with wrong predictions from the calculations, and this indicates
the direction for future work. Nevertheless, the fact that the
lowest Esyn value (hence lowest energy) indicates the
experimentally synthesized phase shows that this is an excellent
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descriptor. We suggest that this descriptor can be employed in
future work by other groups. The presence of defects, effect of
water/silica, temperature, and kinetic factors are still not
properly accounted in our methods. Within the aluminosilicate
competing phases, that containing the lower Si/Al tends to be
more stable. This follows from the relative enthalpies of
incorporating aluminum vs silicon, as well as from the ability of
the competing phases to occlude a large number of OSDA
molecules per T-atom (hence more Al and lower Si/Al),
maximizing the short-range zeo−OSDA energetic stabilization.
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