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ABSTRACT: Force field-based calculations of all-silica zeolites show the role of fluoride as a
structure-directing agent (SDA). Calculations of fully packed organic and fluoride SDAs were
possible with an updated version of zeoTsda software, based on Monte Carlo+Lattice Energy
Minimization. Comparison between fluoride-containing and fluoride-free calculations using the
same organic SDA allowed us to predict which zeolite phase is obtained in fluoride and
hydroxide media and also, through a new energy decomposition scheme, identify energetic
contributions driving the synthesis outcome.

1. INTRODUCTION

Zeolites are a large and growing family of currently 255
microporous crystalline aluminosilicates, aluminophosphates,
and their chemically related derivatives, formed by corner-
sharing tetrahedral frameworks, which find applications in
catalysis and separation industrial processes.
Two important hydrothermal synthetic routes differ in using

either a hydroxide or a fluoride anion as a mineralizer,
influencing the final microporous material obtained. The
incorporation of each anion in the zeolite framework has
utterly different effects. While hydroxide gives internal silanol
nests leading to connectivity defects, fluoride is incorporated
inside small cavities, giving defectless structures.
Flanigen and Patton introduced the fluoride route1 and

noted that (a) it increases the solubility of silica species at
neutral pH and (b) catalyzes the condensation reactions
making Si−O−Si bonds; hence, the fluoride route is
particularly successful in obtaining all-silica zeolites. A third
aspect of the fluoride route is the structure-directing effect of
fluoride, which always acts jointly to that of the organic
structure-directing agent (OSDA), and hence, it is not easy to
separate both effects. This will be attempted in the present
study.
The fluoride route remains academically important, since it

contributes to the synthesis of new structures and to
understanding better the outcomes and intricacies of the
zeolite synthesis, but the inherent danger and environmental
disadvantage of using HF makes this route commercially
inconvenient. In just a few cases, structures first synthesized in
fluoride were later synthesized in hydroxide media, such as
BEC (silicogermanate),2 ITQ-21 (silicogermanate),3 STF

(pure silica),4 IWV (aluminosilicate),5 SVR (aluminosilicate6

and pure silica7), and STW (pure silica),8 this being a two-step
process that may allow introduction of new zeolites in
industrial applications, through the more environmentally
safe synthesis in hydroxide media.
Examples of all-silica zeolites synthesized in hydroxide

media, apart from the two above-mentioned ones (STF and
STW), are DDR,9 MRE,10 CFI,11 MWW,12 AFI,13 STO,14

PCS,15 RRO,16 and SFV.17 We estimate that at least 50
topologies can be synthesized as all-silica in hydroxide media.
The total number of all-silica structures is 68,18 and they are
indicated in Table S1.
The number of all-silica zeolites has grown considerably,

since the fluoride route has been employed by an increasing
number of research groups. Table 1 of a study by Lu et al.19

includes 22 structures obtained for the first time as all-silica
using the fluoride route. The latest three obtained are STW,
*-SSO, and CSV. Recent new topologies first obtained as all-
silica in hydroxide media are IFY, EWT, SVY, and PCS.
An important observation is that structures containing a

small cage formed by eight tetrahedral atoms, named [46] or
double four ring (D4R), can be synthesized more easily using
fluoride rather than hydroxide media.20 More in general, it can
be said that fluoride favors the formation of small cavities
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containing 4-rings21 and in particular D4Rs. In the present
work, the only zeolites with D4Rs are AST, LTA, and UFI.
From the total of 41 structures containing D4R, 9 have been

obtained as pure silica using the fluoride route: AST, ISV,
ITW, BEC, ITH, STW, LTA, IHW, and IWR. These pure silica
structures cannot be, as far as we know, obtained in hydroxide
media, except STW.8 Also, pure silica structures without D4R
can be obtained in fluoride media, such as BEA, ITE, IFR,
CHA, STF, MTF, ATS, -ITN, RTH, NES, EUO, CON, SAS,
and -SVR.
Figure 3 of the study by Lu et al.19 shows a large increase in

the number of new structures containing D4Rs that were
synthesized, since the fluoride route became widely used. This
happened after 1998, when Villaescusa, Camblor, and co-
workers made the breakthrough discovery of using the water/
silica ratio as a new synthesis variable within the fluoride route,
leading to the formation of less-dense structures as the gels
become more concentrated.22

Liu et al.23 explained this effect using all-silica ITQ-13
(ITH), with fluoride located both in [415262] and D4R
cavities. While in the first cavities, fluoride could be exchanged
by SiO− defects, mainly, stabilized at 6-rings, this was not
possible with fluorides in D4Rs, hence the current impossibility
to synthesize all-silica ITH in the absence of fluoride.
The rule of fluoride media favoring the presence of 4-rings

and in particular D4Rs is extended and generalized when
germania alone or with silica, instead of pure silica, is used as
the synthesis gel in which case the number of new structures
containing D4Rs is even larger. From the 25 germanates and
silicogermanates (Table S2), only one of them (ECNU-21,
EWO) does not contain D4Rs. A number of them were
synthesized without using the fluoride route. IWW is an
example, being a new structure obtained as silicogermanate,
containing D4Rs, and synthesized in fluoride-free media.24

This means that the presence of Ge is so strong in directing
toward D4R-containing structures that fluoride is not

mandatory. Contrarily, when the gel is pure silica, the presence
of fluoride is very much needed in order to obtain structures
with D4Rs.
Prior to the discovery of the fluoride route, organic

molecules were identified by Barrer as SDAs in the early
1960s by roles in between a simple pore filling or a full
templating effect.25 Unlike fluoride, OSDAs show a fit (shape
and size) between the OSDA and the micropore that facilitates
a quantitative interpretation by simple computational chem-
istry calculations of the zeo−OSDA energetic interaction.26

An experimental and computational study by Zones and co-
workers27 using a series of piperidinium-based (with names
G11−G213) OSDAs and synthesized in fluoride and
hydroxide media allows one to compare the strength of the
OSDA-directing effect. Correct predictions of zeolites obtained
in fluoride media were AST, using G11 and G74 OSDAs
(Tables 4 and 5 in ref 27); SGT using G80 (Tables 4 and 6 in
ref 27); and STF using G39, G61, and G77 (Tables 4 and 6 in
ref 27). Other predictions were not correct, such as AST using
G210 (instead of NON, Tables 4 and 5 in ref 27) and SGT
using G65 (instead of DOH, Tables 4 and 6 in ref 27).
In our own studies, it was possible to explain the different

outcome of ZSM-12 (MTW) and EU-1 (EUO) structures
synthesized with N-cyclohexyl-N-methyl-pyrrolidinium as the
OSDA at lower and larger aluminum contents, respectively,
with the help of a theoretical and computational model
including the role of OSDAs and fluoride.28 We also calculated
the preference of OSDAs in the competing synthesis of Beta-C
(BEC) and ITQ-7 (ISV) zeolites, with 1,3,3-trimethyl-6-
azonium-tricyclo[3.2.1.4.6.6]-dodecane hydroxide and 1-iso-
propyl-4,4,7-trimethyl-4-azonia-tricyclo[5.2.2.0]-undecane-8-
ene iodide giving ITQ-7 in a wide range of compositions, while
OSDAs 4,4-dimethyl-4-azonia-tricyclo[5.2.2.0]-undecane-8-
ene iodide and benzyl-DABCO give preferentially Beta-C.29

Hence, computational studies can explain and predict
preferential OSDA stabilities and their subsequent zeolite

Table 1. Selection of Full Results from Tables S1 and S2 and Total Energy and Contributions (eV/SiO2) of Zeo−OSDA
Systems in the Presence (F) and Absence (noF) of Fluoridea

F noF (4) (7) (9) F (9) noF (10) F (10) noF

z-SDA nSi nSDA E(T) E(T)
E(SDAF)
(cou)

E(z-SDAF)
(cou)

E(z-SDA)
(vdw)

E(z-SDA)
(vdw)

E(z-SDA) (vdw/
SDA)

E(z-SDA) (vdw/
SDA)

sda01_AST 40 4 −41.116 −40.571 −0.380 −0.553 −0.106 −0.109 −1.061 −1.085
sda01_NON 88 4 −40.645 −40.572 −0.151 −0.189 −0.044 −0.046 −0.974 −1.011
sda02_MEL 96 4 −40.754 −40.557 −0.115 −0.225 −0.041 −0.039 −0.979 −0.946
sda02_MTW 56 2 −40.736 −40.577 −0.110 −0.152 −0.039 −0.039 −1.087 −1.102
sda03_STF 64 4 −40.736 −40.491 −0.175 −0.314 −0.076 −0.073 −1.217 −1.161
sda03_STO 112 4 −40.651 −40.543 −0.067 −0.204 −0.037 −0.039 −1.049 −1.084
sda04_STF 64 4 −40.782 −40.512 −0.173 −0.313 −0.064 −0.069 −1.029 −1.106
sda04_STO 224 8 −40.693 −40.562 −0.094 −0.189 −0.033 −0.037 −0.917 −1.027
sda05_CON 56 2 −40.642 −40.502 −0.090 −0.189 −0.035 −0.033 −0.988 −0.931
sda05_NES 136 6 −40.688 −40.522 −0.124 −0.262 −0.049 −0.053 −1.110 −1.195
sda05_STF 64 4 −40.775 −40.513 −0.163 −0.320 −0.073 −0.075 −1.168 −1.194
sda05_STO 224 8 −40.695 −40.563 −0.090 −0.190 −0.038 −0.040 −1.059 −1.113
sda06_DOH 34 1 −40.670 −40.554 −0.086 −0.107 −0.035 −0.035 −1.190 −1.193
sda06_STO 112 3 −40.668 −40.567 −0.058 −0.152 −0.025 −0.025 −0.946 −0.948
sda07_CHA 36 3 −40.871 −40.501 −0.276 −0.325 −0.114 −0.115 −1.374 −1.375
sda07_MWW 72 4 −40.662 −40.445 −0.138 −0.291 −0.047 −0.049 −0.839 −0.887
sda08_LTA 24 2 −40.550 −40.344 −0.265 −0.550 −0.084 −0.089 −1.011 −1.072
sda08_UFI 64 4 −40.515 −40.407 −0.173 −0.365 −0.073 −0.071 −1.170 −1.131

a“nSi” is the number of SiO2 in the unit cell; “nSDA” is the number of OSDA molecules in the unit cell. Number code of the energy contributions
given in Section S2.
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phase selectivity, as demonstrated in a large number of studies
in the past decades.30−38

The present study aims to assess separately the contributions
of OSDAs and fluoride in the synthesis of specific zeolites. For
this task, OSDAs leading to different zeolites in fluoride and
hydroxide media will be selected and a new updated and
complete analysis of the different energetic contributions will
be presented and employed.

2. COMPUTATIONAL MODELS AND METHODS
2.1. Energy Decomposition Analysis. A new and full

energy decomposition analysis has been included by taking
into account all contributions to the total energy of the
systems, with and without fluoride. Some previous studies
taking into account the thermodynamic aspects of the
synthesis of zeolites as well as a rough estimation of some
aspects related to the kinetics have been presented.28 In the
present work, we start with the fluoride-containing systems and
with the following expression for the full energy of the zeo−
OSDA−F system:

= + + +

+ + +
− − −

− −

E T E E E E

E E E

( ) zeo zeo OSDA zeo F OSDA OSDA

OSDA F F F OSDA (1a)

Equation 1a contains all the energetic terms, but some terms
cannot be calculated because they involve non-neutral unit
cells. For instance, the calculation of EF-F would imply a unit
cell with only the fluoride anions, hence with nonzero
(negative) charge and hence not possible to calculate. The
same happens to Ezeo-OSDA, EOSDA, and EOSDA-OSDA. A solution is
to regroup terms as follows:

= + + −E T E E E( ) zeo OSDAF zeo OSDAF (1b)

= + +

+ + + +

− −
−

− −

E E E E

E E E E
OSDAF OSDAF

Coul inter
OSDA
Coul intra

OSDA OSDA
vdw

OSDA F
vdw

F F
vdw

OSDA
vdw

OSDA
bond

(2)

= + +− − − −E E E Ezeo OSDAF zeo OSDAF
Coul

zeo F
vdw

zeo OSDA
vdw

(3)

with E(T) = Ezeo + (2) + (3) and with specific terms that can
be calculated individually, since each corresponding system is
electroneutral and also because GULP allows one to
decompose energy into Coulomb and van der Waals terms:

= + +−
−

−
−

−
−

−E E E EOSDAF
Coul inter

OSDA OSDA
Coul inter

OSDA F
Coul inter

F F
Coul inter

(4)

= + +− − −E E E EOSDAF
vdw

OSDA OSDA
vdw

OSDA F
vdw

F F
vdw

(5)

= − −

= + +− −

E

E E E

(intra) (2) (4) (5)OSDAF

OSDA
bond

OSDA
Coul intra

OSDA
vdw intra

(6)

= +−
−

−
−

−
−E E Ezeo OSDAF

Coul inter
zeo OSDA
Coul inter

zeo F
Coul inter

(7)

−Ezeo F
vdw

(8)

−Ezeo OSDA
vdw

(9)

And so, it can also be written that

= = + + = + +

+ + + +

E E(1a) (1b) (2) (3) (4) (5)

(6) (7) (8) (9)
zeo zeo

with all the individual terms at the right-hand side being
calculated and shown in Table S3. For the systems without
fluoride, the equations become simpler:

= + + +

+

− −
−E E E E E

E
OSDA OSDA

Coul inter
OSDA
Coul intra

OSDA OSDA
vdw

OSDA
vdw

OSDA
bond

(2a)

= +− − −E E Ezeo OSDA zeo OSDA
Coul

zeo OSDA
vdw

(3a)

with E(T) = Ezeo + (2a) + (3a) and with specific terms that will
be calculated individually:

=−
−

−E EOSDA
Coul inter

OSDA OSDA
Coul inter

(4a)

= −E EOSDA
vdw

OSDA OSDA
vdw

(5a)

= − −

= + +− −

E

E E E

(intra) (2) (4) (5)OSDA

OSDA
bond

OSDA
Coul intra

OSDA
vdw intra

(6a)

−
−Ezeo OSDA

Coul inter
(7a)

−Ezeo OSDA
vdw

(9a)

The resulting expression for fluoride-free systems is, in this
case,

= + +

= + + + + +

E T E

E

( ) (2a) (3a)

(4a) (5a) (6a) (7a) (9a)
zeo

zeo

with the results of the calculations shown in Table S4. Another
term that will be calculated is the van der Wals zeo−OSDA
energy per OSDA molecule, which is useful to give an idea of
the relative stability of the zeo−OSDA clusters that may be
formed during zeolite nucleation. The expression is, equally for
fluoride and fluoride-free systems,

i
k
jjj

y
{
zzz =−

−
−

E
E

N
vdw

OSDAzeo OSDA
vdw zeo OSDA

vdw inter

OSDA (10)

In the above equation, the van der Waals energy corresponds
to all OSDAs in the unit cell, and hence, this is divided by the
number of OSDAs (NOSDA) in the unit cell.
From all of the above, and in order to better understand the

results and discussion below, we list below the most important
energetic contributions. Unless otherwise specified, all energy
contributions are divided by the number of SiO2 in the unit
cell.
E(zeo−OSDA)
(vdw) and E(zeo−OSDA)

(vdw/OSDA) (see eq 9, 9a, and 10): these are
the two most widely used contributions in computational
studies of zeo−OSDA interactions, including the short-range
van der Waals component. They are supposed to be the main
contribution driving the zeolite phase outcome when OSDAs
act as true templates, which happens strictly in only rare cases.
The first contribution is the summation to all OSDAs in the
unit cell and divided by the number of SiO2, while the second
contribution does only refer to the interaction energy per each
OSDA molecule and is not included in the total energy, since
the total energy is defined as divided by the number of SiO2.
The fact that these two terms are rarely dominant and hence
other contributions need to be taken into account is one of the
main aspects considered in this study.
Ezeo is the zeolite total energy divided by the number of

SiO2. When the energy of the system is minimized, the
resulting zeolite geometry, without fluoride and without OSDA
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molecules, is calculated as a single point with the optimized
geometry. Hence, this does not only reflect the zeolite intrinsic
stability but also takes into account any deformation that the
zeolite may experience by having organic molecules occluded.
EOSDA, see (6) and (6a): this is the intramolecular energy of

the OSDA molecule. This reflects the deformation (strain) of
the molecule to accommodate to the zeolite micropore. In the
presence of fluoride, since the intramolecular energy of fluoride
is zero, the term EOSDAF is equivalent to EOSDA.
Coulombic term EOSDAF, see (4) and (4a): this includes the

intermolecular electrostatic OSDA−OSDA, OSDA−F, and F−
F interactions, with the two latter excluded in nonfluoride
media.
Coulombic term Ezeo−OSDAF, see (3) and (3a): this includes

the intermolecular electrostatic zeo−OSDA and zeo−F
interactions, with the latter excluded in nonfluoride media.
This contribution is supposed to be relevant only for fluoride-
containing systems. In particular, zeo−F interactions will
indicate the stability of fluoride in small cavities (this short-
range part is only a small fraction of the total contribution),
although as a Coulombic interaction it has a long-range
character and it is very much related to the periodic zeolite
structure.
E(OSDA) (intra), see (6) and (6a): this includes intra-

molecular terms and van der Waals and electrostatic
interactions, as well as bonds, angles, and dihedrals of the
OSDA. For the fluoride, being monoatomic, the contribution is
zero.
2.2. Literature Search. A literature search was carried out

with SciFinder,39 leading to 157 publications on synthesis of
all-silica zeolites, allowing one to pair each publication with the
OSDAs employed, and classifying each as using either the
fluoride or hydroxide route. Only publications and OSDAs
containing at least one zeolite synthesis through either route
were selected, leading finally to eight OSDA molecules and the
zeolite products in fluoride (left) and hydroxide (right) media
indicated in Figure 1. These are the targets that should be
predicted by calculations. The names of the OSDAs, as well as
their relation to the OSDAs in ref 27, and their respective CAS
numbers are as follows:

Sda01 is N,N-dimethylpiperidinium (cas-15302-91-7),
G11 in ref 27.
Sda02 is 1,1,3,5-tetramethyl-piperidinium (cas-146877-
01-2), G24 in ref 27.
Sda03 is 6,10-dimethyl 5-azoniaspiro[4.5]decane (cas-
16431-16-6), G77 in ref 27.
Sda04 is 1,1-diethyl-3-methyl-piperidinium (cas-947602-
89-3), G61 in ref 27.
Sda05 is 1,1-diethyl-3,3-dimethyl-piperidinium (cas-
947602-90-6), G51 in ref 27.
Sda06 is 2-ethyl-1,1-dimethyl-piperidinium (cas-244048-
92-8), G65 in ref 27.
Sda07 is N,N-trimethyl-adamantammonium (cas-46244-
96-6).
Sda08 is 1,2-dimethyl-3- (2-fluorobenzyl)imidazolium
(cas-767624-06-6).

2.3. Finding OSDA Location in Zeolites. zeoTsda
software has been updated in the present work and is now
able to tackle not only neutral OSDAs in all-silica models, as in
the previous version,40 but also charged OSDAs in fluoride-
containing all-silica zeolite frameworks. The software is able to
automatically fill the zeolite micropores with OSDA molecules

and also to locate fluoride anions appropriately in small
cavities. The only input needed from the user is the data of the
zeolite unit cell and the XYZ file for the OSDA molecule. The
geometries of the SDAs were optimized prior to the insertion
in the Monte Carlo simulations.
Models for these zeo−OSDA systems were constructed

using the all-silica unit cells obtained from the XRD data.
OSDA molecules were converted from SciFinder 2-D SDF to
3-D XYZ using openbabel,47 which also assigns atom charges
and types. Fluoride and OSDAs were introduced in the zeolite
unit cell up to full loading using the updated version of
zeoTsda40 presented in this study in which a new algorithm
allowed the calculation of zeo−OSDA−F systems, giving the
minimum energy locations of fluoride and OSDAs. For
systems in hydroxide media, the approximation of using a
neutralized OSDA molecule (with atomic charges different
from zero but overall charge equal to zero) was employed. The
calculated energies allow one to identify zeolite−OSDA phase
stabilities in the presence and absence of fluoride. More details
are given in the Supporting Information.

3. RESULTS
Table 1 shows the results of using LEM-MC (lattice energy
minimization and Monte Carlo) in zeoTsda and the energy
decomposition.
The energy decomposition allows one to (a) compare the

total energies for each OSDA in zeo−OSDA systems and
suggest the zeolite phase obtained with each OSDA, with and
without fluoride; and (b) compare each energetic term in
order to find the dominant contributions to the stability of
zeo−OSDA systems in the presence and absence of fluoride. A

Figure 1. All-silica (or high-silica) zeolites obtained in fluoride (left)
and hydroxide (right) media with common OSDAs (middle), named
as sda01−sda08, and with their corresponding CAS names from the
SciFinder database. Relevant references12,27,41−46 are indicated in
brackets. When not specified otherwise, the synthesis is described in
ref 27.
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comparison with the experimental results (Figure 1) is
indicated in Table 2. A general view of the optimized
geometries of the zeo−OSDA−F systems is given in Figures
2 and 3.

Systems with sda01 give some failures in the computational
predictions. AST is correctly predicted as the stable phase in
fluoride media, with a total energy lower than that for NON
(−41.116 and −40.645 eV/SiO2, respectively). NON has also
been observed in fluoride media, and so both should give
similar energies, contrary to the results. In fluoride-free media,
calculations give very similar results for AST and NON
(−40.571 and −40.572 eV/SiO2), while only NON is
experimentally reported.
Results of sda02 indicate that MEL is the preferred phase in

fluoride media because its total energy is lower than that for
MTW (−40.754 and −40.736 eV/SiO2). The differences are
small but significant, since they refer to each SiO2 unit, while

for full unit cells, they become larger. In the absence of
fluoride, the most stable phase becomes MTW, mainly driven
by its larger framework stability. Both results are in agreement
with experiments (Table 2). The fluoride energetic terms, (4)
and (7) in Table 1, have a larger weight in MEL than in MTW,
and this justifies why MEL is the product in fluoride media.
MEL contains 4/96 OSDA−F molecules/SiO2, a larger
proportion than in MTW (2/56), hence contributing to the
larger stability of the (4) and (7) contributions. Zeo−OSDA
van der Waals interactions, per OSDA molecule, are more
favorable for MTW than for MEL, with energies of −1.102 and
−0.946 eV/OSDA, respectively, in fluoride-free media, and
similar values in fluoride media. However, when taking into
account the number of OSDA molecules per unit cell as well as
the number of Si per unit cell, both contributions give the same
value (−0.039 eV/SiO2) in fluoride-free and very similar
(−0.039 and −0.041 eV/SiO2) with fluoride, meaning that the
organic SDA is not driving the synthesis. This confirms the
important role of fluoride as the SDA.
For sda03, two competing phases (STF; STO) were

considered. With fluoride, STF is predicted, with the lowest
total energy (−40.736 eV/SiO2), in agreement with the
experimental observation. The stability of STF in fluoride
media is due to the large stability of the fluoride energetic
terms, Ezeo−OSDAF and EOSDAF, (7) and (4) in Table 1, with
values −0.314 and −0.175 eV/SiO2, compared to −0.204 and
−0.067 eV/SiO2 (STO). Four [45

6] small cavities of STF are
occupied by fluoride, giving a high packing efficiency
contributing to the stability. The largest stability of STO in
nonfluoride media is correctly predicted by the calculations
giving −40.543 eV/SiO2, compared to −40.491 eV/SiO2 for
STF. The structure-directing effect in fluoride-free media is not
due to the organic SDA, which for STO shows the less stable
zeo−OSDA van der Waals energy, −0.039 eV/SiO2, but rather
due to the framework stability, with STO being the most stable
(Table S3).

Table 2. Predicted Zeolite Phase from Calculations (from
Total Energies in Table 1) Compared to Experiments (from
Figure 1)a

F F noF noF

SDA predicted experim. predicted experim.

sda01 AST AST/NON AST/NON NON
sda02 MEL MEL MTW MTW
sda03 STF STF STO STO
sda04 STF STF STO STO
sda05 STF NES/CON/STF STO STO
sda06 DOH DOH STO STO
sda07 CHA CHA CHA MWW/CHA
sda08 LTA LTA UFI UFI

aPredictions are taken from the lowest total energy for each SDA,
both in fluoride (F) and nonfluoride (noF) media. For sda01, more
than one phase is predicted (noF) because total energies for several
zeolites are very close (within ±0.002 eV/SiO2).

Figure 2. Calculated geometries of the systems zeo−OSDA−F with
sdas 1−4 (see Figure 1). Fluoride anions are highlighted as large
spheres.

Figure 3. Calculated geometries of the systems zeo−OSDA−F with
sdas 5−8 (see Figure 1). Fluoride anions are highlighted as large
spheres.
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For sda04, the competing phases are STF and STO. In
fluoride media, STF, as with sda03, is the most stable
(−40.782 versus −40.693 eV/SiO2 for STO), while in fluoride-
free media, STO is the most stable (−40.562 versus −40.512
eV/SiO2 for STF); both results are in agreement with
experiments. As in the previous case with sda03, the values
of Ezeo−OSDAF and EOSDAF for STF (−0.313 and −0.173 eV/
SiO2) give much more stability than for STO (−0.189 and
−0.094 eV/SiO2). In hydroxide media, the role of the OSDA is
not driving the synthesis: although the van der Waals shows
more stability for STF (−0.069 eV/SiO2) than for STO
(−0.037 eV/SiO2), the most stable phase is STO (E(z) in
Table S3), in agreement with the experiments using sda03.
For sda05, a large number of zeolites (CON, NES, STF, and

STO) compete, posing a challenge for the predictive capability
of these methods. Calculations including fluoride predict STF
as the product with the lowest energy, −40.775 eV/SiO2, and
with the more negative fluoride contributions, Ezeo−OSDAF and
EOSDAF (−0.320 and −0.163 eV/SiO2), in agreement with the
experimental observation. When no fluoride is included in the
calculations, STO is the zeolite predicted, with the lowest
energy, −40.563 eV/SiO2, compared to −40.502, −40.522,
and −40.513 eV/SiO2 for CON, NES, and STF, respectively.
Although the most stable van der Waals zeo−OSDA
interaction corresponds to STF, with −0.075 against −0.040
eV/SiO2 for STO, once more the lower zeolite energy for STO
(Table S3) drives the synthesis product.
STO also appears in the competition when using sda06,

along with DOH, with the latter being dominant in the fluoride
calculations and the former in fluoride-free media. STO
appears in hydroxide media for the same reasons as above,
hence not driven by zeo−OSDA van der Waals interactions
but rather through zeolite stability. In the presence of fluoride,
DOH is the preferred product by a very narrow difference,
−40.670, compared to −40.668 eV/SiO2 for STO.
CHA and MWW are the competing zeolite phases with

sda07. With fluoride, CHA is the dominant product, with
energy −40.871 compared to −40.662 eV/SiO2 for MWW.
The contributions Ezeo−OSDAF and EOSDAF provide a consid-
erable stability (−0.325 and −0.276 eV/SiO2, respectively).
The latter term shows one of the most negative values of Table
1, indicating a large electrostatic SDA−F interaction, due to an
effective packing (all cavities, for both the OSDA and fluoride,
are fully occupied) between large cavities (where the OSDA is
located) and small cavities (where fluoride is located). Without
fluoride, also CHA is the product predicted, and exper-
imentally observed, driven by a very stabilizing zeo−OSDA van
der Waals energy, −0.115 (the most negative of all cases),
compared to −0.049 eV/SiO2 for MWW. Hence, this is a very
effective OSDA for the synthesis of CHA. In hydroxide media,
also MWW appears as the product, which is not predicted by
the calculations, but the experiments show that this is achieved
using a cotemplate (hexamethyleneimine).46

Finally, with sda08, LTA is the prediction using fluoride and
UFI in hydroxide, in agreement with experiments. In fluoride,
LTA provides the largest stabilization due to the Ezeo−OSDAF
and EOSDAF terms, with −0.550 and −0.265 eV/SiO2. The
former value indicates a very effective interaction of the zeolite
with both the OSDA and fluoride, due to full cavity occupation
in both the OSDA and fluoride. In the absence of fluoride,
both zeolites show a large van der Waals stabilization (−0.089
and −0.071 eV/SiO2 for LTA and UFI), driving toward LTA,
but the zeolite stability contributes to compensate this effect

(−40.492 and −40.507 eV/SiO2 for LTA and UFI, Table S3),
giving a total energy lower for UFI (−40.407) than for LTA
(−40.344 eV/SiO2).

4. DISCUSSION
4.1. General Considerations of the Results in Fluoride

Media. A total of 13 zeolite topologies have been explored in
this study: AST, NON, MEL, MTW, STF, STO, CON, NES,
DOH, CHA, MWW, LTA, and UFI. Of these, only three
(AST, LTA, and UFI) contain D4Rs. As said above, fluoride is
particularly useful to obtain pure silica zeolites but not
necessarily containing D4Rs. The presence of small cavities,
especially those containing 4-rings, facilitates the stability of
fluoride. This is the case of the structures studied, which
contain small cavities with 4-rings, as indicated in Table S5.
Overall, the results obtained in the presence of fluoride are

not driven by the short-range zeo−SDA interaction but rather
by two Coulombic terms, E(SDAF) and E(z-SDAF), in
columns (4) and (7) of Table S4. The first term, E(SDAF),
refers to electrostatic SDA+−SDA+, SDA+−F−, and F−−F−
interactions, and by being a long-range energetic contribution,
this refers to the ionic network of SDA+ and F− ions, that is,
compatible with the zeolite micropores. Regarding the second
term, E(z-SDAF) contains electrostatic zeo−SDA+ and zeo−
F− contributions, with the electrostatic interaction between
fluoride and the small cavity being particularly relevant.
The location of fluoride cannot be predicted based only on

structural considerations. There is, so far, no evidence to
support that the smaller the cavity is, the more stabilized the
fluoride anions are. However, the values of E(z-SDAF) show
the largest stability for sda01_AST, sda08_LTA, and
sda08_UFI (Table S4), which are precisely the three structures
containing D4Rs. Hence, this is a first hint that may allow one
to establish an energetic criterion to rank the stability of small
cavities containing fluoride anions.
The van der Waals zeo−SDA contribution, column (9), is

relevant only for the synthesis of AST with sda01 (−0.106 eV/
SiO2) and CHA with sda07 (−0.114 eV/SiO2). Sda01 is very
specific to give pure silica AST but can also give other zeolites
(LEV; ERI) in aluminosilicate gels, among other reasons
because AST does not exist as aluminosilicate. Sda07 is
acknowledged as the most specific SDA to obtain high silica48

or pure silica CHA.49 In the study by Muraoka et al.,37 sda07
gives the lowest stabilization energy in CHA among a list of 20
OSDAs. High or pure silica is the condition that mostly
enhances the role of the van der Waals zeo−SDA contribution,
column (9) in Table S4, coming closer to what is known as
“templating effect”. However, there are always other
contributions as we demonstrate in this study, and the current
total energy decomposition contributes to a better analysis of
energetic terms.

4.2. Water/Silica Ratio as a Synthesis Parameter in
Fluoride Media. Two cases (sda01 and sda05) appear in
Table 2 in which, experimentally, several phases are obtained
in fluoride media, and they depend on the water/silica ratio of
the synthesis gel. The general rule is that less-dense
frameworks appear at lower water/silica and more-dense
phases appear at larger water/silica ratios.22

When using pure silica and sda01 in fluoride media, two
zeolite phases can be obtained, AST and NON,27 depending
on the water/silica ratio. Typically, less-dense phases are
obtained with more concentrated gels and this is the case for
AST, while at larger water/silica, NON is the main product.
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Reproducing these trends with calculations, or having a
thermodynamic explanation of this behavior, is still beyond
our current knowledge. Our results explain the reasons for the
relative thermodynamic stability of the different phases. In the
case of sda01, AST is more stable in fluoride media mainly due
to two Coulombic terms, E(SDAF) and E(z-SDAF), in
columns (4) and (7) of Table S4. This is related to the
packing of cations (SDA+) and anions (F−) in the zeolite
framework. Also, the van der Waals zeo−SDA contribution,
column (9), is particularly favorable for AST and justifies in
part its larger stability with respect to NON.
NES, CON, and STF are the zeolite phases obtained in

fluoride media when using sda05. CON and STF (low and
intermediate density) appear at low or intermediate water/
silica, while NES (larger density) appears at large water/
silica,27 in agreement with the rule.22 STF is the most stable
according to our calculations. Once more, the two Coulombic
terms, E(SDAF) and E(z-SDAF), are the main contributions
that explain the larger stability of STF with respect to NES and
CON. The van der Waals zeo−SDA term does not explain the
zeolite phase obtained.
A previous study also highlighted the important role of the

packing of SDA+−F− ions, which act as a subnetwork occluded
inside the zeolite covalent microporous framework.50 Apart
from the well-known synthesis driving effects of zeolite stability
and zeo−SDA interactions, the electrostatic SDA+−F−

contribution was shown to play an important role in
explanation of the zeolite formation. Among the number of
small cavities available for fluoride location (a number larger
than the number of fluoride anions), the occupied cavities
could be explained by the distribution having the most stable
Coulombic SDA+−F− contribution.
4.3. Presence of Defects as a Synthesis Parameter in

Hydroxide Media. The positive charge of the SDA cannot be
compensated by fluoride when the synthesis is made in
hydroxide media, and this results in framework connectivity
defects with negative charge. This negative charge comes from
the so-called siloxy defects,23,51,52 as indicated in Scheme 1.

Hence, instead of our simple approximation of the neutral
SDA, a more accurate way to model zeolite frameworks
obtained in hydroxide media would be to generate one siloxy
defect per each positive SDA charge. This includes considering
a large number of combinations with the possible locations of
the defects. Although they are expected to be close to the
positive SDA charge, this is still a considerable challenge,
similar to that of considering Al location/populations when the
synthesis is made in aluminosilicate media. So far, according to
the present results, even with this simplification, most of the
computational results are in agreement with the experiments.
4.4. General Considerations of the Results in the

Absence of Fluoride. As said above, the synthesis using pure
silica gels in hydroxide media is the best condition to highlight

the role of zeo−SDA interactions, whose main component is
the van der Waals contribution, in column (9a) of Table S3.
This contribution, by including all SDA molecules in the unit
cell, also contains an effect of the zeolite porosity through the
number of SDA molecules that can be occluded per SiO2 unit.
In order to check only the effect of zeo−SDA fitting, term (10)
was also calculated.
A demonstration that even in the pure silica and nonfluoride

conditions the zeo−SDA interactions are important but not
determinant can be seen with sda01 (Table S3). Columns (9a)
and (10) show that the van der Waals zeo−SDA interactions
are more favorable for AST, both in terms of SDA fitting,
column (10), and also including the effect of porosity (number
of SDA molecules per Si), column (9a), and in spite of this,
AST is not preferred over NON, as shown by the virtually
equal total energies (−40.571 and −40.572 eV/SiO2,
respectively). Factors such as the zeolite stability, E(z), SDA
strain, column (2a), and a complex mixture of contributions,
column (6a), are more favorable for NON than for AST and
contribute to compensation of the lower energy of zeo−SDA
interactions in AST.
Similarly, van der Waals zeo−SDA interactions are not

dominant to drive the synthesis toward STO when using
sda03, sda04, sda05, and sda06. Again, an inspection of the
values in Table S3 indicates that the low energy of the zeolite,
E(z), the small strain of the SDA, E(SDA) in column (2a), and
the complex factor called E(SDA)(intra), column (6a), are the
main contributions that give particularly large stability to STO
when using these four SDAs. In none of these cases, E(z-
SDA)(vdw) and E(z-sda)(vdw/SDA), columns (9a) and (10),
show minimum values for STO, showing again that these
syntheses are not driven by a strong template effect, and hence,
SDAs are somehow reduced to the role of “pore fillers”, as
defined by Davis and Lobo.53

The role of the well-known trimethyl-adamantammonium
(sda07) has been already discussed above, and the abundant
literature shows that it is an excellent SDA to drive the
synthesis to CHA. Due to the strong templating effect, with
E(z-SDA)(vdw) = −0.114 eV/SiO2 (Table S3), this selectivity
is more pronounced when other factors such as the presence of
defects and Al are not present, and therefore, CHA zeolites
obtained with little Al or as pure silica are usually synthesized
with sda07. The synthesis of not only CHA but also MWW in
hydroxide and pure silica media using sda07 (see Figure 1) has
been explained by the presence of organic fragments coming
from the partial decomposition of sda07, which act as the
cotemplate in the synthesis.12 Hence, the computational result
that does not predict the synthesis of MWW in the absence of
fluoride (Tables 2 and S3) is fully justified.
The phase selectivity when using sda08, LTA in fluoride and

UFI in hydroxyde media, with both zeolites containing the lta
([4126886]) cavity, is a particularly interesting case. An
important aspect is that in both zeolites, sda08 dimers are
found in lta cavities. LTA and UFI contain D4R and lta
cavities, but UFI, in addition, contains [4554648] cavities,
leading to a much larger distance between lta neighbor cavities
in UFI than in LTA. UFI can then relax more efficiently lta
cavities that are strained due to the presence of the large
dimers occluded. This is the reason why sda08 molecules can
relax better in UFI, as shown by the E(SDA) term, column
(3a) (Table S3), lower in UFI than in LTA, and this is one of
the main contributions that explains the larger stability of UFI
in hydroxide media. Also, in the synthesis procedure,

Scheme 1. Siloxy Defect in a Zeolite (Right) and Framework
without Defect (Left)
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tetramethylammonium cations were also needed as the
cotemplate to obtain UFI,46 and we attribute this to an
additional stabilization of TMA cations inside [4554648]
cavities of UFI. When fluoride is present, the Coulombic
terms E(SDAF) and E(z-SDAF), columns (4) and (7) in
Table S4, give a larger stability to LTA, since lta and D4Rs are
more efficiently packed and are closer to each other, without
[4554648] cavities present in UFI.
A comparison with the results of Schwalbe-Koda et al.54 for

some OSDAs employed in this work (Table S6 and Figure S1
of the Supporting Information) shows an apparent quantitative
and qualitative disagreement in the values of E(z-sda)(vdw/
SDA), although most of the calculated OSDA loadings in the
zeolites are coincident. Examples of incorrect loadings in ref 54
are a single (instead of double) occupation of lta cavities in
LTA and UFI by sda08, as well as the single occupation of
sda07 in the MWW unit cell. A detailed comparison is beyond
the aims of this study, but it is essential in order to benchmark
and estimate the accuracy of the computational methods in
predicting zeolite synthesis outcome.
A comparison with the results of zeo−OSDA pairs obtained

by Jensen et al.55 shows (Table S8) agreement for sda01,
sda03, and sda08; a different set of results for sda07; and
nothing reported for sda02, sda04, sda05, and sda06. The
study provides an excellent literature extraction containing
zeolite phase chemical composition, including the presence of
fluoride, as well as OSDAs employed, which can be used for
future studies.

5. CONCLUSIONS
Summarizing, subtle differences in the energetics of fluoride
and fluoride-free calculations allow us to explain the preferred
zeolite phase in each medium when using common OSDAs.
Successful calculations of energetic stability have been possible
due to (a) a sophisticated algorithm to automate the zeolite
pore filled with both cationic OSDAs and fluoride, hence
including accurate electrostatics; and (b) our accurate force
field that includes all the components of the zeolite−OSDA−F
models.
Not only organic and fluoride SDAs drive the synthesis, but

also zeolite phase stability drives some synthesis products in
hydroxide media, such as MTW (with sda02) and STO, in
agreement with a previous study ranking stabilities of all-silica
IZA zeolites.56

STO was obtained in hydroxide media with sda03, sda04,
and sda05, in competition with STF, and with sda06 in
competition with DOH. Although OSDAs were more stable in
STF and DOH, the zeo−OSDA was not enough to
compensate the effect of the zeolite framework stability, larger
for STO. Selecting a better OSDA (with more negative zeo−
SDA energy) would be needed in order to obtain STF in
hydroxide media.
Ezeo−OSDAF and EOSDAF terms are rather constant for each

zeolite regardless the OSDA, confirming the leading role of
fluoride as the SDA, and allowing a fast and simple assessment
for the overall stability in fluoride. Zeolites with large values of
Ezeo−OSDAF and EOSDAF, with a major electrostatic component,
are likely to be very stable in fluoride media, such as AST, STF,
and CHA. The energetic analysis gives an explanation to the
well-known stabilization of D4R-containing pure silica zeolite
phases in the presence of fluoride, since the electrostatic
Ezeo−OSDAF contribution is the largest for zeolites containing
D4Rs: AST, LTA, and UFI. Finally, the role of the OSDA

through the van der Waals zeo−OSDA interactions is crucial in
hydroxide media but not in fluoride.
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