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This study examines the fluoride distribution in pure silica MFI zeolite synthesized in fluoride medium
using various tetra-alkyl ammonium and phosphonium cations as organic structure directing agents
(OSDAs). The *°F NMR spectra show a resonance at ~—65 ppm, related with the presence of fluoride
atoms in the t-mel cage bonded to the silicon at T9 site, and another signal at ~—80 ppm. Through DFT
calculations, the ~—80 ppm 19F NMR resonance is attributed to fluoride within the t-mel cage bonded to
silicon at the T12 site. Thus, the results reported here reveal that, contrary to previous reports, there is
more than one position for fluoride in the zeolite structure. The location of fluoride at T12 is stabilized by
using bulky OSDAs and by increasing the concentration of defects in the MFI framework. Moreover, it is
shown that the OSDA used in the synthesis determines the content and distribution of siloxy—silanol
defects and fluoride in pure silica MFI zeolite. These findings highlight the impact of synthesis parameters
in the charge distribution in zeolites, which ultimately governs key structural properties and potential
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1.

Zeolites are microporous materials widely used in industrial
processes, especially in separations and catalysis. To illustrate
their importance, the global consumption of synthetic zeolites
in 2017 was estimated at ~1.8 million metric tons per year,
with 17% used as heterogeneous catalysts and 10% as adsor-
bents/desiccants.” Zeolites possess unique crystalline frame-
works, primarily composed of [SiO,] tetrahedra sharing oxygen
atoms, forming channels and cavities of molecular
dimensions.>® Their regular microporous structure and
diverse chemical compositions (commonly silicates and alumi-
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nosilicates, but also borosilicates, titanosilicates, stannosili-
cates and others) support a broad range of -catalytic
processes.*® Zeolites are also valuable in selective adsorption
based on its pore size, shape, and polarity, making them
essential in industrial applications, such as petrochemical, gas
separation, and environmental remediation processes.”® The
wide range of zeolite structures and the tunability of their
physicochemical properties, such as hydrophilicity and hydro-
phobicity, further enhances their versatility in both traditional
and emerging applications.'*""

In the field of catalytic materials, charge matching between
cationic species within zeolite voids and the negatively
charged framework—typically aluminosilicate—plays a crucial
role in the location of active sites, significantly influencing the
selectivity of zeolites in catalytic reactions. A deeper under-
standing of how charge balance dictates active site positioning
during synthesis enables the design of zeolites with enhanced
catalytic properties, resulting in more efficient and selective
catalysts for industrial applications.'**?

A critical performance factor in the use of zeolites for selec-
tive separation processes, especially in alcohol recovery and
water treatment, is the concentration of framework
defects.”*"® High defect concentrations increase hydrophili-
city, essential for the selective adsorption of polar molecules
like water or small alcohols."®"” These defects are associated
with (i) isolated silanol groups (Si-OH) within pores or at
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crystal surfaces and (ii) H-bonded silanol networks, formed
from framework vacancies or Si-O-Si bond breakage.'"'® In
addition, silanol clusters in zeolites are prone to incorporate
other elements suitable for catalytic applications,'® and can
serve as active sites for specific reactions.’®?® Thus, under-
standing the nature of zeolitic silanol is not only academically
significant but also crucial for optimizing the performance of
zeolites in catalytic and adsorption applications. Charge distri-
bution in the synthesis medium is widely recognized as a
crucial factor in determining the hydrophobic or hydrophilic
nature of zeolites, prompting extensive research into their crys-
tallization mechanisms.*">*

Zeolites are typically synthesized using organic cations as
organic structure-directing agents (OSDAs), which occupy the
voids and, in the case of aluminosilicate zeolites, are charge-
balanced by AI** substituting for framework Si**.***® However, in
high-silica zeolites, charge compensation for OSDAs strongly
depends on the synthesis conditions. When synthesis occurs in
basic media (high pH), OSDA cations are compensated by struc-
tural defects based on siloxy species associated with silanol
groups (SiO™---HOSi), which have been the subject of numerous
investigations.”” *° Additionally, some studies suggest that the
type of OSDA used in synthesis can influence the location of
silanol defects,®" similar to how it affects Al** siting in aluminosi-
licate materials.®* In fluoride-mediated synthesis, OSDA cations
are charge-balanced by fluoride anions that occupy small zeolite
cages,”>** resulting in defect-free or low-defect hydrophobic
materials. In all-silica MFI zeolite (Silicalite-1), fluoride ions are
located in t-mel cages, forming a Si-F bond at the T9 site,*
which, to date, remains the only position with a Si-F linkage in
the extensively studied MFI structure.

Here, we investigate the influence of N- and P-based OSDAs
on the concentration of silanol defects and the fluoride
location in pure silica zeolite MFI by applying Magic Angle
Spinning Nuclear Magnetic Resonance (MAS-NMR) spec-
troscopy and DFT calculations. Our findings reveal that, con-
trary to previous reports, fluoride occupies different sites
depending on the OSDA type and synthesis conditions,
offering a promising approach to tailoring MFI material pro-
perties by fine-tuning synthesis parameters.

2. Experimental

2.1. Silicalite-1 synthesis

The synthesis of Silicalite-1 zeolites (IZA code: MFI) was per-
formed using the sol-gel methodology, consisting in the
preparation of a suspension by mixing the different reactants
that constitute the synthesis gel in polypropylene beakers. As a
general procedure, a given amount of tetraethylorthosilicate
(TEOS, 99% Aldrich) was added to an aqueous solution con-
taining the quaternary ammonium or phosphonium cation or
a mixture of both in their hydroxide form. The mixture was
kept under stirring for 4 hours to let the TEOS to be hydrolysed
and to evaporate the ethanol and the necessary amount of
water to yield a synthesis gel with molar ratio of 1 SiO,:0.4
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OSDA(OH) : 10 H,0. Then, fluorhydric acid (48 wt% in water,
Aldrich) was added in the same molar amount than the
number of OH™ groups of the OSDA and the mixture is further
stirred for homogenization, which usually took 15 min. After
that, the resulting gels were transferred into Teflon lined stain-
less-steel autoclaves and heated at 175 °C at its autogenous
pressure under tumbling (60 rpm) for times ranging from
5 hours to 30 days. The solids were recovered by filtration,
washed exhaustively with distilled boiling water and dried at
100 °C overnight.

A large variety of ammonium or phosphonium-based OSDA
cations were employed in this work. The OSDAs employed are
listed next: tetraethyl ammonium (TEA) and tetraethyl phos-
phonium (TEP), tetrapropyl ammonium (TPA) and tetrapropyl
phosphonium (TPP), tetrabutyl ammonium (TBA) and tetra-
butyl phosphonium (TBP), tributylmethyl ammonium (TBMA)
and tributylmethyl phosphonium (TBMP); butane-1,4-diylbis
(triethylphosphonium) (EPPE) and butane-1,4-diylbis(tri-
propylphosphonium) (BPPB). The sample name will be stab-
lished by the letter code of the OSDA and in case of using a
mixture, the subindex number will indicate the P-OSDA
proportion.

2.2. General characterization

The powder X-ray diffractograms were obtained by using a
PANalytical X’Pert PRO instrument equipped with a graphite
monochromator, operating at 45 kV and 40 mA, and using Cu
Ka radiation (4 = 1.542 A). The chemical composition of the
solids was determined by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) in a Varian 710-ES device or
by the employ of the EuroEA3000 of Eurovector for the C and
N elemental analysis. A Bruker Avance III HD 400 MHz spectro-
meter was used to record the following MAS-NMR spectra. '°F
NMR spectra at vo(*°F) = 376.5 MHz were acquired with a
3.2 mm probe spinning the sample at 20 kHz, using a x/2
pulse length of 5.5 ps and 60 s recycle delay. '"H NMR spectra
at vo("H) = 400.1 MHz were acquired with a 3.2 mm probe at 20
kHz as a spinning speed, ©/2 pulse length of 2.5 ps and 15 s as
recycle delay. °Si NMR measurements at vo(*°Si) = 79.5 MHz
were carried out in a 7.0 mm probe with 3.5 ps pulse length
corresponding to 60° flip angle, spinal proton decoupling, and
180 s as recycle delay. The *°Si low temperature (LT) cross-
polarization (CP) MAS NMR spectra were recorded on a 18.8 T
Avance III WB spectrometer using a LT-MAS 3.2 mm probe at
temperature range of 100 K. MAS frequency was set to 10 kHz.
"H-?Si contact time for the CP is 3 ms, radiofrequency field
on "H and *Si was set to 50 kHz. Initial 90° pulse duration for
'H is 2.3 ps. Recycle delay was 5 s for TEP-MFI and 7 s for
TBP-MFI, and ~8000 transients were accumulated for each
sample. NMR spectra were referenced to TMS, CFCl; and water
for ?°si, '°F and "H respectively. Na,SiF, (6'°F = —152.46 ppm)
was used as a secondary reference for '°F.

2.3. DFT simulations

Periodic calculations were carried out with the VASP code.*
Energy minimizations were performed with the Perdew-
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Burke-Ernzerhof  generalized  gradient approximation
(PBE).*””% In all calculations, the projected augmented wave
(PAW)*® pseudopotentials were used to describe the interaction
of the valence electrons with the nuclei and core electrons. An
energy cutoff of 600 eV was used to expand the plane wave
basis set. The Brillouin zone was sampled at the gamma point.
The structures were considered converged when the forces
acting on atoms were lower than 0.01 eV A™". Dispersion ener-
gies were evaluated using the D3 Grimme’s method***" with
the Becke-Johnson*? as implemented in VASP. The NMR absol-
ute shielding tensors were computed with the GIPAW approach
implemented in VASP. The same energy cut-off as in the
optimizations was used but with a tighter convergence cri-
terion of 107'° eV for the electronic energy. The underestima-
tion of band gaps with GGA functionals leads to a slope that
deviates from unity when predicting the chemical shift of alka-
line fluorides from linear regression models.*>** The modified
Becke-Johnson exchange potential (TB-mBJ)**> shows a better
relation between experimental chemical shifts (8;5,) and absol-
ute isotropic shieldings (o;s,). The linear regression parameters
were taken from ref. 46 and are also shown in ESI}

3. Results

In this study, we used as OSDA tetraalkyl-ammonium and
phosphonium cations with alkyl chains of different lengths
displayed in Fig. 1. Although this work is mainly focused on
pure silica MFI zeolites synthesized by the classical route, we
have also studied MFI zeolite synthesized using the dual tem-
plate route with TEA/TEP, TPA/TPP*”*® and TBA/TBP (see
Materials and method section of the ESIf for detailed descrip-
tion of the zeolite synthesis procedures). The XRD patterns of
the samples, typical of the MFI-type structure, are shown in
Fig. S1.f The unit cell parameters (Table S1}) exhibit a slight
increase with the elongation of the alkyl chain, reaching a
maximum value for the butyl, tributylmethyl- and diquats
OSDA families.

The chemical compositions of MFI zeolites synthesized
using single OSDAs (i.e. phosphonium or ammonium cations,
but not their mixtures) are detailed in Table 1 (Table S1f

o

29X X~ T X~ Pt
TEA/TEP TPA/TPP TBA/TBP TBMA/TBMP
J oS
\EE.’/\/\/\;‘LL PPN}

\

BPPB
Fig. 1 OSDAs used for the synthesis of the silicalite-1 zeolites (X refers
to N or P, depending on whether it is a tetraalkylammonium or tetraalk-
ylphosphonium ion, respectively).

g

EPPE

This journal is © the Partner Organisations 2025

View Article Online

Research Article

Table 1 Chemical composition of selected synthesized as-made silica-
lite-1 zeolites

Fror”
Sample OSDA/u.c® Fu.c.®” (mmolg™) F/OSDA® % F_g*
TEA 4.4 3.9 0.59 0.91 1.0
TEP 4.1 2.7 0.43 0.66 2.9
TPA 4.5 3.3 0.48 0.74 6.9
TPP 4.3 2.4 0.34 0.56 18.8
TBA 3.6 1.8 0.29 0.50 42.6
TBP 3.0 1.5 0.24 0.49 46.8
TBMA 4.2 2.4 0.36 0.56 18.9
TBMP 4.2 1.5 0.23 0.36 54.2
EPPE 3.8 1.9 0.32 0.49 19.1
BPPB 3.2 1.9 0.27 0.59 45.2

?Unit cell SiggO10,: determined by '°F MAS-NMR by using an external
standard. ” Expressed as molar ratio. ‘Relative intensity of signal at
—80 ppm. ¢ %F_g5 = 100 — %F_g,.

shows the chemical compositions of all samples reported in
this study). The materials synthesized with tetraethyl- and tet-
rapropyl- ammonium/phosphonium and the non-symmetric
tributylmethyl- ammonium/phosphonium cations contain
approximately four OSDAs per unit cell.>>*° Meanwhile, the
zeolites obtained with the bulkier tetrabutyl-ammonium/phos-
phonium, or with the di-phosphonium (EPPE and BPPB)
cations contain fewer than four OSDAs per unit cell, likely due
to steric hindrance. The relatively low F content in these
samples cannot be attributed to a lack of crystallinity, as their
XRD patterns demonstrate that the samples exhibit very high
crystallinity (Fig. S1t). Table 1 shows the fluorine content
(expressed as F atoms per u.c. and in mmol g~ ') and the F/
OSDA molar ratio, which represents the fraction of organic
cations balanced by fluoride anions. From these results, the
remaining OSDAs (i.e., [1 — F/OSDA]) must be compensated by
SiO™---HOSi defects in the zeolite structure.””*®* Only the
TEA-MFI zeolite contains nearly four (3.9) F~ per unit cell and
a F/OSDA ratio close to one (0.9), indicating that this material
contains very few SiO™---SiOH defects. The rest of samples
have fewer than four F~ per unit cell and F/OSDA molar ratios
significantly below 1.

Inspection of Table 1 shows that both the fluoride content
and the F/OSDA ratio in the MFI zeolite decrease as the length
of the alkyl chains of the OSDA increases or when using the
phosphonium counterpart or the dual template route in the
synthesis (see Table S1t). This trend suggests that bulkier
OSDAs lead to a reduction in fluoride incorporation, which in
turn results in a higher prevalence of structural defects.”” The
presence of defects in the zeolite structure is confirmed by the
appearance of a 'H NMR signal at §'H ~ 10.5 ppm attributed
to silanol groups involved in SiO™---HOSi defect types (see
Fig. S2a1).>”*®*” These structural defects are also evidenced by
the broadening of >°Si NMR signals and the presence of a reso-
nance at §°°Si ~ -103 ppm corresponding to Q’ sites
(Fig. S2bt).** This is illustrated in Fig. S2ct for selected
samples highlighting the impact of the OSDAs on the struc-
tural defects in the zeolite.

Inorg. Chem. Front,, 2025, 12, 2359-2367 | 2361
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The '°F ss-NMR spectra of the as-synthesized MFI samples
are displayed in Fig. 2. The spectrum of the TEA-MFI zeolite-
consists of a single signal at §'°F ~ —65 ppm attributed to flu-
oride within the t-mel cage of the MFI structure.’® The '°F
NMR spectra of the TEP-MFI and TPA-MFI zeolite show, in
addition to the signal at §'°F ~ —65 ppm, another weak one at
5'°F ~ —80 ppm. The relative intensity of the signal at §'°F ~
—80 ppm increases for the TPP-MFI sample (Fig. 2) and very
sharply for the TBA-MFI and TBP-MFI zeolites, where it
accounts for almost half of the total fluoride in these samples.
The '°F NMR spectra of the EPPE-MFI and BPPB-MFI zeolites,
synthesized with di-cationic OSDAs, closely resemble those of
the TEP-MFI and TBP-MFI samples, respectively. In particular,
the '°F NMR signals at 6"°F ~ —65 ppm and §'°F ~ —80 ppm
exhibit similar intensities for the zeolites synthesized with
butyl-OSDAs. However, for the samples prepared with ethyl-
OSDAs, the signal at 6'°F ~ —65 ppm is noticeably more
intense. This similarity suggests that the distribution of fluor-
ide in the MFI zeolite synthesized with dicationic OSDAs
depends on the length of the side alkyl groups, rather than on
the alkyl chain connecting the two phosphorus atoms.

The 'F NMR resonance at 6'°F ~ —80 ppm has been
already reported for MFI type zeolites, but its nature and
location are still under debate.’®™* It has been attributed
either to fluoride associated with nearby siloxy defects, or to
fluoride interacting with di-cationic imidazolium OSDA. As
shown in Fig. 3a, the amount of fluoride contributing to the
signal at 8'°F ~ —65 ppm, increases linearly with the total flu-
oride content in the MFI zeolite, whereas the opposite trend is
observed for that giving the signal at §'°F ~ —80 ppm (Fig. 3b).
Our results indicate that the fraction of fluoride responsible of
the NMR signal at §*°F ~ —80 ppm (Table 1), is higher in MFI

BPPB

/. /\BPPB
M
A e

TBMA

TBP
TBA

P
PA

Intensity (a. u.)

TEP

\_ TEA

LI L

-55 -65 -75 -85
3'F (ppm)

Fig. 2 '°F MAS-NMR spectra of the as-made zeolites synthesized with
the OSDA indicated in the figure..
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Fig. 3 Correlation between the amount of fluoride producing the NMR
signals at —65 ppm (a) and at —80 ppm (b) and the total fluoride content
for the samples indicated in the figure. The samples synthesized by the
dual template route are included in the plots (see ESI¥).

zeolites synthesized with larger OSDAs, which also correspond
to an increase in structural defects. Inspection of Table 1 and
S11 (summarized in Fig. 3) indicates that the §'°F ~ —80 ppm
signal accounts for half or more of total fluoride in samples
with an F/OSDA molar ratio around 0.5 or lower. Therefore, it
is difficult to unambiguously stablish whether the develop-
ment of the signal at §'°F ~ —80 ppm is primarily driven by
the size of the OSDA, the presence of structural defects, or
both, as these factors are closely interconnected.

To better understand the role of defects in generating the
'°F NMR signal at —80 ppm, we studied a set of fully crystalline
MFI samples synthesized using TPA as the OSDA, with syn-
thesis times ranging from 5 hours to 720 hours (see ESI}). Our
findings show that as synthesis time increases, more fluoride
is incorporated into the zeolite, leading to less defective crys-
tals, supported also by the disappearance of the Q® signal in
the *°Si MAS-NMR spectra (Fig. S37). After 5 hours of syn-
thesis, the intensity of the "’F NMR resonance at —80 ppm
accounts for about 30% of the total fluoride, but this intensity
sharply decreases with longer synthesis times, becoming
almost undetectable after 720 hours (see Fig. S37). This result
provides strong evidence of a direct relationship between the

This journal is © the Partner Organisations 2025
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intensity of the NMR signal at §'°F ~ —80 ppm and the quan-
tity of structural defects present in the zeolite. '°F NMR signal
at 6'°F ~ —65 ppm is assigned to fluoride atoms placed within
the ¢-mel cage of the MFI zeolite bonding to silicon atom at the
T9 site, jumping between neighboring Si at this position.*®
Due to this dynamic behavior, the silicon coordination
changes continuously between four and five giving a large >°Si
NMR signal in the region between SiO, and SiO,-F. This is the
case for the majority of the MFI samples studied here (see
Fig. S2bt). When the *°Si NMR is recorded at low temperature,
the fluoride becomes static and the signal of five coordinated
Si becomes evident at a chemical shift of approximately
—-150 ppm.***>*° In the particular case of using TBMA as
OSDA the fluoride is static also at room temperature and it is
possible to detect the pentacoordinated silicon (SiO4-F) in the
*Si MAS-NMR spectrum without cooling the sample
(Fig. S2bt).>>”° Theoretical calculations have pointed out that
the dynamic behaviour of fluoride within smaller d4r cages is
influenced by both the framework composition and the type of
OSDA used.””

To shed light on the environment of the two fluoride
anions, we recorded the "H->°Si CP MAS NMR spectra at 100 K
for the TEP-MFI and TBP-MFI zeolites (see Fig. 4), which were
selected due to their different '°F NMR spectra (Fig. 2). The "°F
NMR spectrum of the TEP-MFI is dominated by the signal at
—65 ppm. The corresponding 2°Si NMR spectrum (at 100 K),
shown in Fig. 4, contains only a signal at § *°Si = —147 ppm,
which is typical for five-coordinate silicon (F-SiO,).
Meanwhile, the '>F NMR spectrum of the TBP-MFI sample
contains two signals at ~—65 ppm and ~—80 ppm with practi-
cally the same intensity. The corresponding >°Si NMR spec-
trum, shown in Fig. 4, presents besides the peak at §*°Si =
—147 ppm, another one at §°°Si ~ —151 ppm. Both signals
have similar intensity and are assigned to five coordinate
silicon.*>*° It must be noted that these *°Si NMR signals do
not show the doublet of the scalar coupling Je_si, typically
around 150 kHz, because their width (240-550 Hz) is larger
likely due to the presence of defects in the structure.

T9

TEP-MFI

TBP-MFI

-80 -0 -100 -110 -120 -130

5 2°Si-CP (ppm)

-140 -150 -160

Fig. 4 Low Temperature (100 K) *H-2°Si CP MAS-NMR spectra of the
TEP-MFI and TBP-MFI zeolites.
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Therefore, the >°Si NMR signal at §>°Si ~ —151 ppm is con-
nected with the '°F signal at —80 ppm, which is consistently
attributed to fluoride within the ¢-mel cage bonded to a Si in a
crystallographic site different to T9.

To assist in the elucidation of the specific fluoride location
in the t-mel cage we performed calculations of '°F chemical
shielding. Several models were created by bonding fluoride to
the five Si positions of the t-mel cage (Fig. 5). The MFI frame-
work structure was modeled using a lattice of 288 atoms and
optimized lattice parameters a = 19.97 A, b = 19.75 A, ¢ =
13.20 A, a = # = y = 90° for the models with TEA and TPA and a
=21.57 A, b =21.33 A, c = 14.26 A, a = = y = 90° for TBA. The
models contained four fluoride anions compensating the four
OSDA cations (TEA, TPA and TBA) per unit cell, with the fol-
lowing  chemical  compositions: Sig0192(NCgH10)4F4,
Sigg0102(NC1oHzg)sFs and SigO102(NCysHz6)sF4, respectively.
Further details are available in the Theoretical Calculation
section of the ESL.¥

Table 2 reports the relative energies and the calculated §'°F
of the 15 models, five for each of the three OSDAs used: TEA,
TPA and TBA. The calculated average ;s °F values for fluoride
bonded to the T9 and T10 sites, which range from —54 to
—70 ppm, closely match with the experimental *°F NMR signal
observed at —65 ppm. In contrast, fluoride associated with T8,
T11, and T12 sites exhibits average 8;s, " F values between —76
and —84 ppm, corresponding to the experimental ’F NMR
signal at —80 ppm. However, the T8 and T11 sites, with higher
relative energies (96-130 k] mol™" for TEA and TPA; 20 kJ
mol ™" for TBA), are less stable, making them unlikely locations
for fluoride. For TEA and TPA OSDAs, fluoride bonded to the
T9 site emerges as the most stable configuration. When the
bulkier TBA is used as OSDA, the T12 site becomes the most
stable fluoride location, though the T9 and T10 sites remain
relatively competitive, being only 8 k] mol™* and 2 kJ mol™*
less stable, respectively. The findings summarized in Table 2

Fig. 5 Fluoride locations in t-mel cage along the b direction (upper
panel) and the c direction (lower panel). (a) Representation of the five
fluoride positions. (b) Optimized structure with F~ in T9. (c) Optimized
structure with F~ in T12.
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Table 2 Predicted isotropic chemical shift (i) of '°F, and relative
energy of defectless models with fluoride located in the five sitting posi-
tions of t-mel cage. The 6&s,'°F were calculated using regression
equation previously published*® and taking as predictor variable the
absolute isotropic shielding calculated with the TB-mBJ functional.
Energies are given in kJ mol™

Average Sisol°F

Structure ~ OSDA  Egq Siso F (ppm) (ppm)
T8 TEA 96 ~76,-77, 77, -78 _77
T9 TEA 0 ~60, —59, —58, —61 —60
T10 TEA 25 —58, —60, —60, —60 ~60
T11 TEA 129  —81,—81, -84, —83 —82
T12 TEA 42 _78,-78, —78, —78 _78
T8 TPA 104 -76, =76, =77, —76 -76
T9 TPA 0 —61, —62, —63, —62 —62
T10 TPA 79 _51, =55, —54, —56 _54
T11 TPA 126 -81, —82, —82, —83 -82
T12 TPA 68 —74,-76, -74, —74 -75
T8 TBA 20 _82, 83, -82, —82 _82
T9 TBA 8 —64, —63, —67, —63 —64
T10 TBA 2 ~70, -71, —68, =71 ~70
T11 TBA 56 _82,-82, —82, —83 -8
T12 TBA 0 ~78,-76, ~77, =75 77

show a strong correlation between the OSDA size, fluoride
location and structural stability. It can be concluded that
larger OSDAs like TBA stabilizes fluoride at T12 site, while
smaller OSDAs like TEA and TPA stabilizes fluoride at T9 site
in agreement with the literature data.®” Further analysis of the
models reveals that the relative stability of fluoride coordinated
to silicon atoms at the different T sites within the t-mel cage is
strongly influenced by the symmetry of the trigonal bipyrami-
dal geometry surrounding the five-coordinate F-SiO, sites.
Fig. S71 shows that the environment of the T9 site, the most
stable location for fluoride in the models with TEA and TPA
OSDAs, closely resembles an ideal trigonal bipyramidal geome-
try. Meanwhile, fluoride species at other T sites exhibit greater
distortion, leading to lower stability. In contrast, the bulkier
TBA OSDA enforces a nearly perfect trigonal bipyramidal geo-
metry at all positions within the t-mel cage. Consequently, the
stabilization energies across different positions become nearly
equivalent, explaining the occupancy of fluoride at multiple
crystallographic sites (T12 and T9, as supported by our calcu-
lations). Fig. 5 and Fig. S47 illustrate both fluoride locations
within the MFI zeolite structure, highlighting the impact of
OSDA size on the distribution and stability of fluoride in the
zeolite framework.

We performed additional calculations to verify whether the
presence of defects could shift the NMR resonance of fluoride
linked to the T9 site at §'°F ~ —65 ppm to §'°F ~ —80 ppm. We
used the five models with TPA OSDA, incorporating three F~
anions and one SiO~ defect per unit cell (see Table S5t), which
is very close to the experimental composition of TPA-MFI
sample (3F/u.c., see Table 1). The predicted average s, '°F are
very similar to those reported in Table 2, suggesting that the
presence of defects does not significantly impact the §'°F
value. The relative energies are generally lower but follow the
same trend as those in Table 2. These results confirm the
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assignment of the '°F NMR signal at —80 ppm to fluoride in a
location different to T9, more specifically in the T12 site.

4. Conclusions

In summary, the combination of NMR spectroscopy and
theoretical calculations confirms the previous assignment of
the '°F NMR signal at —65 ppm to fluoride bonded to Si at the
T9 sites and allows to assign the resonance at §'°F ~ —80 ppm
to fluoride linked to silicon at the T12 sites. Both T9 and T12
sites form part of the ¢-mel cage of the MFI zeolite. Our results
suggest that the stability of the fluoride at the T12 site is
noticeably enhanced either by using bulkier OSDAs or the
presence of defects. We have determined that the stability of
fluoride positioning within the ¢-mel cage is directly linked to
the distortion of the trigonal bipyramidal geometry around the
five-coordinate silicon site, which is influenced by the choice
of OSDA. Alternatively, the fluoride at the T12 position can be
stabilized by increasing the concentration of SiO™-.-HOSi
defects above a certain level (about 1.9 or fewer F/u.c.). The
presence of defects is favored at shorter synthesis times and
when using bulky OSDAs. Therefore, the distribution of fluor-
ide within the structure can be modified by varying the syn-
thesis conditions.

These findings highlight the significant influence of the
OSDA size and the presence of defects on the distribution of
fluoride anions within the MFI structure. Larger OSDAs and
higher concentration of defects promote the incorporation of
fluoride bonded to silicon at the T12 site. Changes on the
content and location of fluoride in the zeolite sites must be
accompanied by changes in the distribution of silanols. Our
findings are crucial for understanding the charge-matching
mechanism in zeolites, which ultimately impacts their struc-
tural properties and potential applications.
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