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The choice of structure directing agents (SDAs) in zeolite synthesis significantly impacts the arrangement of
active sites, thereby influencing the stabilization of reaction intermediates with profound implications for
catalytic applications. Therefore, understanding the distribution of SDAs along with the substitution of
heteroatoms for silicon in zeolites is imperative for tailoring optimized materials for specific applications.
This study is centered on the synthesis of all-silica RTH type zeolites in the presence of fluoride, utilizing
triisopropyl(methyl)phosphonium as the organic SDA (OSDA). Zeolites produced under varying
conditions of time and temperature exhibit differences in their X-ray diffractograms, indicating the
presence of two distinct crystalline phases. The *°F NMR spectra confirm the presence of fluoride within
the small rth cage and exhibit two distinct signals depending on the sample. The 2°Si NMR spectra reveal
the existence of penta-coordinated F-SiO4 species, resulting in sixteen non-equivalent Si sites. Through
ab initio DFT methods, the stabilization energy and 2°Si chemical shielding of several models featuring F-
SiO4 situated at all crystallographic sites were computed. Comparison with experimental results enabled

the identification of the framework position where the five-coordinate silicon is located, which differs

Received 6th October 2023 . . .
Accepted 23rd Novernber 2023 between the two crystalline phases of the as-synthesized RTH zeolites. Consequently, the placement of
fluoride in either of these two sites within the RTH zeolite can be controlled during the synthesis. It is

DOI: 10.1039/d3ta06071c expected that this methodology can be extended to manipulate the position of trivalent atoms (e.g., AG*

rsc.li/materials-a or B®%), which can affect the catalytic properties of the RTH zeolite.
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1. Introduction

Zeolites are crystalline microporous materials primarily
composed of silica (SiO, tetrahedra) interconnected by oxygen
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atoms, resulting in three-dimensional networks with molecular-
sized channels and cavities. Over the years, substantial efforts
have been invested in developing diverse zeolite structures,'®
leading to 255 distinct framework configurations recognized by
the International Zeolite Association.” These materials can
incorporate various atoms, yielding a range of chemical
compositions. Most commonly, AlI** partially replaces Si**
generating negative charges that can be compensated by H"
forming Brensted acid sites crucial in most zeolite catalytic
applications. Additionally, metal cations can be incorporated to
balance the charges, acting as active sites for redox or basic
reactions in catalysis. The diverse chemical compositions and
physicochemical properties combined with the numerous
framework topologies has prompted the commercial utilization
of zeolites in petrochemical, chemical, adsorption and separa-
tion processes.'**>

Many zeolites are synthesized hydrothermally from gels
containing organic cations as structure directing agents
(OSDA") in the presence of OH™ or F~ as mineralizing
agents.”''* Tetra-alkyl ammonium cations are the most
commonly employed OSDAs, occupying the zeolite void volume

This journal is © The Royal Society of Chemistry 2024
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to guide crystallization towards specific topologies."® Due to
their crucial role in zeolite synthesis, extensive research has
focused on developing new OSDAs, particularly those aimed at
creating structures with larger pore openings to allow process-
ing bulkier molecules.">” This research has recently expanded
to the synthesis of small-pore zeolites, driven by their growing
applications as catalysts for environmental reactions and in
adsorption/separation processes.'®' In recent years, a new class
of OSDAs based on tetra-alkyl phosphonium and phosphazenes
cations has attracted significant interest. Notably,
phosphonium-based cations offer superior thermal stability
compared to ammonium-based counterparts, enabling higher
synthesis temperatures and opening new avenues in zeolite
synthesis.”® Indeed, the utilization of this new family of
phosphorus-containing OSDAs has led to the synthesis of
known zeolites with new compositions®?® and novel
structures.””*® The synthesis of zeolites in fluoride medium has
proven highly effective in producing high- or all-silica large
crystals free of connectivity defects. This method has facilitated
the obtention of novel zeolites and of known materials that
cannot be prepared through other means.'>'*'$373% All silica-
based zeolites possess a neutral network, and the positive
charges of the OSDA" cations, enclosed in the larger cavities or
channels of the structure, are counterbalanced by the F~ anions
occupying the smallest cages. Specifically, F~ exhibits a notable
preference for occupying the double four-membered rings (d4r)
in zeolites containing these units in their structure.

Solid-state magic-angle spinning (ssMAS) '’F NMR spec-
troscopy is highly sensitive to the local environment, with the
'F chemical shift (3'°F) being dependent on the geometry and
chemical composition of the cages where F~ resides, thus
serving as a probe of the local zeolite structure.**** In zeolites
where d4r are absent, fluoride is incorporated within other
small cages forming a bond with a Si atom, resulting in penta-
coordinated silicon [SiO4F]™ in a distorted trigonal bipyramidal
environment that occupy preferably the corners of four
membered rings (4R).** The five coordinated [SiO4F]™ species
are recognized by the presence of a doublet at 3*°Si =
—148 ppm with scalar (J) couplings Jr_s; = 165 Hz in the *°Si
MAS NMR spectra.***® Due to tendency of fluoride to occupy
specific positions, it is acknowledged as a structure-directing
agent, promoting the crystallization of zeolites containing 4R
and especially those with d4r units.

Determining the precise positioning of F~ within the cages
and of OSDA" in the cavities or channels of all-silica zeolites has
been addressed through X-ray diffraction of single crystals or
highly crystalline powdered zeolite samples employing
synchrotron radiation.*>** Nevertheless, identifying their exact
location remains challenging. Typically, the fluoride anion
incorporated into a small cage of the zeolite will bind only one
of the Si sites and only a portion of the cages capable of hosting
fluoride anions are occupied, resulting in long-range structural
disorder.’>** In some instances, fluoride anions can move
within the cage among equivalent Si sites, which changes
continuously its coordination between four and five in the scale
of time of the NMR measurement giving a very large ill-resolved
signal at a 3*°Si intermediate between SiO, and [SiO4F] .+
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This dynamic disorder is evidenced by the observation of the
characteristic doublet of [SiO,F]” species in the *°Si ss-NMR
spectra recorded at a low enough temperature to immobilize
fluoride at one Si position.*® The occurrence of disorder in
fluoride distribution make it difficult to precisely resolve the
structure of all-silica zeolites through XRD.** Moreover, the
stabilization energies of the [SiO,F] ™ located in all possible sites
calculated by theoretical DFT are very similar, making it difficult
to assign the fluoride position.*® The presence of dynamic and
static disorder in F~-containing pure silica zeolites depend on
the framework topology but also on the OSDA"* used in their
syntheses. For instance, dynamic disorder is present in
silicalite-1 synthesized using the typical tetrapropylammonium
(TPA"), whereas static disorder becomes predominant when the
more asymmetric tributyl(methyl)ammonium (TBMA") is used
as OSDA.*" This is attributed to the shorter F_-TBMA" distance
and the stronger electrostatic interactions with the organic
cation containing the short methyl group, which immobilizes
fluoride ions at room temperature inhibiting dynamic disorder.

Substituting framework Si** by AI’* introduces negative
charges in the zeolite that are balanced by the OSDA" cations.
Subsequent calcination removes the OSDA’ leaving behind
Bronsted acid sites maintaining the charge neutrality. The
position of these acid sites associated with AI** significantly
influences the catalytic performance of zeolites in acid reac-
tions.*® Additionally, the formation of Al** pairs facilitate the
incorporation of divalent transition metal ions with redox
properties, impacting catalytic behaviour in reactions like de-
NOx.* Therefore, precise placement and distribution of AI**
within the framework are crucial for the catalytic application of
zeolites. This aspect has been extensively investigated empha-
sizing the influence of synthesis conditions and the choice of
OSDA.*® Recent research has begun considering the nature of
the mineralizing agent (F~ or OH ™) as an alternative method for
directing the AI** siting in ZSM-5.°' Varying the Si/Al ratio alters
the AI*" siting when the synthesis is conducted in a fluoride
medium, whereas it remains unchanged in an OH medium
across a wide range of Si/Al ratios. This is attributed to the
specific crystallographic locations of F~, as observed in pure
silica zeolites, compared to the distribution of siloxy groups
spread across different crystallographic sites in OH™ medium.
These findings highlight the importance of considering the
spatial distribution of all negative charges within the zeolite
framework for a comprehensive understanding and control of
aluminum siting, and consequently, its ultimate applications as
catalysts.

In this work, we focus on the study of RTH-type zeolites,
which exhibit a two-dimensional eight-membered ring small-
pore structure. Al- or B-containing RTH zeolites have demon-
strated to be promising catalysts for the methanol-to-olefin
(MTO) reaction, with their catalytic performance being closely
linked to the distribution and density of acid sites.®*** More
specifically we provide a detailed structural characterization of
pure silica RTH-type zeolites synthesized via the fluoride route,
employing triisopropyl(methyl)phosphonium cation as OSDA
varying synthesis conditions. We have identified two distinct
highly crystalline phases associated with the bonding of
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fluoride anions to Si at two different crystallographic sites in the
as-synthesized materials. The phase obtained after longer
synthesis times exhibits a greater long-range order compared to
the polymorph obtained at shorter crystallization times.
Through a combination of XRD, ss-NMR, and theoretical
calculations, we have successfully determined the fluoride
distribution in these two RTH phases. This knowledge is crucial
for understanding the crystallization process and charge
distribution in zeolites, and may pave the way for future
investigations into the distribution of AI** within the RTH-type
structure, with potentially significant implications for their
applications.

2. Materials and methods

2.1. Synthesis of triisopropyl(methyl)phosphonium
hydroxide

In a typical synthesis, a solution of 25.5 g (179.8 mmol, 99 wt%,
Aldrich) of iodomethane in 50 ml of anhydrous acetonitrile
(99 wt%, Alfa-Aesar) was added dropwise under stirring to
a solution of 17.6 g (119.9 mmol, 98 wt%, ABCR) of triisopro-
pylphosphine in 200 ml of anhydrous acetonitrile (99 wt%, Alfa-
Aesar) under nitrogen atmosphere at 0 °C (warning: alkyl-
phosphines must be handled with extreme caution in fume
hood and under inert atmosphere. They are highly toxic and
flammable). The mixture was stirred at room temperature for
three days. The resulting solution was rotary evaporated until
a white precipitate appeared and then, diethyl ether was added
to completely precipitate the desired product. The precipitate
was recovered by filtration, washed with a mixture of acetoni-
trile and diethyl ether and dried under vacuum. The product
triisopropyl(methyl)phosphonium (P-OSDA') iodide was ob-
tained as a white powder with a yield over 98%. Then, the
product was dissolved in Milli-Q water and exchanged to the
hydroxide form using an anionic exchange Amberlite IRN-78
resin in batch overnight, resulting in a 0.22 M solution of the
P-OSDA" hydroxide. The schematic synthesis and the charac-
terization results of the P-OSDA" are discussed in the ESLf

2.2. Synthesis of the zeolitic materials

In a typical synthesis of all-silica zeolites, a certain amount of
tetraethyl orthosilicate (99% TEOS, Aldrich) was added over the
desired quantity of a solution of P-OSDA" in its hydroxide form
and stirred until the complete hydrolysis of TEOS and the
evaporation of the necessary amount of water and ethanol.
Then, the appropriate amount of a solution of HF in water
(Aldrich, 48% v/v) was added in order to obtain a synthesis gel
with the following molar composition:

1.0 SiO,: 0.4 P-OSDA(OH): 10H,0: 0.4 HF

The resulting gel was transferred to Teflon lined stainless-
steel autoclaves and heated at 175 °C at its autogenous pres-
sure under tumbling (60 rpm) for times ranging from 3 days to
30 days. The solid was recovered by filtration, washed exhaus-
tively with distilled water and dried at 100 °C overnight to
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obtain the as-made all-silica RTH zeolite. The resulting
samples, labelled as RTH-x where x denotes the crystallization
time (in days), have the chemical composition shown in Table 1.

The organic content was determined by inductively couple
plasma (ICP) using a Varian 710-ES equipment and the fluoride
content by MAS NMR as described below. All zeolites hold about
two P-OSDA" cations and two fluoride anions per unit cell
resulting in a F~/P-OSDA" = 1 molar ratios. The Field Emission
Scanning Electron Microscopy (FESEM) images, displayed in
Fig. S17 for samples RTH-9 and RTH-30, show that the size and
morphology of the crystals are quite similar in the samples
obtained at different synthesis times.

2.3. Powder X-ray diffraction measurements

Routine powder X-ray diffraction patterns (PXRD) were obtained
at room temperature (25 °C) using a PANalytical CUBIX
diffractometer with Cu K, radiation and a Panalytical X'Cele-
rator detector. Variable divergence slits were used to obtain
a higher detail of the patterns at high angles for qualitative
analysis. High resolution PXRD (HRPXRD) data of the RTH-9
sample were collected using a PANalytical X'Pert PRO diffrac-
tometer equipped with a hybrid monochromator (Cu K,1 radi-
ation) and an X'Celerator detector. Prior to the measurements,
the sample was placed in a sealed glass capillary. The HRPXRD
data of the sample RTH-30 were collected at beamline MSPD of
the Spanish Synchrotron ALBA, using a wavelength of 0.619805
A and a MAD detector. Finally, the PXRD patterns of the RTH
samples at different temperatures were collected using an
Anton-Paar XRK-900 reaction chamber attached to a Malvern-
Panalytical Empyrean diffractometer with a PIXcel detector.
The measurements were performed using Cu K, radiation.

2.4. Solid state nuclear magnetic resonance

A Bruker Avance III HD 400 MHz WB spectrometer was
employed to record the solid-state Nuclear Magnetic Resonance
(ss-NMR) spectra spinning the sample at the magic angle (MAS).
'H MAS NMR spectra were acquired in a 2.5 mm probe at 25 kHz
using a /2 pulse length of 3.6 ps and 10 s recycle delay. '°F
measurements, vo('°F) = 376.5 MHz, were carried out in
a 3.2 mm probe, at MAS rates in the range 3-20 kHz, with a '°F
/2 pulse length of 4.8 ps and 60 s as recycle delays. The
quantification of the fluoride in the solid samples was done by
comparing the corresponding '°F NMR spectra with that of
a sample of known fluorine content. >*°Si MAS-NMR spectra,
vo(*°Si) = 79.5 MHz, were recorded in a 7 mm probe spinning
the sample at 5 kHz, using a >°Si pulse length of 4.0 ps corre-
sponding to 60° flip angle, and 180 s as a recycle delay. *F->°Si
cross polarization (CP) MAS NMR spectra were done at v(*°F) =
376.5 MHz and »,(*°Si) = 79.5 MHz using a 7 mm probe spin-
ning the sample at 5 kHz, using a pulse length 5 ps, 400 ps as
contact time and 100 s as recycle delay. The "H-"°F double-
resonance and 'H-'H double-quantum single-quantum (DQ-
SQ) MAS NMR experiments were recorded on an 850 MHz WB
Bruker NMR spectrometer equipped with a NEO console. The
experiments were run on a 1.3 mm ‘H-'°F-X-Y quadruple-
resonance MAS NMR probe at spinning rate 60 kHz. The

This journal is © The Royal Society of Chemistry 2024
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Table 1 Chemical composition of the pure silica RTH zeolites

Sample P-OSDA™ (mmol g %) P-OSDA"/u.c. % wt F? Flu.c. F/P-OSDA"*
RTH-3 0.82 1.9 1.77 2.1 1.14
RTH-9 0.81 1.9 1.54 1.9 1.00
RTH-13 0.84 1.9 1.68 1.9 1.05
RTH-19 0.81 2.0 1.66 2.1 1.08
RTH-30 0.82 2.0 1.57 2.0 1.01

“ Determined by ICP analysis. ” Determined by '°F NMR analysis.  Expressed as molar ratio.

dipolar-based Heteronuclear Multiple Quantum (D-HMQC)
"F-'H (HMQC varying rec time) NMR spectra were recorded
using the R4,> recoupling scheme.®**® Recoupling time was set
to 1.7 ms. '°F and "H 7t/2 pulse length at 25 W is 3.2 pus. Recycle
delay was set to 2.3 s. 56 t; slices with 32 transients each were
recorded. The "H-"H DQ-SQ NMR experiment was recorded
with the BABA scheme,® using 200 ps recoupling time. 130 t;
slices with 16 transients each were recorded. Phase sensitive 2D
NMR spectra were obtained by applying the State procedure.®®
The *C, *'P, 'H, "°F and *°Si NMR spectra were referenced to
adamantane, phosphoric acid, water, CFCl;, and TMS, respec-
tively. NMR spectra were fitted using the freely available DmFit
software® and SOLA package from Bruker Top spin 3.6.1.

2.5. Computational details

Periodic calculations were carried out with the VASP code.”
Energy minimizations were performed with the Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE).”*” In all
calculations, the projected augmented wave (PAW)” pseudopo-
tentials 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. For zeolites
and molecules, the Brillouin zone was sampled at the gamma
point but for fluorinated compounds convergence of the energy
with respect to the k-points was checked. At least Monkhorst-
Pack grids of 8 x 8 x 1 k-points were needed. The structures were
considered converged when the forces acting on atoms were
lower than 0.01 eV A~*. Dispersion energies were evaluated using
the D3 Grimme's method””® with the Becke-Johnson damping.”
The NMR absolute 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
criterion of 10'° eV for the electronic energy. The underestima-
tion of band gaps calculated with GGA functionals leads to a slope
that deviates from unity when predicting the chemical shift of
alkaline fluorides using linear regression models as shown by
Laskowski et al®*®" The modified Becke-Johnson exchange
potential (TB-mBJ)** gives a better relation between experimental
chemical shifts (3;5,) and absolute isotropic shieldings (Giso)-
Here, we used a similar dataset of fluorinated compounds to
predict the chemical shift from the absolute isotropic shieldings
and therefore all NMR calculations were performed with TB-mB]J
on the optimized structures. The dataset of 18 known fluorinated
compounds to obtain the regression between 9y, and ojs, is
shown in Fig. S2 and Table S1.}

This journal is © The Royal Society of Chemistry 2024

3. Results and discussion

3.1. Structural characterization of the RTH zeolites

Fig. 1a shows the PXRD patterns of the P-RTH samples
synthesized at 175 °C using the P-OSDA" cation and varying
times between 3 (sample RTH-3) and 30 days (RTH-30). All
diffractograms are typical of highly crystalline pure silica RTH
zeolite without the presence of amorphous or any other impu-
rity, even for the samples obtained at very short synthesis times
(RTH-3). However, inspection of Fig. 1a reveals some differences
in the position and relative intensities of particular diffraction
peaks, pointing out that small modifications arise in the zeolite
crystals as a function of the crystallization time. This is illus-
trated in Fig. 1b for the region 2¢ = 17-21°, where it can be
observed the disappearance of the peak at 17.9° at 13 days and
the strong diminution of the intensity of the diffraction at 19° at
30 days of synthesis time.

All samples possess a F~/P-OSDA" = 1 molar ratio (see Table
1) indicating that the P-OSDA" cations are compensated by F~
and thus, that the samples must be free of [SiO™-:-(HOSI),]
connectivity defects.*** The *'P and "H-'’C CP MAS NMR
spectra of all RTH samples are similar and show the peaks
characteristic of the P-OSDA" (see Fig. S3t for further details),
proving the integrity of the cations within the zeolite and sug-
gesting that their position within the cavities should be roughly
the same. However, substantial differences are observed in the
?9Si and '°F MAS NMR spectra.

The *°Si ss-NMR spectra of the RTH zeolites, shown in
Fig. 2a, are significantly different for the samples synthesized at
short (RTH-3 and RTH-9) and long (RTH-19 and RTH-30) crys-
tallization times. The spectra of the RTH-3 and RTH-9 zeolites

a)

T T

T
5 10 15 20 25 30 35 40

26()
Fig.1 (a) PXRD patterns of the pure silica RTH zeolites and (b) detail of

the PXRD patterns at the 17-21° (26) region.
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show a doublet at 3*°Si =~ —146.0 ppm due to the scalar Jgr =
160 Hz coupling with the fluoride °F (I = 1/2) typical of penta-
coordinated [F->°Si(0Si),]” silicon species.***® The simulation
of the spectrum of the RTH-9 zeolite (Fig. S41) proves the
presence of other fifteen signals of >°Si(0Si), in the region
between 3*°Si = —100 ppm and 3*°Si = —120 ppm. The *°Si MAS
NMR spectra of the RTH-19 and RTH-30 samples, obtained at
long synthesis times, also consist of 16 signals with equal
intensity, fifteen >°Si(0Si), and a doublet due to [F->°Si(0Si)4]~
species (3 >°Si = —145.0 ppm, Js;r = 170 Hz), but with 3>°Si and
Jsir values different to those of sample RTH-9. The spectra of the
samples obtained at short times are characterized by the pres-
ence of a low field signal at *°Si = —103.7 ppm attributed toa T
crystallographic site with a small T-O-T angle.*® This signal is
absent in the spectra of the zeolites synthesized at long times,
which otherwise display a much better resolution indicating
higher long-range structural order. The *°Si NMR spectra of the
RTH-9 and RTH-30 zeolites, chosen as representative of the two
types of samples, and their simulation using individual
components are compared in Fig. S4.t

The 2°Si MAS NMR spectra as well as the XRD patterns of all
RTH samples are nearly identical after calcination disappearing
the differences observed for the as-synthesized materials. The
unit cell of the RTH-type structure, without organic molecules
inside the pore system, contains 32 T atoms (Siz»Os4) distrib-
uted in four crystallographic sites each of them with

a
) -146.4
-144.2
RTH-30 \
-147.8
RTH-19 |
RTH-9 pis
RTH-3 AT,
-100 -110 -120 -130 -140 -150
b)
RTH-30

o e o e o e o e  ER L T

T 1
-120 -130 -150

529Si (ppm)

-110 -140

Fig.2 (a) 2°Si MAS NMR spectra of the RTH zeolites (b) comparison of
the 2°Si (up) and the °F—2°Si CP (with 0.4 ms of contact time) (bottom)
MAS NMR spectra of the RTH-9 and RTH-30 zeolites.

880 | J Mater. Chem. A, 2024, 12, 876-891

View Article Online

Paper

a multiplicity of eight, and thus, four peaks of equal intensity
are expected in the *°Si NMR spectra. Accordingly, the *°Si NMR
spectra of the thermally treated (under hydrogen and subse-
quent calcination) materials consist of three signals with areas
1:2:1 due to the proximity of the 3*°Si of two of the four Si
sites, the contribution of which can be distinguished in the
spectrum of the RTH-30 sample (Fig. S51). Thus, it is concluded
that regardless the crystallization time, all samples consist on
pure siliceous RTH zeolite. However, according to the >°Si NMR
spectra the number of T sites increases from four in the
calcined to sixteen in the as-synthesized materials (Fig. 2). As
reported previously for the STF-type zeolite,*® this reduction of
the crystal symmetry is originated by the bonding of fluoride to
Si. Assuming that the occurrence of [F-Si(OSi),]” species does
not change the size of the unit cell still formed by 32 SiO,, the
RTH zeolites must contain at least 16 crystallographic sites with
multiplicity of two.

Fig. 2b compares the >°Si and the ""F-*°Si CP MAS NMR
spectra of the RTH-9 and RTH-30 zeolites representative of the
RTH structures at short and long crystallization times, respec-
tively. As expected, the *F->°Si CP MAS NMR spectra show
a sharp increase of the signal assigned to [F->°Si(0Si),]” and to
lesser extent, of other resonances that differ for the two
samples, indicating that the Si close to F~ are at different sites.
It must be noted the enhancement of the signal at §*°Si =
—103.7 ppm in the CP MAS NMR spectrum of the RTH-9 indi-
cating the proximity to fluoride of this silicon site.

The '°F ss-NMR spectra, shown in Fig. 3, are also different
for the RTH zeolites obtained at different synthesis time. The
spectrum of the RTH-3 sample contains a main signal at 3"°F =
—71.9 ppm and another very weak at 3'°F = —67.2 ppm. This
latter resonance is slightly more intense for the RTH-9 zeolite,
becomes dominant for the RTH-13 and RTH-19 and is the only
one in the spectrum of the RTH-30. Analysis of the '’F NMR
spectra recorded at low spinning rates (Fig. S67) confirms the
effective bonding of F~ to SiO, at room temperature, according
to the observation of [F->°Si(0Si),]” sites in the *°Si ss-NMR
spectra. In the RTH structure, F~ anions must be placed
within the rth cages formed by four 4R and four 5R (i.e. [4%.5%]
following the notation recommended by the International

T T
60 62 64 66 68 -70 -72 -74 -76 -78 -80
5'9F (ppm)

Fig. 3 °F MAS NMR spectra of the RTH zeolites.
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Zeolite Association — IZA). The fact that both the *°F and the *°Si
NMR signals of penta-coordinated silicon are different for the
samples obtained at short (3'°F = —71.9 ppm) and long (3"°F =
—67.2 ppm) times, indicate that the [F-Si(OSi),]” species must
be placed at different positions of the rth cage.

Therefore, the bonding of F~ anions to Si at different posi-
tions of the rth cage at short and long time of synthesis gives rise
to two unlike structures that are denoted as RTH-A and RTH-B,
respectively. From now on, the study is focussed on RTH-9 and
RTH-30 zeolites as representative of the RTH-A and RTH-B
phases, respectively.

Information on the spatial proximity of the P-OSDA" cations
and the F~ anions in the RTH-9 and RTH-30 zeolites is gained
by recording bidimensional (2D) "H-"°F dipolar based hetero-
nuclear multiple-quantum coherence (D-HMQC) MAS NMR
spectra at high magnetic field (850 MHz) and very fast spinning
rate (60 kHz) shown in Fig. 4. Examination of the full projection
of the "H signals in the F2 (horizontal) dimension of the spectra
of the RTH-9 and RTH-30 zeolites show peaks at 3'H = 2.7 ppm
attributed to the methylene P-CH(-CH3), and at 3'H = 1.7 ppm
assigned to the -CH; groups of the P-OSDA" cation. The spec-
trum of the RTH-9 sample shows a shoulder at 3'H 1.9 ppm, the
origin of which was investigated by recording the 2D 'H double
quantum-single quantum (DQ-SQ) spectrum, displayed in the
inset of Fig. 4a. It shows a cross correlation peak at (1.7 ppm, 4.8
ppm) from the signals at 3'H = 1.7 ppm and at 3'H = 2.7 ppm
but not with the resonance at 3'H = 1.9 ppm. Then, the signal at
3'H = 1.7 ppm is assigned to the terminal methyl group of the
isopropyl chain as they are close to the -CH group (=P-
CH(CH;),) and the signal at 3'H = 1.9 ppm is attributed to the
methyl directly linked to phosphorus (=P-CHj;). The fact that
the two methyl groups are not distinguishable in the F2 'H
projection of the "H-"F HMQC spectrum of the RTH-30 zeolite
(see Fig. 4b), suggests that the orientation of the P-OSDA" cation
is slightly different than in the RTH-9 sample, as supported by
the differences observed in the *C NMR spectra (Fig. S37).

The 2D "F-'H D-HMQC NMR spectrum of the RTH-30
sample shows two correlation signals at (1.7, —67) ppm and
(2.7, —67) ppm of the unique *°F resonance at 3'°F = —67.2 ppm
with the ~-CH- (3'"H = 2.7 ppm) and the terminal ~-CH; groups
(3'H = 1.7 ppm) of the isopropyl chain of the P-OSDA" cation.
These two cross peaks are also present in the 2D '°F-'H D-
HMQC NMR spectrum of the RTH-9 sample coming from the
weak '°F resonance at 3'°F = —67.2 (Fig. 4a), besides two more
cross peaks at (2.7, —72) and (1.7, —72) ppm of the -CH- and -
CH; groups of the isopropyl chain with the intense '°F signals
(3'°F = —72 ppm). Interestingly, the spectrum of the RTH-9
sample shows a fifth correlation at (1.9, —72) ppm, again con-
firming the assignment of the signal at 3'H = 1.9 ppm to the
=P-CH; group of the P-OSDA" in zeolite and proves that the
local interaction of the cations with the inorganic network are
slightly different in the two samples.

Summarizing, the results obtained by ss-NMR spectroscopy
for the RTH zeolites indicate that the RTH-A and RTH-B present
sharp differences in the Si crystallographic sites and the local
environment of F~ and subtle differences on the orientation of

the P-OSDA" cations. The two phases can be easily
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Fig. 4 'H-'F 2D D-HMQC MAS-NMR spectra of the samples: (a)
RTH-9 and (b) RTH-30 (recoupling time of 1.7 ms). The inset in (a) is the
2D DQ-SQ *H MAS-NMR spectrum of the RTH-9 sample.

distinguished by "°F NMR, as the RTH-A phase gives a signal at
3°F = —72 ppm and the RTH-B phase at 3“F =
—67 ppm.3*>*#853 Moreover, the 2°Si NMR spectra of the RTH-A
phase presents a characteristic low field signal at 3*°Si =
—104 ppm absent in the RTH-B phase.

The influence of other parameters such as the temperature
of synthesis were also investigated by ss-NMR. The spectra of all
samples synthesized at lower temperature (150 °C) with P-
OSDA" show the contribution of signals corresponding to
phases RTH-A and RTH-B, as illustrated in the '°F NMR spec-
trum of Fig. S7.1 Therefore, the use of high temperature and
long crystallization times in the zeolite synthesis favors the
formation of the RTH-B phase, which is more stable thermo-
dynamically than the RTH-A.

3.2. Structure resolution of the pure silica RTH-A and RTH-B
phases
3.2.1. Redefinition of the RTH unit cell by DFT calcula-

tions. According to the IZA database® the structure of the
calcined pure silica RTH is monoclinic and the unit cell
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contains four inequivalent T sites, namely T1, T2, T3 and T4,
each of them with multiplicity 8. The increase in the number of
non-equivalent crystallographic T sites up to 16 in the as-made
material observed by NMR is the result of a decrease in the
symmetry, related to the bonding of the fluoride to a Si site. This
causes that the T-sites equivalent by symmetry in the calcined
material become non-equivalent in the as-made zeolite, in
a similar way to that reported for the STF type structure.*®

In order to understand the changes of symmetry of the as-
synthesized zeolite, we built a model starting from the RTH
topology, with two P-OSDA" cations and two F~ anions per unit
cell. The HRPXRD data of the RTH-9 and RTH-30 samples were
used to localize the P-OSDA" cations, starting the calculations
using the known monoclinic structure of calcined RTH.® The
position of the phosphorus atoms, with higher electron density
than the other atoms of the P-OSDA', was determined by
calculating difference Fourier map using the programs FullProf
and GFourier. After that, the approximated locations of the C
atoms connected to P have been easily obtained. The remaining
C atoms were positioned close to the previous ones, imposing
geometrical restraints to C-C bond distances and P-C-C tetra-
hedral angles (Tables S2 and S37). Unfortunately, it was not
possible to accurately find the position of the F~ anions. The
two P-OSDA" cations in the unit cell occupy similar positions in
the large cavities in the RTH structure in the RTH-9 (phase RTH-
A) and RTH-30 (phase RTH-B) samples. Subsequently, the
resulting structure including the P-OSDA" was used as a starting
point for modelling the structural changes by means of theo-
retical calculations.

Thus, theoretical calculations were envisaged for locating
the two compensating F~ anions within the RTH structure
containing two P-OSDA" cations in the unit cell. The possible
models of the as-synthesized RTH unit cell were developed by
positioning the P and the C atoms of the two P-OSDA" cations
from the refinement of the PXRD patterns, completing the
valence of the C atoms with H. The observation of a unique *°F
NMR resonance in each of the two phases indicates a unique
local environment and then the two F~ atoms included in the
unit cell were bonded to two equivalent Si crystallographic sites.
This approach gives rise to a total of 112 combinations, 28 for
each of the T1-T4 sites in the calcined material (see Fig. S8 and
S9t+ for a full description of the procedure). However, the
calculated NMR absolute shielding of the two F~ in the unit cell
is equal for only 16 models, which correspond to four combi-
nations for each T1-T4 sites (Fig. S9, Tables S4-S7,t see also
crystallographic information files (.cif) supplied as ESIf for
atomic coordinates and the structures with Deposition
Numbers CSD 2297811-2297850). Interestingly, in these 16
models, the 32 Si atoms of the unit cell can be grouped in 16
pairs with 16 calculated *°Si o4, which agree with the 16 signals
observed in the *°Si NMR spectra. This is not true for the rest of
the 96 models. These 16 configurations are among the most
stable because the distance between both fluoride anions is
maximized (Fig. S10t) and are consistent with the experimental
evidence observed by solid state NMR.

A close inspection of these 16 models reveals that the fluo-
ride distribution is not compatible with any monoclinic space
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group and, consequently, the unit cell was redefined. To that
end, we found three cell vectors such that all fluoride atoms are
related by translations (Fig. S107). Thus, the new unit cell
vectors can be defined choosing one F~ and connecting it to the
three nearest F~ in the three (x, y, z) directions of space (Fig. 5).
This operation resulted in a triclinic unit cell with the following
parameters, optimized with PBE: a = 9.753 A, b = 11.471 A, c =
9.729 A, o = 86.32°, 8 = 95.78°, v = 115.84°. The new triclinic
unit cell contains 16 T atoms, in 16 crystallographic T sites (T1
to T16 with multiplicity 1), one F~ anion and one P-OSDA"
cation.

The feasibility of the redefined RTH structure using the
triclinic cells calculated theoretically was checked by using
them used as starting point for further refinements of the cell
parameters using the PXRD data with the new symmetry. The
data calculated were in good agreement with the experimental
PXRD. The refined unit cell parameters for the RTH-9 sample
(phase RTH-A) with the new triclinic cell are a = 9.7265(5) A, b =
11.3864(6) A, c = 9.8017(5) A, « = 87.853(3)°, 8 = 96.205(3)°, ¥ =
114.988(3)°, V = 978.12(8) A, and for the RTH-30 sample (phase
RTH-B) a = 9.7516(4) A, b = 11.5072(3) A, ¢ = 9.6825(2) A, a =
87.327(2)°, 8 = 96.330(2)°, y = 115.102(2)°, V = 977.90(5) A°.

3.2.2. Location of fluoride anions in the pure silica RTH-
type zeolite. The low electron density of fluoride makes unfea-
sible the location of this anion by the analysis of the PXRD data,
and then, DFT calculations were used. The lattice parameters
and atomic coordinates taken from the refinement in the
triclinic system of the PXRD patterns of the RTH-9 and RTH-30
samples were used as initial guess for a new round of DFT
optimizations. The new triclinic unit cell (Si;603,) has 16 crys-
tallographic sites (1-16) each with a multiplicity of 1, instead of
the 4 T-sites (T1-T4) with multiplicities of 4 in the monoclinic
cell of the calcined material.

Fig. 6 depicts the correspondence among the T1-T4 crystal-
lographic positions of the monoclinic system with the 1-16 sites
of the triclinic unit cell. The structure models were created by
bonding a fluoride anion to each of the 16 positions of the
triclinic unit cells. In the case of 9-12 (T3) and 13-16 (T4) sites,

| Kﬂ/

Monoclinic C2/m [Si3,Ogy]

C

Triclinic P1 [Si;405,]

Fig. 5 Redefinition of the RTH unit cell. The vector, b’, connecting the
F pairs related by (x + 1/2,_y + 1/2,_z) symmetry operation will now
define the new b vector. Si, O, P, C, H, F are depicted in orange, red,
yellow, grey, light grey, blue respectively. Unit cell vectors a, b and ¢
are depicted in red, green and blue respectively.
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which are forming the 4-membered rings joining two rth cages,
the fluoride anion may point to the center of any of the two
cages (I and II in Fig. 6). As a result, there are 24 possible
arrangements for the fluoride anions in the 16 T crystallo-
graphic positions that are labeled according to the index of the
Si atom to which the F is bonded, that is, from 1 to 16, and the
duplicates of 9-16 sites of the two-joined rth cages are labelled I
and II depending on which cage the fluoride is pointing to
(Fig. 6). Table 2 summarizes the Si-F bond length, the P-F
distance, the optimized volume of the unit cell, the predicted
diso °F and the relative energy with respect to the most stable
(position 6) for each of the 24 models. The calculated chemical
shielding *°Si o, of the 24 structures in the triclinic system are
listed in Tables S8-510.F

The plot of Fig. 7 shows that as the Si-F bond lengths
enlarges from 1.77 A to 1.82 A, the predicted NMR di, *°F shifts
from —73 ppm to —48 ppm with a good correlation R” ~ 0.8. The
data in Table 2 points out that shorter P-F distances are
generally accompanied by smaller unit cell volumes and more
negative 3, '°F. These observations agree with the experi-
mental results since the unit cell volume of the RTH-9 sample
(975.8 A*) with a '°F NMR signal at 3'°F = —71.2 ppm is smaller
than that of the RTH-30 sample (980 A%, 3'°F = —67.2 ppm). It is
worth noting that the lesser unit cell volumes are predicted for
the structures where the fluoride is bonded to silicon atoms at
the four-member rings, that is, at the 9-12 (T3 in the monoclinic
cell) and 13-16 (T4 in the monoclinic cell) sites.

Interestingly, the observation of Table 2 indicates that the
predicted d;s,'°F values depend on the crystallographic T1-T4
sites of the former monoclinic structure where fluoride is
bonded. The general trends observed are: (i) T1 (1-4 in the
triclinic) has 3;,,'°F between —56 ppm and —62 ppm; (ii) T2 (5-8
in the triclinic) shows a very narrow distribution of chemical
shifts centered at d;,'°F = —66 ppm; (iii) T3 (9-12 in the
triclinic) displays values at diso'°F = —50 ppm, J3iso'’F =
—58 ppm or diso'’F = —73 ppm and finally, (iv) T4 (13-16 in the
triclinic) has calculated values of 3'°F = —58 ppm or —71 ppm.

HT
Ry

W T4 Cagel

Cagell

Fig.6 Illustration of the two possible orientations of the fluoride anion
bonded to the Si at the position 14 (a T4 site in the monoclinic unit cell).
The fluoride anion can be oriented towards the center of cage | or Il.
The same applies to positions 9, 10, 11, 12, 13 and 15. Cages are joined
by 4-membered rings (4MR) made up of sites 9-12 (T3 in the
monoclinic unit cell) and 13-16 (T4 in the monoclinic unit cell). For
visual aid of the cage B the periodic image of the positions 10, 11, 13
and 15 are also represented.
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The criteria to choose the models that better depict the real
structures are a compromise of the higher relative stability and
the best correlation between calculated and experimental '°F
and ?°Si NMR chemical shifts. The most stable structure
corresponds to model 6 in Table 2, with a calculated d;s,"°F = —
65.9 ppm that agrees very well with the signal at 3'°F = —
67.2 ppm of the RTH-30 sample (phase RTH-B). The model 6 is
represented in Fig. 8, besides the plots showing the good
correlation existing between theoretical oig, 298 (Table S8,T
column in italics) and the experimental 3*°Si of the RTH-30
sample. Although there are only small differences among the
relative energies and 3'°Fj,, of models 5-8 (T2 in the monoclinic
cell), model 6 (Table 2, Fig. 8) with the fluoride bonding a Si at
the position 6 (T2 in the former monoclinic cell), is the one that
shows the best correlation between calculated and experimental
?9Si chemical shifts (Fig. S117). As expected, longer time and
higher temperature of synthesis would lead to the most ther-
modynamically stable phase and then the model 6 can be
unambiguously assigned to the RTH-B phase.

The '’F NMR signal of the RTH-9 sample (phase RTH-A)
appears at 3'°F = —71.8 ppm, which fits well with the value
predicted for the models 9-II, 10-II 11-IT and 12-I (F~ bonded to
T3 sites in the monoclinic cell) and 13-, 14-I1, 15-I1 and 16-1 (F~
bonded to T4 sites in the monoclinic cell), as shown in Table 2.
However, from them, the calculated o;5,2°Si values of model 16-1
shows the best correlation with the experimental 3°°Si of
sample RTH-9 (Fig. S12 and S131 and 9). Accordingly, the model
16-1 represented in Fig. 9, less stable than the model 6 (RTH-B
phase), can be ascribed to the RTH-A phase obtained at shorter
crystallization times or lower temperature. Nevertheless, it must
be noted that also G, °Si of model 12-1 shows a good correla-
tion with the experimental 3*°Si and the differences in the
relative energy of all structures are small. The unit cell param-
eters of models 6 and 16-I are compared with those of samples
RTH-9 and RTH-30 in Table S11.7

3.3. Thermal behavior of RTH-A and RTH-B phases

The results reported here indicate that the RTH-A and RTH-B
phases are obtained at short and long synthesis times at 175 °C,
respectively. The DFT calculations suggests that the energetic
difference between them is relatively small and thus, we
thought about the possibility that phase transitions could occur
just by simple heating-cooling cycling. To check this possibility,
a calorimetric study was carried out on the RTH-9 and RTH-30
samples. The plots of the heat flow vs. temperature upon
heating (Fig. S14at) show intense endothermic signals at 95 °C
with a heat of 3.1 ] g~ for the RTH-9 sample and at 134 °C and
5.0 J g ! for the RTH-30 sample. These signals must be asso-
ciated to a phase transition since there are no mass changes in
the temperature range used. Upon subsequent cooling down,
the calorimetry plots show exothermic signals at 79 °C and 3.1 ]
g ! for the RTH-9 and at 96 °C and 5.1 J g * for the RTH-30
samples. Thus, the phase transitions observed on both RTH
materials during heating were reversible, although shifted to
lower temperatures during cooling (Fig. S14bt). However, the
coincidence of the heat values (endothermic during heating
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Table 2 Si—F bond lengths, P—F distance, unit cell volume, predicted isotropic chemical shift (3;sc) of 9F, and relative energy with respect to
position 6. The ;55 19F were calculated using regression equation shown in Fig. S2 and taking as predictor variable the absolute isotropic shielding

calculated with TB-mBJ

Triclinic Si-F P-F Unit cell volume Predicted d;,,
model Monoclinic site bond (A) distance (A) (A% (ppm) Erer (K] mol™)
1 T1 1.816 7.00 980.4 —56.1 15.9
2 T1 1.784 7.30 985.2 —62.8 7.5
3 T1 1.820 6.74 985.0 —62.1 16.3
4 T1 1.820 7.02 980.7 —56.6 18.4
5 T2 1.785 6.94 973.2 —66.3 2.5
6 T2 1.788 6.74 979.3 —65.9 0.0
7 T2 1.784 7.25 974.3 —66.4 1.7
8 T2 1.791 7.29 977.5 —65.0 2.9
9-1 T3 1.800 6.88 981.0 —58.1 10.0
9-I1 T3 1.764 6.58 970.0 ~75.7 18.8
10-I T3 1.770 6.68 973.4 —73.0 22.2
10-1I T3 1.809 6.71 984.8 —49.5 17.6
111 T3 1.810 7.13 989.4 —50.6 16.3
11-11 T3 1.765 6.73 972.2 —-72.7 20.9
121 T3 1.767 6.66 971.0 —73.4 20.9
12-11 T3 1.807 7.04 982.7 —58.7 12.5
13-1 T4 1.770 6.79 972.1 -71.9 18.0
13-11 T4 1.796 6.85 975.4 —58.5 8.4
141 T4 1.794 6.79 976.0 —58.5 1.7
14-11 T4 1.780 6.91 968.0 —70.8 16.3
15-1 T4 1.798 7.03 976.2 —57.8 9.2
15-11 T4 1.766 6.35 970.0 —71.8 15.1
16-1 T4 1.773 6.52 967.8 —70.4 21.8
16-11 T4 1.798 6.96 976.2 —59.0 4.6
B e o) To gain more insight on the phase transformations observed
= st e by calorimetry, the ss-NMR spectra and the PXRD patterns of
7] s the RTH-9 (RTH-A phase) and the RTH-30 (RTH-B phase)
€ -60 - _ samples were recorded at variable temperature between 25 °C
S 651 and 150 °C. The "H->Si CP MAS NMR spectra were measured to
? shorten the acquisition time by exploiting the proximity of all
e L 7 framework Si atoms to the 'H from the P-OSDA" within the
-751 o

1.78 1.79 1.80 1.81 1.82

Si-F bond length (A)

1.77

Fig.7 Correlation of the °F NMR chemical shift with Si—F bond length
of the theoretical models of the RTH zeolite built in this work.

exothermic during cooling) strongly support that the systems
are mostly reverting back to the original phases during cooling
down. The calorimetry study on the RTH samples clearly shows
that there is a completely reversible phase transition which
occurs at higher temperature and with higher heat for the RTH-
30 sample, supporting the higher thermodynamic stability of
the RTH-B phase. The results indicate that the two phases do not
transform each other (if this occurs, two signals would appear
in the calorimetric plots), but that they transform directly into
a third unknown phase upon heating, which may be the same or
not for the two samples. Unfortunately, calorimetry does not
provide any further information about the structural changes
occurring during these phase transformations.
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Fig. 8 Correlation between the calculated o5,2°Si and the experi-
mental 32°Si of sample RTH-30 for the 16 Si atoms (a) and leaving out
the Si atom bonded to fluoride (b). (c) Optimized structure with the
fluoride anion sitting on position 6 (T2 in the monoclinic). Only one P-
OSDA™ and the nearest fluoride are represented with balls. Si, O, P, C,
H, F are depicted in orange, red, yellow, gray, light gray, blue respec-
tively. The calculated °Si oy, are included in Table S6.f
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Fig. 9 Correlation between the calculated 295 Giso and the experi-
mental 3%°Si of sample RTH-9 for the 16 Si atoms (a) and leaving out
the Si atom bonded to fluoride (b). (c) Optimized structure with the
fluoride anion sitting on position 16-1 (T4 site). Only one P-OSDA* and
the nearest fluoride are represented with balls. Si, O, P, C, H, F are
depicted in orange, red, yellow, gray, light gray, blue respectively. The
calculated ?°Si o35, are included in Table S8.1

zeolite cavities. The '°F MAS NMR spectra were recorded at low
spinning rates to observe the spinning side bands (SSB) pattern
from the chemical shift anisotropy (CSA) to monitor possible
changes in the symmetry environment of fluoride atoms.

Fig. 10 shows the >°Si and "°F ss-NMR spectra of the RTH-9
sample recorded at variable temperature. The NMR spectra
recorded at 23 °C (room temperature) have already been
depicted above. The '’F NMR spectrum is dominated by the
signal at di,,'°F =~ —72 ppm, typical of the RTH-A phase, with
a very weak contribution at 3;,,'°F = —67 ppm of the RTH-B
phase, both axially symmetric (Fig. 10a). The >°Si NMR spec-
trum displays a low field peak at 3;,,>°Si = —104 ppm charac-
teristic of the RTH-A phase with the doublet at §;,,>°Si =
—148 ppm due to the penta-coordinated silicon as described
before. When the temperature of the RTH-9 sample is increased
to 80 °C, the '’F NMR spectrum (Fig. 10a) shows an SSB pattern
with broad signals attributed to mobile fluoride jumping
between various Si crystallographic positions, as previously re-
ported for silicalite-1.” Accordingly, the corresponding >°Si
NMR spectrum consists of two broad bands. The spectrum
shows a tail at high field, and the disappearance of the doublet
of F-?°Si(0Si), and of the low field signal at 8;,>°Si =
—104 ppm. After fast cooling down the sample to ~25 °C, the
original '°F and *°Si NMR spectra are recovered with slightly
higher relative intensity of the RTH-B phase and wider peaks,
indicating higher heterogeneity of sites and then less short-
range order. Similar spectra were recorded in a second cycle,
by heating again up to 80 °C and then slowly cooling (in steps of
5 °C) down to 30 °C. The "”F NMR spectrum shows narrower
peaks, indicating a higher homogeneity and slightly more
ordered material than after fast cooling.

A similar ss-NMR experiment was carried out on the RTH-30
zeolite exhibiting the RTH-B phase and the main results are
summarized in Fig. 11. At room temperature, the '°’F NMR
spectrum shows the signal at 3;5,'°F ~ —67 ppm and the highly
resolved >°Si NMR spectrum, representative of the RTH-B phase,

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 (A) °F MAS NMR spectra (2 kHz) and (B) 2°Si CP-MAS NMR
spectra of the RTH-9 sample recorded at the temperature indicated in
the spectra. The diso™°F peaks corresponding to phase RTH-A is indi-
cated by (¢) and to phase RTH-B by (). The rest of the peaks in the
spectra are spinning sidebands. Rapid cooling (for about thirty
minutes) was done by switching the heating off on the sample at the
higher temperature. During slow cooling down (for about ninety
minutes) the sample at the higher temperature was decreased by steps
of 10 °C. (Same color of spectra indicates same temperature of
measurement).

which do not experience relevant changes up to 110 °C. At this
recording temperature, the "°F and *°Si NMR spectra are similar
to those of the RTH-9 sample at 80 °C (Fig. 10), indicative of
dynamic disorder because of the fluoride mobility. After rapidly
cooling down the RTH-30 sample from 100 °C to 26 °C, the '°F
NMR spectrum shows the overlapping of the SSB patterns of the
signal at 8,,'°F =~ —67 ppm from the RTH-B phase with
a weaker but significant contribution of the signal at d;;,"°F =
—72 ppm indicating the development of the RTH-A phase. The
presence of phase RTH-A is confirmed by the appearance of the
signal at d,,>°Si = —104 ppm in the *°Si NMR spectrum.
However, when the RTH-30 sample is heated again up to 110 °C

J. Mater. Chem. A, 2024, 12, 876-891 | 885


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta06071c

Open Access Article. Published on 24 November 2023. Downloaded on 12/4/2025 7:16:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

a) ’

RER
1 k | A 27°C
SR W\ vj Uuﬁu/\vﬁ\ )\ SlowCooling

0 26°C
A A Rapid Cooling

110°C
239
—éO -;10 —éO -EISO —1I00 -1I20 -1l40
3 'SF (ppm)
b)
“ f’ O,Si-F RTH-8
MW'A
LR U WP

i O4Si-F RTH-A
*3

Y

Mobile fluoride
atoms

[y
WW
T T T T T T T 1
-90 -100 -110 -120 -130 -140 -150 -160
5 2Si (ppm)

Fig. 11 (a) '°F MAS NMR spectra (2 kHz) and (b) 2°Si CP-MAS NMR
spectra of the RTH-30 sample recorded at the temperature indicated
in the spectra. The d.x'°F peaks corresponding to phase RTH-A is
indicated by (¢) and to phase RTH-B by (i). The rest of the peaks in the
spectra are spinning sidebands. Rapid cooling (for about thirty
minutes) was done by switching the heating off on the sample at the
higher temperature. During slow cooling down (for about ninety
minutes) the sample at the higher temperature was decreased by steps
of 10 °C. (Same color of spectra indicates same temperature of
measurement).

and then slowly (in steps of 5 °C) cooled down to 25 °C, the
original "°F and ?°Si NMR spectra corresponding to the RTH-B
phase are fully recovered, this process being completely
reversible.

Thus, the ss-NMR spectra recorded at variable temperature
indicate that the fluoride anions detach from the silicon posi-
tion 16-I in the RTH-A phase at 80 °C and from the site 6 in the
RTH-B phase at 110 °C. The process is fully reversible when
slowly cooling down, although a fraction of RTH-A phase
appears when the RTH-30 sample (RTH-B phase) is rapidly
cooled down to 25 °C. The results obtained by ss-NMR strongly
suggest that the phase developed at high temperature with the
fluoride anions detached from the SiO, tetrahedra, is the same
independently of the location of fluoride anions in the original
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RTH sample. To fully confirm these changes of phases, the in
situ XRD study of the thermal evolution of RTH samples were
carried out.

Fig. 12 top shows the peaks in the 26 = 8.0-9.5° region of the
PXRD patterns of the RTH-30 zeolite (mainly RTH-B phase),
registered at increasing temperatures under dry nitrogen. The
diffractogram recorded at room temperature presents two
distinctive peaks at 26 = 8.46° and 9.16°, which slightly shift
toward lower angles upon heating up to 100 °C, indicating
a subtle expansion of the unit cell. At around 125 °C an abrupt
change of the unit cell parameters occurs with a contraction of
a and b and an expansion of ¢ till a = 9.7376(3) A, b = 11.4669(3)
A, ¢ = 9.7640(2) A, o = 87.4456(15)°, 8 = 96.063(2)° and y =
115.0690(18)° indicating the formation of a new phase, denoted
as RTH-C, that remains constant up to at least 150 °C. After
rapid cooling down the material to room temperature, the RTH-
B phase reappears accompanied by the RTH-A phase (a =
9.7265(5) A, b = 11.3864(6) A, ¢ = 9.8017(5) A, a = 87.853(3) °,
B = 96.205(3)° and v = 114.988(3)°). Then, this sample was
submitted to a second heating cycle (Fig. 12, top right). At 100 °©
C, the RTH-C phase appears and the RTH-A disappears while the
RTH-B persists. When the temperature is increased to 150 °C, as
in the previous heating cycle only the RTH-C phase is observed.
During subsequent slow cooling down, the RTH-B emerges at
75 °C and the RTH-A at 50 °C while the RTH-C phase vanishes. At
room temperature, there is a mixture of the two phases with
a fraction of RTH-B higher than in the previous cycle. These
results are completely reversible by heating and cooling down
again, with the relative amounts of the two phases being
observed to depend on the speed of the cooling process (Fig. 12,
bottom).
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Fig. 12 PXRD patterns of RTH-30 at different temperatures. (Top left)
first heating cycle; from bottom to top, 25, 50, 75, 100, 125, 150 and
25 °C (after fast cooling). (Top right) second heating cycle, with the
same temperatures but with a slow cooling ramp. (Bottom left) PXRD
patterns of the sample at room temperature; from bottom to top:
starting sample, after one cycle and fast cooling; and after two cycles
and slow cooling. (Bottom right) PXRD patterns of RTH-9 at room
temperature; from bottom to top: starting sample, after one cycle and
fast cooling; and after two cycles and slow cooling.
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When a similar PXRD experiment is carried out with the
RTH-9 sample, the pure RTH-A, the formation of the RTH-B
phase is precluded, so that, only RTH-A and RTH-C phase are
present at low and high temperature, respectively.

Comparison of the PXRD data and the ss-NMR results
suggests that the so called RTH-C phase formed by heating
either the RTH-A or the RTH-B phase corresponds to the RTH
zeolite in which fluoride anions are highly mobile. In this
situation, fluoride is changing the bonding among different Si
sites very rapidly with negligible contribution of the penta-
coordinated silicon in the *Si NMR spectra. Calorimetry, ss-
NMR and PXRD show that the temperature required for the
practical detachment of fluoride from silicon and the formation
of the RTH-C phase is higher for the RTH-B phase. Interestingly,
the original RTH-A or RTH-B structures are mainly recovered by
cooling down to room temperature the RTH-9 and RTH-30
samples exhibiting the RTH-C phase at 80 °C or above,
Although phase RTH-B can be mixed with some amount of RTH-
A depending on the specific cooling conditions, the results re-
ported here indicate that the samples have memory effect on
the precise location of fluoride.

4. Conclusions

In the as-synthesized RTH =zeolite, fluoride atoms bind to
framework silicon decreasing the crystal symmetry from
monoclinic in the calcined material to triclinic. This change
leads to an increase in the number of non-equivalent crystal-
lographic sites, rising from four (with a multiplicity of eight,
unit cell Siz,0g4) in the calcined state to sixteen (with a multi-
plicity of one, unit cell Si;03,) in the as-synthesized zeolite,
indicating a higher degree of structural complexity. The find-
ings presented in this study highlight the appearance of two
distinct phases during the crystallization process of the RTH
zeolite. The synthesis at 175 °C predominantly yields the RTH-A
phase at short times and exclusively produces the thermody-
namically more stable RTH-B phase at longer periods.
Comparison of the two triclinic phases reveals a slightly smaller
unit cell volume for the RTH-A phase (974.4 A*) compared to the
RTH-B phase (980.69 A%).

Employing ss-NMR techniques in the study of this system
yields valuable insights into the location of fluoride. The *°F and
*9Si NMR spectra of the RTH-9 (RTH-A phase) and RTH-30 (RTH-
B phase) samples exhibit differences, signifying considerable
changes in the local environments of fluoride and silicon over
crystallization time. The *°Si NMR spectra of both samples
recorded at room temperature feature a doublet at high field of
five-coordinate silicon, indicating the absence of dynamic
disorder. However, differences in & 2°Si and Jp confirm
dissimilar F->°Si(SiO,), environments in the RTH-9 and RTH-30
samples. These results strongly suggest that the development of
the two phases arises from fluoride bonding to distinct Si
crystallographic sites, together with variations in the orienta-
tion of the P-OSDA" cations within the zeolite cavities, as sup-
ported by the "H and **C NMR results. The *°Si NMR signals of
the RTH-30 sample (RTH-B phase) are remarkably narrow,
resulting in a highly resolved spectrum that demonstrates long-
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range order in the distribution of fluoride atoms within the
structure. Conversely, the broader *°Si NMR signals observed in
the RTH-9 sample (RTH-A phase) indicate some degree of long-
range static disorder in fluoride allocation within the crystals.
Thus, in the RTH-type zeolite synthesized with the P-OSDA",
there exist two distinct, potential sites for fluoride allocation
that do not experience dynamic disorder at room temperature.
To our knowledge, this observation has not been reported in
any other zeolitic system.

The higher electron density of phosphorus compared to
nitrogen has proven advantageous in localizing the P atom of
the P-OSDA" inside the zeolite cavities by means of PXRD. This
information is crucial for modelling the distribution of fluoride
among all possible Si sites. A comprehensive comparison of
parameters such as NMR & >°Si, unit cell volume, and relative
energy calculated by DFT for the 24 models consistent with the
experimental results has led to the identification of the RTH-A
and RTH-B phases. The thermodynamically stable RTH-B phase
is associated with the most stable model (Model 6), where
fluoride is bound to a Si at site 6 in the triclinic system (T2 site
in the monoclinic system), situated in a 4R non-shared with
another rth cage. Experimental results regarding the RTH-A
phase are more closely related with model 16-I. Nevertheless,
the small differences in relative energies with other structural
models do not allow complete exclusion of any of them based
solely on this criterion. This observation, coupled with the
broadness of the *°Si NMR signals, suggests that fluoride may
not occupy a singular position, leading to a greater static
disorder than observed in the RTH-B phase. According to the
general trend obtained by DFT, the most stable RTH-B structure
possesses a larger unit cell volume (979.3 A® determined by
XRD), slightly higher 3'°F, and a slightly longer F-Si bond
distance (1.79 A) compared to the RTH-A phase (F-Si bond
distance 1.77 A, unit cell volume calculated by XRD 967.8 A).

The energy difference between the RTH-A and RTH-B struc-
tures measured by calorimetry and between models 6 and 16-1
obtained by theoretical calculations (see Table 2) is relatively
small, explaining that both can coexist depending on the
specific synthesis conditions. The formation of the RTH-A phase
in the initial stages the zeolite crystallization may be linked to
the relative orientation of P-OSDA' cations and F~ anions,
leading to coordination at one specific Si site. Shifting the
position of F~ to a more stable location, and likely the re-
orientation of P-OSDA" cations, requires overcoming an acti-
vation energy necessitating longer heating times during
synthesis. The XRD data and NMR spectra of the samples syn-
thesised at 150 °C, are consistent with the coexistence of phases
A and B. However, it is not possible to ascertain whether this
corresponds to a mixture of crystals of different phases, an
intergrowth of phases A and B in the same crystals, or if F~ is
randomly bonding to Si in the two sites (6 and 16-I).

Calorimetric and PXRD measurements reveal that both the
RTH-A and RTH-B phases transform into a new one designated
here as RTH-C at around 80 °C and 110 °C, respectively. The
appearance of the RTH-C phase correlates with the disappear-
ance of the doublet of the five-coordinate silicon species and
modifications of the '°F signals in the NMR spectra. These
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results prove that in the RTH-C phase fluoride is highly mobile
within the rth cage, practically detached from the silicon atoms.
This explains that this phase is only observed at high temper-
ature and that phases A and B are recovered by subsequent
cooling. Nevertheless, our result indicate that a mixture of
phases can be obtained upon heating-cooling the sample
depending on the starting phase and the experimental condi-
tions. This prove that there may be a transformation of one
phase into another without the need of re-dissolving crystals,
occurring in the solid state. Therefore, both thermodynamic
and kinetic aspects must be taken into account for under-
standing the zeolite crystallization mechanism. The mecha-
nism behind this phase transformation, accompanied by
a significant change in the fluoride mobility, can be studied
with ab initio molecular dynamics. Future work will aim at
a detailed description of such dynamic behavior.

The results presented here provide evidence that the posi-
tion of fluoride in the zeolite framework can be directed to
different positions during the crystallization process. This
concept can be extended to the crystallization of zeolites where
negative charges are associated not with fluoride anions, but
with substituting trivalent heteroatoms like aluminium or
boron, ultimately influencing the catalytic behaviour of Al and
B-containing zeolitic catalysts.
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