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Abstract: The nature of organic structure directing agents (OSDAs) is of paramount importance
in the final properties of zeolites, particularly the framework and porosity. Recently, the use of
P-containing OSDAs has been employed for new zeolites, but there is little discussion compared
to their analogues N-OSDAs. The main objective of this work is the characterization of pure silica
MFI zeolite (silicalite-1) prepared by the dual-template route with tetrapropylammonium (TPA),
tetrapropylphosphonium (TPP) cations, and mixtures thereof aiming to understand by advanced
NMR methods how the nature of the organic influences the physico-chemical properties of the zeolite.
Silicalite-1 has been successfully synthesized using the dual-template procedure with TPA and TPP
molecules. Both OSDAs are incorporated into the zeolite without any specific preference, differently
to that observed before for the TEA /TEP system, and homogenously mixed inside of the zeolite voids.
The presence of TPP leads to the incorporation of less F, raising the concentration of Q3-defective
sites in the silicalite-1 zeolites. Detailed NMR results indicate that those structural defects are close
to the -CHj group of the entrapped OSDAs in the zeolite and these defects consist of at least two
silanol groups stabilizing the Si-O~ species, which is responsible for the charge balancing.

Keywords: P-based OSDAs; zeolites; solid state MAS-NMR

1. Introduction

Zeolites are crystalline microporous materials typically in aluminosilicate composition
whose structures are formed by silicon and aluminum tetrahedra linked by corner-sharing
oxygen atoms. These tridimensional structures generate channels and cavities of molecular
dimensions leading to materials largely utilized in industrial applications, such as catalysis,
adsorption, and ion exchange, among others [1-3]. Their well-defined porosity, thermal
stability, and the possibility of modifying the chemical composition and properties account
for the success of these materials [4-8].

Zeolites exist in nature as low Si/Al ratio materials, and can be synthesized in a
wide range of chemical compositions from Si/ Al ratios of 1 up to purely siliceous, and
also incorporating other elements, thus generating an extensive variety of materials with
diverse properties [9]. Purely siliceous zeolites are neutral materials, but the presence of Al
in the framework generates a negative charge that must be compensated by cations that
can be inorganic, organic, or protons. In the latter case, acidic sites are generated, and this
is one of the main properties of zeolites that allows their application as catalysts in acid
catalyzed processes [10-14].

Synthesis of zeolites is usually done in hydrothermal conditions starting from alkaline
mixtures that contain the aluminosilicate precursors in which the hydroxyls mobilize the
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species in solution to build the final zeolite structure [15-18]. However, it is also possible
to carry out the synthesis from fluoride containing synthesis mixtures wherein the fluoride
anions play the mobilizing role [19-21]. Zeolites synthesized in fluoride medium generally
contain a lower concentration of structural connectivity defects than their hydroxide
counterparts, and fluorine tends to occupy the smallest cage present in the structure and
compensates the positive charge of the organic cations [22,23].

High Si/Al ratio zeolites are commonly synthesized using tetraalkylammonium
cations as organic structure directing agents (OSDAs) that participate during the crys-
tallization process and stabilize the zeolite structure by filling the pores and cavities [24-28].
These ammonium cations frequently undergo Hoffmann degradation in the highly alkaline
medium that exists during the synthesis at high temperature and prolonged time, the use
of tetraalkylphosphonium cations being an alternative route that has been successfully
used in the last several years leading to the discovery of new zeolite structures [29-35].

ZSM-5 is one of the most widely applied zeolites as an acid catalyst for industrial
processes in many reactions, such as fluid catalytic cracking, hydrocarbon isomerization
and alkylation, methanol to olefins, among many others [36—40]. The distribution and
location of Al in different crystallographic positions of the zeolite framework is highly
relevant as it can affect the final catalytic properties and, specifically, ZSM-5 is one of
the most studied zeolites in this regard [41-46]. In addition, the control of the acidity is
of paramount importance for maximizing the activity of the catalyst that is frequently
submitted to very high temperatures and leads to partial dealumination processes in which
aluminum atoms migrate to extraframework positions with the subsequent decrease in the
acidity. In relation to this, the stabilization of Al in framework sites by post-synthesis modi-
fication of the zeolite with phosphorous containing reactants has been reported [38,47-52].
These P-species interact with Al atoms and stabilize them in the structure when they are
submitted to severe thermal or hydrothermal treatments [53,54]. As mentioned above,
tetraalkylphosphonium cations can also be used as OSDAs in the synthesis of zeolites,
and, in these cases, phosphorous remains inside the zeolite pores after the calcination
process required for burning-off the organic material and plays the stabilizing role of Al
in the framework [27,35,55-57]. Interestingly, the use of P-containing OSDAs favors a
homogeneous distribution of P across the zeolite crystals and allows the control of the
amount of P incorporated by means of the dual-template methodology for the synthesis of
zeolites [55,58,59]. This approach consists of using two OSDAs of different nature, in this
case, one containing phosphorous and the other nitrogen, thus modulating the P/ Al ratio
of the zeolite and therefore its acidity. Figure 1 shows the location of the tetrapropylammo-
nium cations in the MFI structure which are placed in the intersection of the two different
channels that the structure has [60].

Figure 1. MFI structure containing the TPA molecules at the intersections of the channels.
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ZSM-5 is a medium pore size zeolite which has been assigned the three-letter code
MEFI by the International Zeolite Association (IZA), and its structure contains a sinusoidal
channel along the a-axis that intersects with straight channels running along b with pore
apertures of 5.1 X 5.5 A and 5.3 x 5.6 A, respectively [61]. The structure can be built by
the linkage of four different Composite Building Units (CBUs) and contains a small cage,
known as mel, which usually hosts the fluorine atoms incorporated when the synthesis
is done in fluoride medium [62,63]. This zeolite can be synthesized in a wide range of
chemical compositions and in the presence of a great variety of molecules as OSDAs or even
in the absence of any organic, being the first case of an inorganic structure directing effect.

Recently, we have studied the synthesis of the pure silica MFI zeolite, known as
silicalite-1, by applying the dual-template method using tetraethylammonium (TEA) and
tetraethylphosphonium (TEP) cations in which both molecules operated as co-templates
and the characteristics of the zeolites were modified by changing the TEA /TEP ratio
inside of their channels [64]. In this work, we extend the synthesis of silicalite-1 using
tetrapropylammonium (TPA) and tetrapropylphosphonium (ITPP) cations and mixtures
thereof as OSDAs, since TPA is the most used organic molecule for the synthesis of MFI
materials, and it is worth studying their preparation in the presence of TPA /TPP.

Thus, the main objective of this work is the characterization of pure silica MFI zeolite
(silicalite-1) prepared by the dual-template route with TPA, TPP, and mixtures of both cations
in different ratios aiming to understand how the nature of the organic influences the
physico-chemical properties of the zeolite. This study has been carried out by exhaustive
characterization of the zeolites prepared with special emphasis on the use of solid state
nuclear magnetic resonance techniques which are very powerful for this purpose. In
particular, a multinuclear magic angle spinning-nuclear magnetic resonance (MAS NMR)
analysis has allowed for investigating the framework structure, the status of the guest
species located within the void volume of the zeolites, as well as the interaction between
them. This MAS NMR study includes the resonance spectra of 1*C, 'H, 3P, 2Si, and 1°F
nuclei for the characterization of the guest species and the host zeolite, and bidimensional
(2D) heteronuclear (HETCOR) and homonuclear (DQ-5Q) NMR experiments for shedding
light on the interactions of the OSDAs with the zeolite. The results allow us to conclude
that the dual-template route with TPA/TPP for the synthesis of MFI is achievable, both
organics are hosted inside the pores forming a homogeneous mixture, and the concentration
of structural defects (i.e., silanol groups) depends on the amount of P incorporated in
the zeolite.

2. Materials and Methods
2.1. Synthesis of Silicalite-1 Zeolites

Silicalite-1 samples were prepared by hydrothermal synthesis in fluoride medium
using tetraethylorthosilicate (TEOS, 99%, Merck, Darmstadt, Germany) as the silica source,
aqueous solutions of tetrapropylammonium hydroxide (TPAOH, 20%, Aldrich, Darm-
stadt, Germany) and/or tetrapropylphosphonium hydroxide (TPPOH) and HF (48%,
Aldrich). TPPOH is not commercially available and was prepared by alkylation of tripropy-
Iphosphine (97%, Aldrich) with 1-bromopropane (99%, Aldrich) in anhydrous acetonitrile
(99%, Alfa-Aesar, Darmstadt, Germany) as solvent, in N, atmosphere at room temper-
ature for two days. The tetrapropylphosphonium bromide product was dissolved in
Milli-Q water and exchanged to the hydroxide form in batch overnight using an anionic
exchange resin (Amberlite IRN-78, Supelco, Darmstadt, Germany) to get the corresponding
hydroxide (TPPOH).

The synthesis procedure consisted of the hydrolysis of TEOS in the aqueous solutions
of TPAOH, TPPOH, or mixtures of them in different ratios, and stirring the solutions until
complete evaporation of the ethanol produced in the hydrolysis together with the required
amount of water to get the final water content. Finally, the HF solution was added and the
mixture was homogenized. The general chemical composition of the synthesis gels was
the following:
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1 5i0,:0.4 OSDAOH:0.4 HF:15 H,O

The gels were transferred into Teflon-lined stainless steel autoclaves and the crystal-
lization was carried out at 175 °C under tumbling conditions (60 rpm) for times comprised
between 7 and 12 days. The particular conditions for the samples prepared are summa-
rized in Table 1, where the ratio of each OSDA is specified together with the synthesis
time. In addition, the nomenclature of the samples is given in Table 1, where TPA-MFI
and TPP-MFI stand for silicalite-1 zeolites prepared using a unique OSDA source, i.e.,
TPAOH and TPPOH, respectively. On the other hand, silicalite-1 samples prepared using
the dual-template method are named as TPX-MFlIyy, with xx being the molar percentage of
TPP in the mixture of TPP/(TPP + TPA) incorporated in the zeolite.

Table 1. Detailed synthesis conditions of the silicalite-1 samples prepared using TPA, TPP, and
mixtures of them as OSDAs.

Sample OSDA'! Crystallization Time 2 (Days)
TPA-MFI 1.00 TPA/0.00 TPP 12
TPX-MFI5 0.25 TPP/0.75 TPA 7
TPX-MFlys5 0.50 TPP/0.50 TPA 10
TPP-MFI 0.00 TPA/1.00 TPP 7

! Molar ratios. 2 All the syntheses carried out at 175 °C.

2.2. Characterization Techniques

The X-ray diffraction (XRD) patterns of the samples were measured in a Cubix'Pro
diffractometer from Panalytical, using CuK radiation (A; = 1.5406 A) at 45 kV and 40 mA
in the 20 range from 4 to 40°. The chemical composition of the samples was determined
by inductively coupled plasma optical emission spectroscopy (ICP-OES) for analyzing
Si and P in a Varian 715-ES device after dissolution of the solids in a mixture of acids
(HNO3/HF/HCI), and by elementary analysis (EA) for the quantification of C, H, and N in
a EuroEA3000 instrument from Eurovector. The thermogravimetric analyses (TGA) were
measured in a Netzsch STA449 F3 Jupiter apparatus up to 800 °C at a heating ramp rate of
10 °C/min in air flow. The morphology and size of the crystals were evaluated by field
emission scanning electron microscopy (FESEM) in a Zeiss Ultra-55 microscope equipped
with an energy dispersive X-ray analyser (EDX). The P content was measured by EDX on
multiple points of several MFI crystals. No significant differences in the P content were
found, indicating the homogeneity of P distribution across the MFI crystals.

MAS NMR experiments were done by using a Bruker Avance III HD 400 MHz spec-
trometer. 'H/'3C CP MAS NMR was recorded with a 4.0 mm probe spinning the sample
at 10 kHz, using a 1H n/2 pulse length of 2.5 ps with SPINAL TH decoupling, 2 ms as
contact time, and 3 s as recycle delay. 'H MAS NMR spectra were carried out on a 3.2 mm
probe at 20 kHz spinning speed, 7t/2 pulse length of 2.5 us, and 15 s as recycle delay. 2D
DQ-SQ 'H MAS NMR experiments were done using the 2.5 mm probe spinning at 25 kHz,
using a BABA-type pulse sequence with 2 rotor periods recoupling and a radiofrequency
field of 100 kHz, rotor synchronized time evolution of 40 ps, and 3 s as a recycle delay. 3'P
MAS NMR spectra were registered by using a 3.2 mm probe spinning at 20 kHz using a
7t/2 pulse length of 3.7 us with SPINAL proton decoupling and recycle delay of 20 s. 1°F
MAS NMR experiments were acquired with a 3.2 mm probe spinning the sample at 20 kHz,
using a 7t/2 pulse length of 4 us and 60 s recycle delay for quantitative analysis, done by
integration of the signals, using an external reference with a known amount of fluorine.
29Gi MAS NMR spectra were recorded by using a 7.0 mm probe with 3.5 us pulse length
corresponding to a 60° flip angle, SPINAL proton decoupling, and 180 s as recycle delay.
NMR spectra were referenced to TMS, CFCl;, adamantine, phosphoric acid, and water
for 25i, 19F, 13C, 31p, and 'H, respectively. The 1H-31p 2D HETCOR spectra were obtained
using the 2.5 mm rotor spinning the sample at 25 kHz. The contact time was set to 3 ms and
the recycle delay to 4 s. 'H CW decoupling (vgg ~ 50 kHz) was applied during acquisition.
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3. Results and Discussion
3.1. Synthesis of Silicalite-1 Zeolites

The zeolite crystallization from the synthesis gels containing tetrapropylammonium
(TPA), tetrapropylphosphonium (TPP), or mixtures thereof as OSDAs lead to the formation
of pure silica MFI as the unique crystalline phase without any amorphous material, as
confirmed by the XRD patterns shown in Figure 2. The X-ray diffractograms show slight
differences in the relative intensities of the peaks at low angles, which can be attributed to
the use of different OSDAs, and the peaks between 22° and 26° (see magnification, inset
in Figure 2) are broader for the sample synthesized with TPP than that with TPA. These
differences suggest that smaller crystals are formed when the TPP cation is used than in
the presence of TPA.

TPA
TPP

220 230 240 250 260 l

| TPA-MFI

| TPX-MFl,g
TPX-MFl,q
TPP-MFI

5 10 15 20 25 30 35 40
2 O (degrees)

Figure 2. XRD patterns of silicalite-1 samples synthesized using TPA, TPP, and mixtures of them as
OSDAs. The inset corresponds to the magnification of the range between 22-26°.

The chemical composition of the silicalite-1 samples is displayed in Table 2. The
P/(P + N) molar ratio contained into the zeolites synthesized using mixtures of TPP and
TPA cations is close to that employed in the synthesis gel. This result indicates that, contrary
to the observations for the silicalite-1 samples synthesized using mixtures of TEP/TEA,
there is no preferential incorporation of phosphonium over ammonium cations in the
zeolite [64]. Independently from the organic cation used in the synthesis, all silicalite-1
samples contain about four molecules of OSDA per unit cell. All silicalite-1 samples
contain a F/OSDA molar ratio below 1, indicating that they must contain SiO™ defects to
completely balance the positive charge introduced by the organic molecules. The SiO~
defect concentration in the silicalite-1 increases as the occluded TPP inside of zeolite
sample does.

Table 2. Chemical composition of the silicalite-1 samples prepared using TPA, TPP, and mixtures of
them as OSDAs.

Sample P/(P+N)1Gel P/(P+N)!Solid ?15??/ Flu.c. 3 F/OSDA

TPA-MFI 0.00 0.00 45 3.3 0.74
TPX-MFl,5 0.25 0.26 4.1 2.6 0.64
TPX-MFly5 0.50 0.45 4.1 25 0.60

TPP-MFI 1.00 1.00 43 24 0.56

1 Molar ratios. 2 96 Si atoms per unit cell (Sigg O192). 3 Quantified by 19F MAS-NMR.
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Figure 3 shows images of the silicalite-1 samples obtained by FESEM, which shows
a homogeneous distribution of crystal sizes which are notably smaller for the TPP-MFI
(1 um x 0.5 um x 0.2 pm) than for the TPA-MFI sample (10 pm X 5 um x 1 pm), in
agreement with the differences observed in the XRD patterns (see inset in Figure 2). Crystals
of intermediate sizes are observed for the TPX-MFI,5 and TPX-MFl,5 zeolites synthesized
with mixtures of OSDAs. It is worth noting that the morphology of the crystals is different
from those synthesized with TEP/TEA, which are more elongated and narrower, presenting
the typical coffin-shape [64].

TPA-MFI

TPP-MFI

TPX-MFl,q

Figure 3. FESEM images of silicalite-1 samples synthesized using TPA, TPP, and mixtures of them as
OSDAs. Scale bar stands for all images.

Additionally, the analysis of the P content in the TPX-MFI,5 and TPX-MFl5 samples
by FESEM-EDX was verified in several crystals to be 0.6 &= 0.1 wt.% P and 1.1 £ 0.2 wt.% P,
respectively. These values are fully consistent with those obtained by ICP analysis, indi-
cating that the two types of OSDA molecules are well distributed along the MFI crystals
supporting their co-templating effect during the zeolite crystallization.

The thermal stability of the organic cations within the zeolite porosity was determined
by the thermogravimetric analyses, shown in Figure 4. The TPA-MFI zeolite shows a unique
12.5 wt.% weight loss around 430 °C, whereas, for the TPP-MFI sample, its 10.5 wt.%
weight loss occurs at approximately 510 °C, demonstrating the higher thermal stability of
the phosphorous cations inside the zeolite. The TPX-MFI,5 zeolite presents a 11.5 wt.%
weight loss, with the main peak at 435 °C, and a less intense peak between 505-510 °C,
while the TPX-MFl5 sample exhibits a 11 wt.% weight loss with the main peak at 455 °C
followed by a peak around 505 °C, that is, the thermal decomposition of TPA shifts to
higher temperatures due to the presence of TPP, indicating a higher thermal stability. In
addition, the weight loss decreases as TPP content increases due to the phosphorous oxide
remaining inside the materials upon calcination. The combustion of the organic material
is an exothermic and complex process, and it is possible that the heat produced during
burning of TPA helps in the combustion of the closer TPP cations (occurring at higher
temperature), leading to a lower temperature in the TGA-DTG. The shifts of the TPA peak
towards higher temperatures and of the TPP peak towards lower temperatures suggests
the coexistence of both TPA and TPP inside the ZSM-5 channels.
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Figure 4. TGA-DTG analyses of silicalite-1 samples synthesized using TPA, TPP, and mixtures of
them as OSDAs. Solid lines stand for TGA curves and dashed ones for DTG.

These results allow concluding that the synthesis of silicalite-1 zeolites using the dual-
template procedure with TPA and TPP cations is feasible and the crystal size of the zeolites
decreases when phosphorous agents are used under the synthesis conditions studied.

3.2. Structural Characterization of Silicalite-1 Zeolites by MAS NMR Spectroscopy

To have a better understanding on the structural features of the zeolites, a more
complete characterization was carried out, mainly focused on the use of NMR spectroscopy,
to get insight, on the one hand, into the inorganic zeolite framework structure. On the
other hand, NMR spectroscopy sheds light on the status of the guest species (OSDA and
fluoride) located within the pores of the host zeolite and the interactions between them.

3.2.1. Characterization of the Framework and Guest Species
The organic material incorporated in the zeolites was characterized by measuring
the corresponding NMR spectra of the different nuclei (\H/'3C CP, 3P and 'H) of the

samples synthesized with TPP and/or TPA. The 'H/'3C CP MAS NMR spectra of the
zeolites prepared are shown in Figure 5.
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Figure 5. 'H/!3C CP MAS NMR spectra of silicalite-1 samples synthesized using TPA, TPP, and
mixtures of them as OSDAs.

The 'H/'3C CP MAS NMR spectrum of the TPA-MFI zeolite contains three groups
of signals at: (1) §'3C = 10.0 ppm and $'3C = 11.3 ppm due to the -CH3 groups that are
attributed to the orientation of the alkyl chains towards the sinusoidal and straight channels,
respectively; (2) a group of signals at around §'3C = 16.0 ppm corresponding to the -CH,~
groups, indicating that there are slight differences regarding their local environment,
probably due to the orientation of the alkyl chain to one channel or another; and (3) two
signals around §'3C = 64.0 ppm with a 1:3 ratio corresponding to the N-CH,~ group, which
have been previously attributed to the angular deformation (NCC or NCCC) of the alkyl
chains of the OSDA [65,66].

The 'H/'3C CP MAS NMR spectrum of the TPP-MFI zeolite shows three groups of
signals at §!3C ~ 15.5 ppm, §'3C ~ 17.0 ppm, and §!3C ~ 21.0 ppm, corresponding to
the -CHj3, -CHj—, and -CH,-P groups of the TPP cation, respectively. The asymmetric
shape of the -CHj group signals, which contains two components, can be attributed to
the different orientation of the alkyl chains in the sinusoidal and straight channels of the
material analogously to that observed in TPA-MFI. Finally, a group of four signals appears
at §!3C ~ 21.0 resulting from the overlapping of two doublets of the P-CH,~ group, due to
the scalar J coupling between 3'P and '3C atoms of the two chains oriented to each channel.

The 'H/'3C CP MAS NMR spectra of the TPX-MFIyxy samples contain the signals
coming from the TPA and TPP described above. However, the splitting of the signal of
the -CHj3 groups of TPA is remarkable and depends on the amount of TPP incorporated in
the zeolite. This result indicates that the presence of TPP directly influences the chemical
shift of the -CHj3 groups of TPA by modifying their environment and strongly supports
the coexistence of both cations in the MFI crystals.

The zeolites synthesized in the presence of the P-containing OSDA were also studied
by measuring the 3P MAS NMR spectra, which are shown in Figure 6a. They consist of
slightly asymmetric signals at 83! P ~ 30.0 ppm indicating the existence of more than one
31P environment, in agreement with the splitting of the -CH,-P signals in the 'H/13C CP
MAS NMR shown in Figure 5. The 3'P signal of TPP is shifted in the zeolites containing
also TPA supporting the coexistence of both cations in the zeolite crystals and that one
affects the other.
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Figure 6. 3'P and 'H MAS NMR spectra of silicalite-1 samples synthesized using different OSDAs: (a)
31p MAS NMR spectra of the zeolites prepared using TPP and TPP/TPA mixtures; (b) 'H MAS NMR
spectra of the zeolites prepared using TPP, TPA, and mixtures of them. Amplification corresponds to
the evacuation of the TPA-MFI sample in the NMR rotor under mild conditions (100 °C, 10 h).

The 'H MAS NMR spectra displayed in Figure 6b contain a broad signal between
8'H = 04 ppm with the maximum at §'H a 1.4 ppm attributed to protons of the organic
molecules, it not being possible to identify the signals of the three non-equivalent 'H
groups. The signals that appear at §'H a2 5-6 ppm decrease in intensity when evacuating
the TPA-MFI zeolite in the rotor under mild conditions (100 °C, 10 h, see TPA-MFI in
Figure 6b) and are assigned to physisorbed or occluded water in the material. The signal at
8'H = 10.5 ppm due to connectivity defects [67] (SiO™ --- HOS) increases its intensity as
the amount of TPP in the zeolite increases. This phenomena is totally in agreement with
the evolution of the F/OSDA ratio, which decreases as the P content increases, as shown in
Table 2, as previously reported for the TEA/TEP system [64].

The fluorine distribution in the zeolites was analyzed by ”F MAS NMR spectroscopy.
The spectra are shown in Figure 7a and consist of two signals which appear at 5!°F = —64.4 ppm
and 8'%F = —80.0 ppm. The deconvolution of the spectra, using DMFit software [68], re-
quires two components for the signal which appear at higher chemical shifts and a unique
component for the signal at lower chemical shifts as shown for the zeolite TPP-MFI in
Figure 7a. The first one is asymmetric, and is attributed to fluorine in a dynamic situation
(forming and breaking bond) between two Si atoms in the T9 position of the t-mel subunit of
MFI structure [62,63]. Another signal appears at §!°F = —80.0 ppm with a relative intensity
that depends on the amount of TPP incorporated, being more pronounced at higher TPP
loadings; the total amount of fluorine decreases in the same direction.

The 1F MAS NMR spectra (Figure 7a) were simulated using two components for
the signal at 5!°F = —64.4 ppm and a single component for the signal appearing at
§'F = —80.0 ppm. The results show that the relative proportion of the signal at —80.0 ppm
is 6.9% (TPA-MFI), 9.7% (TPX-MFI,s5), 12.3% (TPX-MFly5), and 18.8% (TPP-MFI) of the total
fluorine; that is, it increases as the TPP content in the zeolites increases. Previously, this
signal (819F = —80.0 ppm) has been associated with the different interaction of fluorine
atoms with dicationic OSDAs or the presence of defects [69—71]. The results obtained in
this work support the last interpretation and seem to be related with the increment of the
structural defects with the increase of the TPP content in the samples. This is in agreement
with the TEA /TEP system in which the amount of total fluorine also decreases when using
P-based OSDAs (see Table 2) and confirms the increase of the proportion of framework
connectivity defects as the P incorporated in the zeolite increases [64].
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Figure 7. 19F and 29Si MAS NMR spectra of silicalite-1 samples synthesized using different OSDAs:
(a) 1F MAS NMR of the zeolites prepared with TPA, TPP (including the deconvolution of the spectra)
and mixtures of them; (b) 22Si MAS NMR of the same zeolites.

The characterization of the zeolite framework was done by measuring the 2°Si MAS
NMR spectra, which can be seen in Figure 7b. The spectra are all similar exhibiting four
main bands in the Q* range (—108 to —120 ppm) that become broader when the TPP
content in the zeolites increases due to the presence of a higher proportion of defects, as
confirmed by the band at §?°Si ~ —104 ppm attributed to zeolitic connectivity defects.
The Si MAS NMR spectra of the zeolites synthesized do not show the typical doublet
attributed to pentacoordinated silicon due to the dynamic nature of the fluorine jumping
between two crystallographic positions as previously described in the literature [62,63].

3.2.2. Characterization of the Interactions OSDA-Zeolite by Bidimensional NMR

The interactions of the zeolite framework with the organic molecules can be studied by
using heteronuclear or homonuclear bidimensional NMR experiments. Figure 8 shows the
'H-31P 2D HETCOR MAS NMR experiment of the TPP-MFI sample containing two main
correlation signals at §3'P-'H ~ (29.9, 1.4) and §!P-'H ~ (29.9, 10.4) ppm, corresponding
to the interactions of the 3P atom with the 'H of the organic molecule and with the
connectivity defects, respectively. The last correlation suggests that the zeolitic defects
should be located close to the positively charged organic molecule.

_/\

21
0-
5 "
£ o]
Q‘ 4 .
I 6 P <> HO-Si
o~ 87 Teeell 2
101 o
121 TPP-MFI

35 34 33 32 31 30 29 28 27 26 25
6 *1P (ppm)
Figure 8. 'H-3'P 2D HETCOR NMR experiment of the silicalite-1 zeolite synthesized with TPP.

To get a better knowledge of the location of the zeolitic defects in the MFI channels, the
'H 2D DQ-SQ MAS NMR spectra were measured for the zeolites containing just one type
of organic cation. The DQ-5Q experiments are based on homonuclear dipolar interactions
and require at least two 'H atoms in a very close proximity to observe the signal; the
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chemical shift in the second dimension is equal to the sum of the chemical shifts of the
signals observed in the first dimension [66,72,73].

The H 2D DQ-SQ NMR spectra of TPP-MFI and TPA-MFI samples are shown in
Figure 9a,b which are very similar. The spectra show three correlation signals: (1) a very
intense and wide one at ' H-'H ~ (1.2, 2.4) ppm that includes the auto-correlation signals
of protons of the same group and of different groups of the alkyl chains; (2) the signal
at 5'H-'H ~ (10.4, 20.8) ppm is the auto-correlation of the connectivity defects in the
zeolite, indicating that the SiO™ group is close to, at least, two SiOH groups; and (3) a weak
correlation signal is seen at 8'H-'H ~ (1.2, 11.6) ppm, which is attributed to the interaction
of SiOH zeolitic defects with -CH3 groups exclusively. This result indicates that the zeolitic
defects are much closer to the methyl groups, unlike what was observed through the
NOESY or DQ-SQ NMR experiments for the zeolites synthesized with TEA [64,66], where
the correlation with all the 'H of the organic cation was seen.

(=]
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Figure 9. 'H 2D DQ-SQ NMR spectra of (a) TPP-MFI and (b) TPA-MFI silicalite-1 zeolites.

]
£

The nature of the framework connectivity defects formed in zeolites with F/OSDA
ratios below 1 is a question that is under discussion, since the formation, location, and
number of SIOH groups that are located close to the SiO™ species remain unclear. Currently,
two models are accepted, the first one proposes two SiOH groups around two SiO~ groups
in nanocrystalline silicalite-1, and the second model assumes the presence of three SIOH
surrounding the SiO~ group in zeolites conventionally synthesized without F [67,72-74].
The results obtained here do not allow us to undoubtedly confirm whether these samples
correspond to one model or the other.

The bidimensional NMR study has shown that structural defects are placed close to
the OSDA as shown by 'H-3'P 2D HETCOR. Moreover, much better understanding is
gained by 1H 2D DQ-SQ NMR results, which indicate that the zeolitic defects are located
near the methyl groups of the OSDA, as previously reported for the silicalite-1 zeolite
synthesized by the OH" route, and also in the close vicinity of at least two silanol groups.

4. Conclusions

Synthesis of silicalite-1 zeolites using the dual-template procedure with TPA and TPP
cations is feasible and both OSDAs are filling the pores of the zeolite framework without
any specific preference for any of them, differently to that observed for the TEA/TEP
system. In addition, both OSDAs are homogenously mixed inside of the zeolite voids as
evidenced by 1°C and 3'P MAS NMR spectra. The presence of TPP promotes the formation
of structural defects, due to a less F incorporation, raising the concentration of silanol
groups in the silicalite-1 zeolites. Detailed NMR results indicated that structural defects
are close to the CHs group of the entrapped OSDAs in the zeolite, and these defects consist
of at least two silanol groups.
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