Shadi Al-Nahari 
  
Eddy Dib 
  
Claudia Cammarano 
  
Etienne Saint-Germes 
  
Dominique Massiot 
  
Vincent Sarou-Kanian 
  
Bruno Alonso 
email: bruno.alonso@enscm.fr
  
Impact of mineralizing agents on aluminum distribution and acidity of ZSM-5 zeolites

Keywords: Acidity, Electrostatic interactions, Hydrothermal synthesis, NMR spectroscopy, Temperature Programmed Desorption, Zeolites

Intensive research on improving the catalytic properties of zeolites is focused on modulating their acidity and the distribution of associated Al sites. Herein, by studying a series of ZSM-5 zeolites over a broad range of Al content, we demonstrate for the first time that the nature of the mineralizing agent used in hydrothermal syntheses directly impacts Al site distributions. The proportions of Al sites, probed by 27 Al NMR, depend on the Si/Al ratio for F -, but remain identical for OH -(from Si/Al=30 to 760). This leads to contrasting variations in weak and strong acidities. Such opposite effect of F -and OH -mineralizers can be explained by the spatial location of negative charges and the resulting balance between short-and long-range electrostatic interactions. It represents a simple and new opportunity to control zeolites' acidity.

TABLE OF CONTENTS GRAPHIC

The mineralizing agents F -and OH - directly impact aluminum distribution in ZSM-5. Al sites' proportions depend on the Si/Al ratio for F -, but remain identical for OH -(from Si/Al = 30 to 760). This opposite effect offers a simple and new opportunity to control zeolites' acidity and further reactivity.

Owing to the crucial role of acidity in heterogeneous catalysis, much effort is devoted to control the reactivity and selectivity of zeolites through the variation of Brønsted acid sites distribution. [1] Acid sites are typically formed when [AlO4] 5-tetrahedra substituting a certain amount of [SiO4] 4-tetrahedra in the zeolite framework are compensated by protons, creating Brønsted sites Si-(OH)-Al. During zeolite formation, the interplay between negative and positive charges in the growing framework has a considerable effect on the zeolite phase selectivity and stability. More specifically, the charge distribution, and the related electrostatic interactions, are expected to determine the distribution of negatively charged aluminium tetrahedra in the frameworks of zeolites. These charges are brought by (i) the forming elements sources (Si, Al), (ii) the organic or inorganic cations acting as structure directing agents (SDAs), and (iii) the mineralizing agents (F -or OH -).

In this sense, one of the current strategies to tune Al sites distribution is based on the variations in positively charged SDAs. For instance, this strategy has been proposed for ZSM-5, one of the zeolites widely used in industrial catalytic applications, [2] following different approaches. Al sitting variations can be achieved by tuning the relative proportions of tetrapropylammonium (TPA) -the most efficient organic SDA for this zeolite -and inorganic SDAs such as Na + , [3] or by replacing, partially or totally, TPA by alcohol and amine molecules [4] or other organic SDAs. [5] The positioning of SDAs' positive charges in the 10 membered ring (MR) channels (e.g. inorganic cations) or at their crossing (e.g. TPA) is thought to direct the positioning of Al at these locations, [3c] although this is a matter of debate. [6] Furthermore, this strategy is shown to improve the efficiency of the catalysts in terms of activity and selectivity. [1c,3c,4a,7]  An alternative strategy, not yet developed, is to exploit the mineralizing agents as apossible mean to tune Brønsted acid sites distribution. When the amount of negatively charged Al tetrahedra in the zeolite is below that of the positive charges brought by the SDAs, the electrical neutrality is insured by negative charges coming from the mineralizing agents employed. Taking the example of the ZSM-5 zeolite, and considering a wide range of Si/Al molar ratio, we demonstrate here how F -and OH -anions affect oppositely Al sites distribution. We chose to synthesize [Al]-ZSM-5 zeolites using TPA as single SDA in order to avoid any concomitant effect of other SDAs (see Supporting Information SI 1 for details). This choice leads to one positive charge per 24 tetrahedral T sites of the MFI framework of ZSM-5. The lowest reachable Si/Al molar ratio is therefore 23. Close to this ratio, the negative compensating charges coming from the anions are scarce. In this case, 27 Al NMR MAS spectra of the as-synthesized TPA-[Al]-ZSM-5 exhibit characteristic peaks of [Al(OSi)4] units forming a similar envelope whatever the mineralizing anion used (Figures 1A-B). When Si/Al increases, 27 Al spectra do change when fluoride is used as a mineralizing agent as it was noticed early. [8] On the contrary, and not remarked until now, no real evolution is observed for the hydroxide route (Figure 1B). Importantly, the same observations are made for the calcined H-[Al]-ZSM-5 that would be used for catalysis (Figure S5). Moreover, for these calcined zeolites, we found interesting trends from temperature programmed desorption of ammonia (NH3-TPD). The use of F -anions as mineralizers, that favors aluminum A sites at high Si/Al, also favors a higher proportion of strong acidity, while the use of OH -doesn't (Figure 2, Table S6). The differences in 27 Al peaks positions for tetrahedrally coordinated Al in [Al(OSi)4] units are commonly related to differences in SiOAl angles, [9] and thus on Al siting positions. In the case of ZSM-5, the Al sites distribution is not random and some crystallographic sites are preferentially occupied as demonstrated by 27 Al NMR. [3a,8] Therefore, the differences observed in 1D spectra are intimately related to differences in Al sites distribution. S7-S8). They were used for quantifying the Al sites' using a robust 1D fitting procedure (Supporting Information SI 4). The variations of these proportions are plotted as a function of Si/Al in Figure 1C-D (Figure S15 for the results obtained at 20.0 T).

At low Si/Al, the percentages of the three 27 Al peaks are almost the same (± 5 %) for both mineralizing agents: ca. 10, 55 and 35 % for the A, B and C sites respectively. In the case of F -anions, there are important and gradual variations in sites' percentages. A sites are promoted to ca. 35 % at the expenses of the other B and C sites when increasing Si/Al, and thus the F content, in line with previous observations. [8,10] Noteworthy changes in the Al precursors, Al(OH)3 or Al(NO3)3, or in the initial amount of water (Table S1) do not modify the observed trend (Figure 1D). In the case of OH -, an opposite behavior is observed, with no significant variation in sites' percentages over the wide Si/Al range explored. Furthermore, the chemical variations made in the synthesis's protocol (Si and Al precursors, initial H2O/Si molar ratio), that do change crystal sizes (Figure S2), do not influence this result. A possible explanation for these contrasted behaviors can be found in the relative location of charges within the zeolite framework. Positive charges are brought by the TPA cations at the crossing between channels in the MFI structure (one per 24 Si). Negative charges arise from Al insertion, and when Si/Al is above 23, from F -anions or silanolates SiO -groups depending on the mineralizing agent used, F -or OH -respectively. The silanolates are in interaction with silanol groups forming nests with a characteristic 1 H peak located at ca. 10 ppm. [11] For the ZSM-5 zeolites studied here, the relative signal area of this peak decreases consistently when Al content increases (Figure S16). It was previously shown that these silanol nests are spatially close to H (methyl groups of TPA). [12] In experimental or DFT optimized crystal structures, [13] H atoms are close to all T sites (distances between 2.8 and 4.5 Å), which is not the case for H and H atoms (methylene groups). This allows therefore various possibilities for the location of the silanolate groups leading to a high degree of local disorder probed by 29 Si and 14 N NMR for as-synthesized silicalite-1 obtained with the OH -route. [14] Surprisingly, this distribution of silanolates in ZSM-5 is not altering the Al sites distribution -which does not prevent the formation of Al pairs at low Si/Al [4b], [15] -whatever the initial gel composition. On the contrary, despite the preservation of the specific location of F -within the [4 1 5 2 6 2 ] cage close to the 4 MR of the MFI framework at variable Si/Al, [16], [10] the Al sites distribution is altered. This specific location might therefore be the reason of changing the Al distribution and favoring A sites. The dotted lines correspond to the REDOR curves for spin pairs with first and second order approximation [17] that better model the initial build-ups for A sites.

Spatial proximities between Al sites and TPA cations can be inferred from NMR experiments based on dipolar couplings. The improvement in 1 H resolution using very high magnetic field (20.0 T) and MAS frequencies (100 kHz) renders possible to clearly distinguish the TPA's peaks (H, H and H). 1 H{ 27 Al} D-HMQC correlation spectra (Figure 3A) and 27 Al{ 1 REDOR experiments (Figure 3B and S17, Table S9), with 1 H selective  refocusing pulses irradiating only one type of 1 H resonance, demonstrate that H are spatially closer to Al in A sites (< 3.5 Å) than in B and C sites (≤ 4.0 Å) while H and H are at distances to all Al sites. And this remains valid for both F -and OH -routes (Figure S6). Besides, we verified that similar 27 Al{ 1 REDOR spectra with H selection are obtained for a TPA-F-[Al]-ZSM-5 zeolites with contrasted Al contents (Si/Al = 30 or 232) (Figure S18, Table S10). We also conducted a 27 Al{ 31 P} REDOR analysis on ZSM-5 zeolite synthesized using tetrapropylphosphonium (TPP) instead of TPA, and a F -route. The sample presents the same 27 Al spectrum as the related sample obtained with TPA at same Si/Al (Figure S8). The resulting 27 Al-31 P dipolar couplings can give then a good indication for the Al-N distances in standard TPA-F/OH-[Al]-ZSM-5 samples. The 27 Al{ 31 P} REDOR curves, recorded at low T (≈243 K) to decrease the effect of motions, show a faster build-up for A sites (Figure 3C). This confirms the closer proximity of A sites to the center of the OSDA, with here Al-P distances estimated around 4.8 Å (Table S9). If we refer to TPA-[Al]-ZSM-5 structures refined from X-rays diffraction data, this distance is the smallest that can be found for Al-N, and corresponds to tetrahedral sites T1 (dAlN = 5.0 Å, Pnma space group) [18] or T13 (dAlN = 4.9 Å, Pn21a space group). [19] These T sites are located at the crossing between pore channels and bound to the 4 MR of the MFI framework, thus close to [4 1 5 2 6 2 ] cages. Such possible siting positions for A sites are consistent with a previous assignment made on the basis of DFT calculations. [20] It is to note that T1/T13 sites belong to the preferential locations for Al in ZSM-5 often reported. [3a,19-21] Other short Al-N distances (dAlN < 5.3 Å) correspond to T sites in the [4 1 5 2 6 2 ] cages. In the case of B and C sites, the Al-P distances are between 5.5 and 5.7 Å (Table S9). In the TPA-[Al]-ZSM-5 structures, the related Al-N distances correspond to T sites that are located in the channels or at their crossing, usually far from the [4 1 5 2 6 2 ] cages. The above results can be understood by considering a balance between short-and long-range interactions. Preferential Al siting positions can be defined by strong short-range interactions between negatively charged framework areas and positively charged OSDA. This determines a distribution of Al sites that is identical at Si/Al close to 23 (one Al per OSDA) whatever the mineralizing anions. For higher Si/Al values, the other negative compensating charges might tune or not the Al distribution. The presence of F -at single defined crystal positions certainly modify the long-range electrostatic interactions. The Al sites that most minimize the energy of these interactions are then more favored.

They correspond here to Al in A sites close to the crystallographic positions of F (Figure 4A). On the contrary the distribution of silanolates over different crystallographic sites doesn't affect significantly long-range interactions, and the Al sites distribution does not vary over a wide range of Si/Al ratio (30 to 760).

This opposite effect of mineralizing anions on Al sites distribution sheds lights on the importance of considering the spatial distribution of all negative charges within the zeolite frameworks when discussing Al sitting modulation. It also opens new and simple means to control and tune the distribution of Brønsted acid sites and the acidity of zeolites, notably for high Si/Al ratios, and further their catalytic properties.
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 1 Figure 1. Variations in Al sites distributions probed by 27 Al NMR. (A-B) 27 Al spectra of TPA-F-[Al]-ZSM-5 (A) and TPA-OH-[Al]-ZSM-5 (B) zeolites obtained with F -or OH -anions as mineralizing agents, for three different Si/Al molar ratio (B0 = 14.1 T, MAS = 18 kHz). The onsets present overlapped comparisons. (C-D) Variations of Al sites percentages -A sites (○), B sites (∆) and C sites (□) -as a function of Si/Al for TPA-F/OH-[Al]-ZSM-5 zeolites. Data is obtained by fitting 27 Al NMR spectra recorded at 14.1 T. (A) F -route: symbols filled in grey correspond to Al(NO3)3.9H2O as Al precursor, others to Al(OH)3. (B) OH -route: symbols filled in grey correspond to Al(NO3)3.9H2O and TEOS as Al and Si precursors, symbols filled in black to Al[OCH(CH3)2]3 and fumed silica precursors, other symbols to Al[OCH(CH3)2]3 and TEOS precursors. Dashed lines, obtained through a linear regression, are only guide for eyes.
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 2 Figure 2. NH3-TPD thermograms (rate = 10 °C.min -1 ) of calcined H-[Al]-ZSM-5 zeolites obtained with F -and OH - mineralizing agents (A and B respectively). Signal intensities are normalized over sample weight. The ratio w.a./s.a. refers to the ratio between weak and strong acidities expressed as NH3 concentration. Colors are only used for visualization's purposes.

  For a representative selection of TPA-F/OH-[Al]-ZSM-5 zeolites, we have recorded 2D 27 Al 3Q-MAS spectra at different magnetic fields (14.1 and 20.0 T). Three 27 Al peaks, located at isotropic chemical shifts of 55.5 ppm (A sites), 53.8 ppm (B sites) and 51.4 ppm (C sites), are identified by spectrum fitting (Tables
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 3 Figure 3. Al-TPA spatial proximities. (A) 1 H{ 27 Al} D-HMQC of a TPA-F-[Al]-ZSM-5 zeolite (Si/Al = 30, T ≈ 300 K, B0 = 20.0 T, MAS = 100 kHz). The spectrum is transposed for an easier comparison. (B) 27 Al{ 1 H} REDOR plots of TPA-F-[Al]-ZSM-5 zeolite with selective H pulses (Si/Al = 30, T ≈ 300 K, B0 = 20.0 T, MAS = 100 kHz). (C) 27 Al{ 31 P} REDOR plots of an as-synthesized zeolite obtained using TPP and a F -route (Si/Al = 25, T ≈ 243 K, B0 = 14.1 T, MAS = 15 kHz). The dotted lines correspond to the REDOR curves for spin pairs with first and second order
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 4 Figure 4. Schematic visualization of the distributions of the positive charges coming from TPA (represented as point charges at N positions, blue circles), the negative charges brought by the mineralizing anions F -OH -, and the favored sitting positions of Al in ZSM-5 zeolites at high Si/Al. (A) F -route: F atoms (green dots) are located in the [4 1 5 2 6 2 ] cages, favored Al atom is sitting at the T1 site (red dot), close to N and to the crystallographic position of F. (B) OH -route: silanolates are distributed around TPA (SiO -, green spheres), Al atoms can be located in large areas (red sphere). The black lines represent the SiO bonds of the silica MFI framework projected onto the ac plane.
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