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)) were performed at different hydration levels thanks to ab initio thermodynamics. Their relative acidities (pyridine and ditertbutylpyridine adsorption) and spectral features (vibration modes, NMR chemical shifts) are determined. The interaction of the most relevant ones with binders (alumina, silica) is simulated ab initio, and an empirical reactive force field (ReaxFF) is built on purpose to model larger scales. Several kinds of surface sites have been identified. Bridging Al-OH-Si are present at the pore mouth, of similar or higher stability with respect to bulk sites. These are not stable at the outermost surface, where the following groups prevail: Si-OH, Al-OH and most importantly water adsorbed on aluminum Al-(H 2 O)(OH) n . Models of pyridine and 2,6-ditertbutylpyridine adsorption show that the acidity of the bridging groups is stronger than the other, and more particularly with a strong confinement. Al-(H 2 O)(OH) n surface site are shown to be the most stable at the external surface of ZSM-5 and are studied upon the hydration and dehydration of the ZSM-5 external surfaces. The results issue from these DFT simulations are compared to FT-IR, 1 H NMR, and pyridine/2,6-ditertbutylpyridine adsorption experiments conducted at IFPEN. The interaction between zeolite and binders (silica, alumina) is first modeled by the interaction of the zeolite with small components like Si(OH) 4 , Na + -present in some silica sources -and Al(OH) 3 (H 2 O). The results show that alumina components are more strongly attracted by the aluminum of the zeolitic network than silicic species. Na + binds more strongly with the zeolite rather than silica and these results are once more compared to experimental data. The reactive force field parameters optimization is allowing to model larger external zeolite surfaces that are in contact with more realistic binder surfaces. All these results provide a rational understanding of a large set of experimental observations from the literature, that remained so far poorly understood. These findings are likely not limited to the case of the MFI framework (some of them already appeared to be valid for zeolite Beta), as our conclusions are mainly dictated by local topology aspects. The zeolite we investigate and the reactive sites we reveal are of both fundamental and industrial importance.
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Introduction and Objectives

Chapter 1. State of the art Zeolites are microporous aluminosilicates crystals which can be used for various industrial processes. They are used in refining and petrochemistry for numerous processes like hydrocracking, hydro isomerization, oligocracking, etc. 1,2 due to their exceptional properties. 3 They are also used for pollution abatement [4][5][6] and are very promising candidates for biomass conversion. 7 But the zeolites can generally not be used in their powder form. The latter indeed induces technical problems in the catalytic units: an acidity which is too important, the loss of charge for example and issues of mechanical resistances. To overcome these technical problems and to improve the pratical use of zeolites in catalytic processes, they are therefore mixed with other components to form bigger objects (millimeter size), which is called shaping. Binders are the main compounds involved in zeolite shaping.

Shaping was not closely looked at so far in academic studies until recently. [8][9][10] The shaping was considered to play only a role of dilution of acidity and to increase the mechanical resistance. Importantly, some authors revealed that the shaping is not just a linear combination of the properties of the zeolite and the binder, suggesting an interaction between the zeolite and the binder at the origin of new properties. The experimental studies indeed reveal physical impacts (loss of microporosity) and chemical impacts (realumination, sodium poisoning). However, until now no theoretical models have been established to understand these phenomena, nor to propose a atomistic structure for the zeolite/binder interface.

The objectives of this study is to improve our understanding of the impact of the shaping on the properties of the zeolite and the binders at the atomic scale, thanks to a theoretical approach, combining ab initio calculations and reactive force-field simulations. To this end, we focus on the case of the HZSM-5 zeolite, which was the object of several experimental investigations with respect to shaping, in particular in the context of the thesis of Coralie Demaret (2016-2019). 11 A first step towards the elucidation of the interaction between the binder and the zeolite is the understanding of the structure and acidity of the external surface of zeolites, which was also poorly investigated in the past from a computational point of view. 12 Experimental information is however available. In this work, such models are developed and their spectroscopic features (infrared -IR, Nuclear Magnetic Resonance -NMR) are compared with experiments. The strength of their interaction with basic probe molecules is then simulated. Then, interaction with compounds representative of binders, at increasing levels of complexity, will be addressed.

Chapter 1 reviews previous studies conducted on zeolites (more particularly ZSM-5 -MFI type zeolite) and their external surface. Also, the zeolite shaping and its impact on zeolite properties are detailed. The bibliography on the theoretical models of zeolites and zeolite surfaces will be also explored.

Chapter 2 concerns the theoretical methodology and the computational tools which will be used to establish our model. In a first place, Density Functional Theory (DFT) which is an ab initio calculation method is detailed. DFT allows to conduct different kind of calculations to highlight crucial information about the studied systems: geometry optimizations (to find the geometries of minima on the potential energy surface), vibrational frequencies calculations (to highlight the the vibrational frequencies of part of the structures), and linear response approach (for the calculation of NMR chemical shifts). In a second place, reactive force field model will be used with the objective to describe larger models of zeolite/binder interactions than what DFT allows. The application of such reactive force fields is described in comparison with DFT. The reactive force field optimization method with Covariance Matrix Adaptation Evolutionary Strategy (CMA-ES) is described.

Chapter 3 describes the periodic DFT simulation on the ZSM-5 external surface through an article written and published in the context of this PhD and entitled: "Environment, Stability, and Acidity of External Surface Sites of Silicalite-1 and ZSM-5 Micro and Nano Slabs, Sheets, and Crystals" (doi: 10.1021/acscatal.9b05103 and written by L. Treps, A. Gomez, T. de Bruin, and C. Chizallet).

Chapter 4 analyzes the spectroscopic features calculated with ab initio methods in comparison with experimental data which were obtained in the context of the thesis of C. Demaret. 11 This chapter is composed of an article that will be submitted soon about the spectroscopy description (FT-IR and NMR) of surface groups with hydrogen atoms entitled: "Spectroscopic Expression of the External Surface Sites of H-ZSM-5" (written by L.Treps, C. Demaret, D. Wisser, B. Harbuzaru, A. Méthivier, E. Guillon, D. Benedis, A. Gomez, T. de Bruin, M. Rivallan, L. Catita, A. Lesage, and C. Chizallet).

Chapter 5 is composed of different sections describing the interaction of H-ZSM-5 (bulk and external surfaces) with molecules. First, the interaction with pyridine and 2,6ditertbutylpyridine which are also the experimental acid sites probe molecules is studied and analyzed with DFT models. Second, sodium adsorption on various surfaces of binders and H-ZSM-5 are compared to understand the origin of the experimental observation of zeolite poisoning with sodium. Third, the interaction of H-ZSM-5 surface and bulk with monomers of binders, Al(OH) 3 H 2 O and Si(OH) 4 , are studied in detail.

And finally, Chapter 6 describes the optimization of reactive force fields. There is currently no reactive force fields adapted to describe systems including H-ZSM-5 and binders. Using the CMA-ES optimization method, initial reactive force fields developed by different groups, [13][14][15] are reoptimized against our reference DFT data, and validated on a set of complementary geometries to enhance and understand their performance. The use of these new generated force fields builds on the results reported in chapter 3 and 5 and opens shortand long-term perspectives for the simulation of binder/zeolite interfaces using larger and more representative models.

Chapter 1. State of the art 1.1. Zeolites

Definition and structural features

Zeolites are microporous aluminosilicates with a well-defined crystalline structure. They are generally composed of numerous cavities which are connected one to another with channels of various dimensions. They also can be described as a rigid three-dimensional network of TO4 tetrahedra (where T is mostly Si or Al, and sometimes B, Ge, Ga, Ti or Fe) as presented in Figure 1. These tetrahedra are linked at their corner via a common oxygen atom to form a secondary building unit (SBU) for example sodalite unit or pentasil unit. Following this building rule it comes that the net formula for the tetrahedral units in a common zeolite are SiO2 and AlO 2 -. There is a negative charge residue in each tetrahedron which has aluminum in the center. These charges are compensated by the presence of various cation. 1 In general the chaining of SiO4 and AlO4 tetrahedra follows the empiric law of Loewenstein. 2 This law says that two AlO4 tetrahedra cannot be linked inside the structure. It comes that the chemical composition of a zeolite can be represented by the Equation 1.

M𝑥 𝑚 ⁄ 𝑚+ [(AlO 2 -) 𝑥 (SiO 2 ) 𝑦 ] Equation 1
where M is a cation with the charge m, (x + y) is the number of tetrahedra per crystallographic unit cell. The y/x is the so-called silicon/aluminum ratio (Si/Al). y/x ≥1 is a consequence of the Loewenstein's rule which forbids Al-O-Al linkages.

Figure 1. Structures of four selected zeolites (from top to bottom: faujasite or zeolites X, Y; zeolite ZSM-12; zeolite ZSM-5 or silicalite-1; zeolite Theta-1 or ZSM-22) and their micropore systems and dimensions. 3 The SBUs, composed by a definite number of tetrahedra, are combined with a precise symmetry for each zeolite and generate a regular microporous network. Zeolites are classified according to their pore sizes and some representative example are presented in Figure 1: zeolites with small pores have 8 membered ring (8MR) pores which is equivalent to a diameter in between 0.30 and 0.45 nm like Theta-1 or ZSM-22; zeolites with medium pores have 10 membered ring (10MR) pores which is equivalent to a diameter in between 0.45 and 0.60 nm like ZSM-2, ZSM-5 and Silicalite-1 and zeolites with large pores have 12 membered ring (12MR) or more pores which is equivalent to a diameter larger than 0.65 nm like faujasite X and Y.

These are non-exhaustive examples: more than 230 structure of zeolite (natural and synthetic) have been identified and listed on the International Zeolite Association (IZA) website. 4 IZA attributes to each structure a code composed of three letters like FAU for faujasite X and Y or MFI for ZSM-5. All of these species offer a wide range of zeolite typical characteristics, Si/Al ratio, specific surface, pore size, nature of compensating cations which allow the use of zeolites for numerous and various applications.

Applications of Zeolites

The intrinsic property of ion-exchange is due to the substitution of silica in the zeolite structure by divalent or trivalent elements. 5 Consequently the induced negative charge arises on the framework of the zeolite. The presence of cations within the pores allows the neutralization of the zeolite. This property can be indirectly used in catalysis for example but can also be directly exploited in several applications. These include water softening in detergents; zeolites can selectively adsorb Ca 2+ and Mg 2+ , which are both represented in Figure 2 c by cation 1 which is maintained in the zeolite structure contrary to cation 2 which represents all the initial compensating cation inside the zeolite structure. Zeolites are more environment friendly than phosphated detergents and their usage allowed to reduce the pollution and the phosphorus concentration in Lake Biwa in Japan for example. 6,7 Another application is the removal of certain radio-nuclei from low and medium level nuclear waste. The principal radioactive components of nuclear waste, typically 90 Sr 2+ and 137 Cs + , can be encapsulated by mordenite (MOR) or clinoptilolite (HEU). 8,9 Zeolites are also commonly used to remove ammonia and ammonium ions from municipal and agricultural wastewater and as animal food supplementation. Choosing properly the nature and the quantity of cations can change the diameter and the shape of the pores which could modify the adsorption properties of zeolites.

The confinement is a major effect that enhances the interactions with adsorbed molecules. These properties qualify zeolite into microporous adsorbents and are used for various application in everyday life; dehydration and purification of liquids and gas. One major domain of zeolite adsorption is the H2S sorption where Na-X (FAU), Na-A(LTA) and Ca-A(LTA) are efficient. 10 For example FAU are used for desulfurization of biogas. [11][12][13][14] Zeolite are also powerful molecular sieve; they are useful for the separation of molecules in gaseous or liquid phases. The porosity of zeolite is almost constant witch is a Chapter 1.

criterion of selectivity at the entrance of the pores or within the pores. When molecules enter the zeolite network, the interaction between the zeolite framework and the molecules is also selective. Zeolites exhibiting the CHA framework can separate both H2S and CO2 acid gases from methane 15 and zeolites exhibiting the LTA framework are well-known for the processes of separation of n-paraffins. 10 It is also possible to separate meta-xylene from para-xylene with H-ZSM-5 (MFI framework) as represented in Figure 2 b. 16,17 Zeolites are also active as catalysts. A catalyst is defined as a substance added in a process to increase the rate of the reaction but which is not consumed in the catalyzed reaction and can continue to act repeatedly. Zeolite are more precisely heterogeneous catalysts and act in a different phase than the reactant. Petroleum refining makes use of zeolites for separation processes and chemical transformation as represented in Figure 2 a. 1 The reactions occur on the active sites on the internal (microporosity surface) and external surface of zeolites (pore mouth catalysis concept). We will be focusing on the case of catalysis by protonic zeolites (proton as exchange cation) in this work. 

Acidity

The acidity of zeolites is generally explained with the two most famous theories, by Brønsted-Lowry [19][20][21][22] and Lewis. 23 A Brønsted-Lowry acid is a proton donor whereas a base is a proton acceptor. In the second theory, an acid is an electron-pair acceptor and a base is an electron base donor. A Lewis acid tends to complete its valence band to get the noble gas electronic configuration. Some hydroxyls groups which tend to enhance the acidity in zeolite and on the surface of zeolite are represented on Figure 3. They can be directly responsible of the Brønsted acidity and but are not directly involved in Lewis acidity. 24,25 The Brønsted strength of these acid sites are not equal. The presence of tetrahedral aluminum instead of tetrahedral silica creates a negative charge which is compensated by a compensating hydrogen. The main Brønsted acid sites (BAS) are the bridging OH groups (Figure 3 a) formed by the proton acting as compensation cation. The silanol Si-OH (Figure 3 c) are generally non considered as a Brønsted acid site 24 and are considered to exhibit a similar acidity as the Al-OH sites (Figure 3 b) which are weak acid sites and present few or no catalytic activity. 26 Molecular ab initio modelling reveals that Al-(H2O) sites may exist at the external surface of zeolite Beta (Figure 3 d), and have a weak acidity 25 also compared to the bridging Al-OH-Si which are the most acidic sites and often the only ones to have an sufficient catalytic activity for chemical reactions. 26 The sites considered in the literature as Lewis acid site (LAS) are the aluminum atoms tri-coordinated in the bulk of the zeolite (defects) or at the zeolite surface 24,25 as shown on Figure 4, a. The latter are expected to be formed upon Al-(H2O) Brønsted acid sites (Figure 3, d) dehydration or ion exchange. On the surface, aluminum oxides (AlO + or AlxOy n+ ) in extra framework positions are electrons acceptors, Figure 4, b. 27,28 The compensating cations can also be electrons acceptors Figure 4, c but their strength is not very important and the subject is still debated. 24 Most of the acid catalysis performed with zeolite have been attributed to the Brønsted acid sites. [29][30][31][32] However, it has been showed that the Lewis acid sites can also play an active role in the catalytic activity of zeolites. The Lewis acid sites allow to increase the strength of Brønsted acid sites in zeolites, this phenomenon is called the synergic effect. 33 The study of their own reactivity has most recently been the subject of a considerable interest. [34][35][36][37] 24 The strength of the different sites in zeolite and at their surface depends on their nature and their environment. It is defined as the equilibrium constant of the acid/base reaction. Following the Lowenstein rule, two tetrahedral aluminum cannot be first neighbors but they can be second neighbors if they are separated by a tetrahedral silicon. This proximity is considered to be an important impact factor on the acid strength. 38 The more tetrahedral aluminum there are in the structure, the weaker the electronegativity of the structure and the weaker the expected charge of the proton. It induces that the strength of the Brønsted acid sites increase with an important Si/Al ratio. 39 This ratio is a key factor but is also an average on all the zeolite structure. The distribution of aluminum can be heterogeneous and this cannot be easily predicted and controlled for any framework, despite intensive studies devoted to the identification if the location of sites occupied by aluminum in the framework. [40][41][42][43][44][45][46][47] 1.1.

Catalytic activity

The activity of the zeolite is widely studied and the comparison can be made between the activity of the internal surface, surface of the pores inside the zeolite framework, and the activity of the external surface. The internal activity depends on the confinement effects in zeolite. This confinement can induce a shape selectivity as it was shown for hydrocracking reactions (demonstrated with force field simulations). 48 The diffusion of the reactants, the sterical hindrance of the transition states and the diffusion of products depend highly of this shape selectivity. 49 The external surface activity is expected to be different from the internal surface activity because of changes in the topology between the both surface. The catalysis of long-alkane reactions by acid sites located at the external surface of small pore zeolites (like ZSM-22) is called "pore-mouth catalysis" or "key-lock catalysis". 50,51 The name depends on the number of acid sites involved into the reaction (Figure 5). 51 The ratio of external surface over internal surface increase with small zeolite particles (below 100 nm). The activity of the external surface is supposed to take an important role in the general activity of small zeolite particles. Mintova et al. prepared nanocrystals of faujasite (around 10 pm) where the activity was mainly located at the external surface. 52 At the external surface the nature of the acid site and the confinement effect is necessarily changed. The understanding of the pore mouth activity and the nature of its acid sites is crucial to Chapter 1.

understand the activity of the external surface of zeolites. More particularly for the zeolite of our interest, the ZSM-5 (MFI type zeolite), which can be concerned by this phenomenon. 53 1.1.5. ZSM-5 ZSM-5 (Zeolite Socony Mobil-5) is a zeolite that was discovered and multi-patented by Mobil Oil Corporation in 1969. [54][55][56] It is a very well-known and used catalyst in the petrochemical industry and more particularly for the xylene isomerization reaction, aromatic alkylation reaction and dewaxing reaction.

The first synthesis proposed led to only small particles (around 20 µm) which induced difficulties to use X-ray diffraction method to describe them. 57,58 The classical morphology presented by these groups of these particles is the rounded-boat, Figure 6 a, but deeper and more recent investigations show that the small particle can have other forms: the coffinshaped crystals, Figure 6 b, and the octagon-shaped crystals, Figure 6 c. 59 Figure 6. Schematic representation of MFI zeolite crystal shape for small particles: (a) rounded-boat crystal, (b) coffin-shaped crystal, (c) octagon-shaped crystal. 59 Price et al. suggested the presence of a complex overgrown structure of MFI-type zeolite. 60 They studied the crystallization of a fluoride silicalite precursor which has the same topology as ZSM-5 zeolite. On the basis of X-ray diffraction results, they suggested that larger crystals of ZSM-5 could be synthetized with a non mono crystalline intergrowth structure. With a synthesis based on previous studies, 61,62 Lermer et al were the first to synthetize suitably large crystals of ZSM-5 (up to 280 µm). 63 They found two kinds of ZSM-5 crystals: an unusual one with a pyramidal-shape, and the more classical coffin-shape crystals. The first one exposes five different surfaces (analyzed with energy dispersive spectroscopy EDS) that can be seen in Figure 7: 100 (base of the pyramid), 1 ̅ 2 ̅ 0, 1 ̅ 20, 3 ̅ 02 and 302 ̅ . The description of the coffin-shape crystal was not clear at that stage, Figure 8. Koegler et al used optical and electron microscopy to illustrate and to confirm that the coffin-shape crystal is the result of the crystallization of ZSM-5 from its primary form (small rounded-boat crystals) and has a non mono crystalline intergrowth structure as predicted by Price et al. 63 From these observations, many studies were performed to determine the decomposition of large coffin-shape crystals of ZSM-5. A first group of studies promotes the 2 component coffin-shape crystal, presented on Figure 9 b, based on polarized optic microscopy (where an hourglass patter can be discerned especially when polarized light is used). 65 This work is the first clearly indicating the nature of the surfaces of the coffin-shapes large crystal surfaces as presented in Figure 8. But the 2 component model has been challenged by various analysis methods suggesting a 3 component model for coffin-shape crystals of ZSM-5. AFM, 66 I2 adsorption, 67 interference microscopy 68 and polarized infrared microscopy 69 did not allow for unambiguous choice between the two models. Even then when Weckhuysen et al followed the inside activity via the formation of styrene oligomer with polarized light optical microscopy, 70,71 it seems obvious that the model depends on the molecular dimensions and the selected reagents. Roeffaers et al. tried to differentiate the two models by using previous characterizations (AFM, SEM, …) and fluorescent probes on different batches of large ZSM-5. 72 In terms of external surfaces, the DAMPI (4-(4-diethylaminostyryl)-1-methylpyridinium iodide, is a probe which is able to "show" the (010) faces (where the straight pores are perpendicular to the surface). The fluorescence experiments showed different results on the samples. Some coffins expose (010) surfaces on two sides and (100) (perpendicular to the sinusoidal channels) on the two others. Some other coffins exposed two (100) surfaces, whereas (010) surfaces are partially recovered by another crystal. This surface expose a (100) surface, which thus dominates around the crystal. The presence of (100) and (010) surfaces is 72 Weckhuysen et al. proposed another model of the internal structure of the coffins; they recorded confocal fluorescence images and SEM and diffraction patterns after ion-beam milling halfway through the crystals' thickness and measured two diffraction patterns (orange and green on Figure 10). 73 The proposed structure seems more complex than the previous ones (the crystals are composed of 6 to 11 different elements), but a common feature of that the most exposed surface is the (100) on the long sides and (101) on the top and bottom of coffins. This model proposed a decomposition into multiple crystals of all the different shape of large H-ZSM-5 crystals. The bigger crystals C and D up to 280x130x130 μm 3 , possess supplementary elements (in orange in the diagonals) which are responsible of great defects in the crystals. The smaller crystals which are the most common and studied ones do not present such important defects. These defect were revealed to be important between all the components which can be very important for the diffusion of molecules into the zeolite framework.

Figure 10. Exploded representation of the MFI-type crystals with distinct morphologies and intergrowth structures for crystals A, B, C and D. Subunits differing in their crystallographic orientation, that is, pore geometry, are color coded in green and orange, indicating a 90° rotation over the common crystallographic c axis. The orientation of the crystallographic a, b and c axes is indicated for the different subunits. 73 Chapter 1.

The results of Roeffaers et al. and Weckhuysen et al. seem to be incompatible at first glance, but become interestingly related in the following papers of both groups. Roeffaers et al. could show as a surface defects, Figure 11, and use for catalytic activity, 74,75 that the defects are actually more deeply anchored in the coffin, Figure 12. 76 This new model implies that that the major surface exposed is the (100) due to defects (ramp, central defects) growing on the (010) surfaces and exposing a (100) surface. This consideration tends to correspond to the Weckhuysen model (of 3 components), Figure 9 for A and B crystals, but with a interrupt growth of the defect of the surface. This induces that the (010) surface is more present on Roeffaers crystals than on the Weckhuysen ones but these studies finally tend to the same intergrowth crystal structure. 77 Figure 11 . Roeffaers representation of the "growth" of a (100) surface over the (010) surface. 74 Figure 12. Summary of the FIB-TEM observations, with the crystal orientation indicated by color and by a schematic representation of the channel system. Scale bar: 2 μm. 76 Weckhuysen and Roeffaers groups validate the model A with six subunits presented in Figure 9. The detailed crystallographic structure is represented in Figure 14 along the gable and roof view. The black and blue subunits have the same orientation whereas the red subunits are 90° rotated. They continued to study this model with similar goals: the localization of acid sites, the accessibility of the acid sites and the influence of high temperature treatment on the structure.

Chapter 1.

These nanocrystal syntheses aim at improving the catalytic activity of ZSM-5 zeolite. First, the particular activity of the pore-mouth has to be enhanced. As it has been shown in section 1.1.4., the reactivity of smaller particles is often more interesting than larger ones. Second, the residence time of molecules inside the zeolite crystal needs to be limited to decrease the mass transfer limitations. These goals can be reached with an increase of the (external surface)/(internal surface) ratio or the (mesoporous surface)/(microporous surface) ratio. Different strategy from the nanocrystals of zeolites are: (i) preparing hierarchical zeolite by introducing meso(macro)porosity in the microporous crystals [78][79][80] (ii) or preparing hollow zeolite structures, 81 (iii) or obtaining nanosheets of zeolites (thickness less than 10 nm), delaminated and 2D zeolites. [82][83][84] The different kinds of nanosheets (MFI nanosheets, 83,85 Self-Pillared nanosheets, 86 and thin films grown from nanosheets 87,88 shown on Figure 13), expose mostly (010) surfaces. In some case, seeds are used and are aligned with the (100) surface. 88 Figure 13. TEM of MFI nanosheets from ref 83 

Diffusion paths and localization of active sites at the particles scale

The fluorescence microscopy is a major technique to determine the active sites and the pore disposition of zeolite. A review of Roeffaers et al. gave a first overview of the different results obtained with this technique. 75 The probe molecule named DAMPI (4-(4diethylaminostyryl)-1-methylpyridinium iodide) was previously mentioned to selectively visualizes the straight pores, which mostly established the difference between the 2component and the 3-component particles. 72 The accessibility of probe molecules in the zeolite pore network and structural imperfections, such as cracks, of these two types of large zeolite crystals was evaluated using a series of fluorescent DAMPI-based probe molecules with increasingly bulky alkyl substituents. 89 It showed that the rotated subunits are prone to develop imperfections during crystal growth. The results of the adsorption of the distinct DAMPI-type probes can be quantified by CFM and provide a quantitative measurement of the accessibility of the channel of the crystal depending on the size of the molecules. The results of adsorption for a small DAMPI type molecule is shown in Figure 14. 90 The molecule emits light when its position is parallel to the polarization orientation. The straight pore should be Chapter 1. 20 the most accessible pore. In the roof view, the black component should be full of probe molecule. But it is not the case so the diffusion must be slow event in straight pores. Polarization-dependent CFM measurements suggest that although the cracks and imperfections are responsible for the macro-distribution, the probes are still aligned to the pore system of the crystal. The larger probes tested have the same kind of spectra but with a less important intensity. They are presumably inserted end-on into the zeolite pore mouth, in a "stopcock" fashion. 91 ); (C) Fluorescence location of a DAMPI type probe (small) in zeolite MFI crystals in the two possible orientation of zeolite crystals. 90 The experimental analysis techniques are combined to visualize the complex inside organization of ZSM-5. The fluorescence and the optical transmission microscopy were combined to probe the formation of colored species during the heat-induced template removal process. 92 The decomposition of amine and quaternary ammonium compounds creates products which adsorb visible light but also exhibit a strong light emission. The authors were able to show an interesting overview of the inside structure of many zeolite and more particularly ZSM-5 as presented in Figure 15 a. Fluorescence can be combined to UV-Vis micro spectroscopy to visualize the difference in coke precursor formation during the methanol to olefin (MTO) reaction. 93 It is possible to discriminate the fluorescent aromatic compounds formed inside the micropore and the non-fluorescent graphitic compounds at the outer surface as presented in Figure 15 b. Fluorescence intensity profiles of H-ZSM-5 crystal during MTO reaction at 660K. 93 The fluorescence of amine functionalized fluorescent probe (PDI-TEA according to its two main functionalities a perylene diimide core and a trimethylamine-like side chain) reveals the active sites of the zeolite on surfaces. 72 When the probe reacts with the acid site, the fluorescence appears. Whereas when the probe is free the tertiary amine functions quench the fluorescence of the perylene diimide chromophores through photo induced electron transfer. 94 The acid sites of the ZSM-5 are present on all the surfaces of the coffins-shaped crystals. The catalytic activity of the zeolite can also be observed through the acid-catalyzed oligomerization of 4-fluorostyrene. In a first time it is used as a time and space resolver for the catalytic reaction in and over the ZSM-5 crystals. Roeffaers et al. highlight the presence of diffusional barriers for the catalytic activity of the ZSM-5. 95 Figure 16 A shows that initially the reaction takes place at the outer surface of the zeolite, on the (100) surfaces of ZSM-5 blue components, Figure 14. The products' emission of light, which is showed here as an intensity, highlights that reaction mainly takes place in the black components of zeolite, Figure 14. As presented in Figure 16 B, the products of the reaction can emit in different part of the visible light. The length of the product determines in which part of the visible light they emit, an increase of the length is associated to a red-shift. The longest products are located into the black components of ZSM-5, which are the most accessible ones due to the straight pores perpendicular to the surface, whereas smaller products can be found in the all structure. Weckhuysen et al. use the same reaction and distinguish two products: the linear dimer and the cyclic dimer, which are specific to straight and sinusoidal pores respectively. 77 This work comfort the crystallinity established of the ZSM-5 crystals. The authors also studied the degradation of the zeolite framework upon post synthesis steam treatment. imaging of reaction products from furfuryl alcohol in ZSM-5 after prolonged exposure: blue channel, 488 nm excitation and emission from 505 to 560 nm; green channel. 543 nm excitation and emission from 560 to 660 nm; red channel, 633 nm excitation and emission higher than 660 nm. The different colors refer to different furfuryl alcohol oligomers; the longer the oligomer, the more red-shifted its emission spectrum. 95 

Characterization of the active sites

All the previous characterizations are used to study the catalytic activity of the ZSM-5. A recent study was able to distinguish the activity of different member of the population of zeolite crystals. 96 It proves that the ZSM-5 sample can be heterogeneously dispersed in their catalytic activity through the distribution of their active sites. In the same spirit, a previous study focusses on the catalytic activity in the presence of sodium. The sodium poison the active sites of the zeolites and this study highlight the proportion need to deactivate zeolite including ZSM-5. 97 The study of the impact on catalytic activity is a main subject for zeolite and even more in this work where the zeolite is considered in contact with the binders which are used for industrial reactors. The catalytic activity is multi-factorial dependent and the impact on each characteristics of the zeolites can be crucial.

The acid site localization is made, in the previous paragraph, at the crystals scale. At the atomic scale, identifying the location of the acid sites requires the knowledge of the crystallographic location of aluminum atoms. The previous sections locate the active sites depending on the reaction and their accessibility. An 80's study of the ZSM-5 structure, locate the aluminum at the particle scale with X-ray micrograph. 62 The particles have a Si/Al ratio between 50 and 100 and the study highlights that the aluminum are located at the external surface (or close to it) and in the rim (which corresponds to the black compounds of the structure as established latter and presented in Figure 14. The high reactivity of these two positions does not only depends on the accessibility of the acid sites but is also due to the heterogeneous distribution of the acid site in the zeolite particles. The specific localization of the aluminum in the particle is confirmed by a more recent study of Weckhuysen et al. who used synchrotron-based micro X-ray diffraction imaging. 91 These data describe the aluminum gradient revealing insight into the crystalline structure of ZSM-5.

The experimentalists make a point to localize more precisely the aluminum in the zeolite framework, which is still a challenge today. The basic crystalline cell of ZSM-5 is composed of 192 oxygen atoms and 96 silica and/or aluminums (Figure 17). This conventional cell, also called "bulk" of ZSM-5, exposes 12 non-equivalent positions of silicon or aluminum, which are represented in blue on the same figure. All the other positions, represented in yellow, are replicable by symmetry from one of these 12. The same remark can be done on oxygen atom. Knowing the localization of the aluminum atom is not strictly sufficient to know the acid site localization. The acidity is determined by the position of the compensating proton around the aluminum. The proton is generally bonded to an oxygen of the zeolite framework which is directly bonded to aluminum. For each aluminum position there are four possible localization of acid sites. To conclude, there are 48 possibilities of acid site location in ZSM-5 bulk conventional cell. The distinction between aluminum can also be established with 27 Al MAS NMR spectra. The spectra of the ZSM-5 spectra shows a line at 55 ppm which is attributed to fourcoordinated framework aluminum. 98 The steaming of the zeolite induce the apparition of two other peaks at 35 and 6 ppm. These two peaks are attributed to distorted tetrahedral and higher coordination states. Some more recent studies showed that the aluminum are mainly located at the intersection between the straight and the sinusoidal channel, regardless of the conditions of synthesis. 99 The equivalent position on Figure 17 are the T2, T6, T9 and T11. The intersection is shown to be composed of more than 55% of framework Al atoms. More details will be given in the following sections. The attribution of the 27 Al MAS NMR spectra and the 2D 27 Al MAS NMR spectra are generally associated to theoretical researches which are more detailed later (Section 1.3). 40 The study of the external surface site is an important aspect of the study of ZSM-5 activity. The main goals of these studies is to determine the nature of the surface site. The nature can be the structure nature but also the nature of the acidity of the site and their strength. The hydroxyl groups on the activated zeolite surface are often examined by Fourier Transform InfraRed spectroscopy (FTIR). The adsorption of probe molecules such as pyridine and 2,6-ditertbutylpyridine (DTBPy) is also a way of quantifying the acidity. 100 One example of use these techniques on ZSM-5 was performed by Maijanen et al. and the spectra were measured between 4000 and 400 cm -1 . 98 (A) (B) B and L stand for Brønsted and Lewis site, respectively. 98 It appears that three peaks are representative of the ZSM-5 surface and are presented in Figure 18 (A,a). The weak bands at 3745 and 3664 cm -1 are assigned to terminal SiOH and AlOH groups respectively. 101 The acidic bridged hydroxyls Si-OH-Al show a band at 3610 cm -1 . This band disappears when pyridine is adsorbed, Figure 18 (A,b), and reappears when pyridine start to desorbs around 450°C, Figure 18 (A,c,d). The adsorption of the pyridine can be detected with typical bands. The wavenumber of these bands are indicators if the acid sites are Brønsted or Lewis acid sites. On Figure 18 (B), the band at 1545 cm -1 is attributed to the pyridinium ions formed on Brønsted acid site whereas the band at 1450 cm -1 is assigned to the pyridine coordinately bonded to Lewis acid sites. Increasing the temperature reduces the number of pyridine adsorbed on the surface, Figure 18 (B), but some pyridine molecules remain adsorbed even after the temperature of pyridine desorption on the ZSM-5 surface of 550°C.

FT-IR spectroscopy is also used to study the interactions of ZSM-5 with aromatic molecules and other non-aromatic molecules (alkenes and nitriles). The characterizations allowed to distinguish the adsorption of the different molecules on the internal OHs and on the external OHs. 102 The FT-IR spectroscopy is combined with temperature programmed Chapter 1. desorption (TPD) examination to determine the strength of the surface and intern acid sites. They are classified considering their desorption activation energy (DEA) of pyridine. 103 The acid sites are divided between four sets of different strength of DEA: 70, 90, 120 and 150 kJ.mol -1 . The implication of the different kind of acid sites, Brønsted or Lewis, in each group is evaluated. The Brønsted acid sites take a major part in the group with the highest strength (150 kJ.mol -1 ) whereas the Lewis acid site are majority in the second group of 120 kJ.mol -1 . In the two lower groups there is no predominance of one kind of acid site. These two groups were associated to the hydroxyl surface groups on silicon Si-OH, on extra-framework aluminum and bridged between aluminum and silicon Si-OH-Al at the surface. These techniques are used also to study the impact of various treatment applied on the zeolite. It is crucial to understand the factors which have an important impact on the acidity of ZSM-5 and the structural changes implied. 104 FT-IR spectroscopy can also be used with the adsorption of the 2,6-ditertbutylpyridine (DTBPy). This molecule is specific to the external acid sites of the zeolite. The two trimethyl which are present on the molecule stop the introduction in the zeolite pores. 105-107

Shaping

Zeolite shaping

The appearance of pure zeolite as studied by experimentalist in laboratories is a white (it can be colored if metallic transition cations are inside the zeolite framework) and thin powder. The powder form of zeolite is unsuitable for industrial reactor because of its weak mechanical resistance and a phenomenon of charges loss. Most of the time the acidity of the zeolite must also be reduced for a better efficiency of the processes. To face these problems the zeolite is diluted and shaped with numerous additives including binders.

The zeolite shaping is the change of the powder into millimetric particles which enhance the resistance of the particles to abrasion and crushing and minimize the loss of charges. But the size of particles themselves can influence the diffusion of molecules in the grains, the activity and the external and internal mass transfer. A compromise must be found between the size of the particles and the properties chosen to be enhanced. 108 Figure 19 describes the development of a zeolitic catalyst from the active site to its industrial use. 109 The shaping of zeolite intervenes at the key step of changing a catalyst of research into a technical catalyst which can be used at high scale and important quantities. 110 A good catalyst will deliver interesting performance along all the steps at all length scale, from the active site to the millimetric sized catalyst. These development step by step can take around ten year when it is successful. The development of the research catalyst includes the active phase and the support. But the technical catalyst development starting at the scale up includes many additives to conform to quality standards of the reactors. The binders and the matrix used have to be chosen with care because they influence significantly the future performances of the catalyst. 111,112 They change the catalyst coking characteristics, the entrapment of poisons, the transfer of chemical species to and from the active phase, the porosity characteristics, the heat transfer and thermal characteristic, the physical durability and the acidity of zeolites. The nature of these additives and the changes associated are detailed by Mitchell et al: 109 -the binders increase the mechanical strength and dilute the acidity of the zeolite (alumina, silica, zirconia, …) -the lubricants reduce friction during mixing and shaping operations (ethylene glycol, graphite, glycerin, …) -the modifiers enhance performance of the catalyst (zeolite, metal or metal oxide, …) -the peptisers disperse particles to improve the homogeneity of the catalyst (acetic, citric, formic, nitric, sulphuric, phosphoric or hydrochloric acids) -the plasticizers decrease the viscosity (water, sugars, polyethylene glycol, …) -the porogens increase the interparticles porosity (carbon black, flax, …)

The preparation of a fixed-bed catalyst is mostly done by the mixing and extrusion method. This method allows to keep a control on the geometry of the technical catalyst. The first step of this method is the mixing step to obtain a pasty and homogeneous mixture, it is the first contact between the zeolite powder and the liquid composed of the additives. Depending on the size of the grains and the size of the liquid drop, the contact between the two phases and the good distribution of these engender or not an homogeneous phase. 113 Most of the time the particles have a micrometric size, and when the quantity of liquid has to be Chapter 1.

adapted to obtain a paste as the homogeneous phase which will have the good consistence for the next step: extrusion. 114 The extrusion is the molding of the paste. After mixing the paste is passed through a mold of a particular shape with a pressure applied on it. The ideal behavior of the paste is a shear-thinning one. The viscosity of the paste must be low enough so during the mixing the dispersion of the particles will be good but it also should be high enough so that during the extrusion the paste will conserve the form given by the mold. 115 If the viscosity of the extrudates is not correct, they could present defaults on their surfaces. The choices of the components are again essential to obtain an homogeneous paste with an adapted rheological behavior to avoid the formation of defaults on the surface. However the knowledge of this step is mostly empirical and needs a well-established expertise. 116 The extrudates then undergo a thermal treatment to obtain the final structure of the catalyst and to get rid of all the volatile molecules which were used for the shaping. The thermal treatment starts by a drying between 80 and 200°C. This step is an exchange of heat and molecules between the zeolite and the air. The air molecules take the other volatile gas out of the zeolite passing by the inside surface of the zeolite which is the surface in the pores. 117 The removal of many molecules from the zeolitic network can engender deformation or framework defects which depends on the mechanical properties of the support. 118 The catalyst is then calcinated at an higher temperature. The organic additives of the mixing step are evacuated to free the spaces in micro and macroporosity.

At the end of the calcination, the catalyst produced is different from the initial powder of zeolite and is available to be used in industrial reactors. The changes between the initial catalyst and the technical catalyst is mastered in industry without any clear understanding of the chemical and physical phenomenon engender by the shaping. A knowledge on the subject should allow scientist and manufacturers to optimize the catalyst to their need and to foresee changes in their properties.

Textural changes

The study of the textural properties of the shaped zeolites is very important to understand the catalytic phenomena which intervene in refineries and petro chemistry industry. The diffusion of reactants, the reactivity of the surface, the products of reaction and the shape selectivity are directly influenced by measurable characteristics as the specific surface, the pore size and the pore volume. Moreover, there are two types of pore in shaped zeolite: the intracrystalline pores which correspond to the vacuum created by the structure and the layout of the atoms of the zeolite and the intragranular pores which are the vacuum between the binder and the zeolite created by shaping. The principal techniques to characterize the pores are nitrogen or argon sorption and desorption isotherms and mercury porosimetry. They give information about typical values like the specific surface area (in m 2 g -1 ) and the pore volume (in cm 3 g -1 ). 119 Chapter 1.

The binder effect on ZSM-5 extrudate from a textural point of view is studied by Whiting et al. for a ZSM-5 crystal with Si/Al=32 and silica and alumina binders. 112 The authors changed the binder proportion in the extrudates from 0% (zeolite alone) to 100% (binder alone) and measured the porous volume of the extrudates. The results obtain by nitrogen adsorption and desorption are given in Figure 20. The BET surface area is higher for the zeolite as compared to the binder. In consequence, when the proportion of binder increases the BET decreases. The same tendency is observed for the pore volume, it is higher for the silica binder (mainly corresponding to mesopores) so when the proportion of binder increases, the pore volume also increases. But the pore volume of extrudates is lower than what is expected by the theoretical calculation depending on the proportions of the two components, and even more in the case of the silica binder. The conclusion relative to this difference is attributed to pore blockage of the binder by ZSM-5 and by morphological modification of the binder. Some other studies proposed that the zeolite pore are blocked by binder sheets (silica and alumina). 120,121 Whiting et al. also show that extrudates based on silica have a larger distribution of pore diameters than alumina-based extrudates. 115 A study from Michels et al. focuses on the impact of the shaping by granulation (G) with an attapulgite binder compared to the powder form of the zeolite (P). 122 This shaping is applied on a classical ZSM-5 (C) (Si/Al=39) and a hierarchical and mesoporous ZSM-5 (M) (Si/Al=28). The zeolite:binder ratio is equal to 80:20. The results given in Figure 21 show a reduction of the microporous volume for shaped zeolites. For example, the classical ZSM-5 has an initial microporous volume of 0.16 cm 3 g -1 and the expected theoretical volume in the granules of the zeolite is evaluated to 0.13 cm 3 g -1 . This reduction is associated to the dilution of the zeolite in the binder. No pore blockage is observed in this study. 

Effects on acid sites environment

In the previous sections, it has been shown that the FT-IR spectroscopy is widely used to determine the position of the hydroxyl groups on the surface of ZSM-5 after dehydration. The different possible hydroxyl groups at the surface, Si-OH, Al-OH and Si-OH-Al have been associated to the IR spectroscopy signals at 3745, 3665 and 3610 cm -1 respectively. The effect of the shaping on the acid properties of zeolite was studied by Michels et al. on one conventional ZSM-5 (CPc) and on a mesoporous ZSM-5 (MPc). 122 These zeolite are shaped with attapulgite as a binder in a mixture of 80% of zeolite and 20% of binder. The hydroxyl groups IR spectrum are presented on Figure 22 a, for the pure zeolite and for the shaped zeolite. The comparison of the infrared spectrum before shaping (MPc and CPc) and after shaping (MGc and CGc) shows a decrease of the signal at 3600 cm -1 when the samples are Chapter 1.

shaped. This signal which is attributed to the bridging hydroxyls on Si-OH-Al are also associated to the Brønsted acid sites. Attapulgite has no contribution at 3600 cm -1 , the decrease in intensity of the signal can be due to their dilution. The authors detected no evidence of dealumination but as the comparison of the expected spectrum of the binder and zeolite mixture with the real spectrum of the material is not given, quantification of the effects of the shaping is not straight forward.

Michels et al. also compared the FT-IR spectra of hierarchical ZSM-5 shaped with attapulgite and with silica. 112 The results of the mixture of zeolite with binders are presented on Figure 22 (b). The ratio between the two is 1:1 and the clear lines represent the mixture of powders whereas the thick lines are crushed extrudates. The authors do not present the initial spectra of zeolite so the effects of binder on zeolite can not be determined. But in the two cases the intensity of the bands associated to Si-OH and Al-OH-Si (3740 and 3600 cm -1 respectively) decreases between the mixture of powder and the extrudates. One more time we cannot conclude about dealumination. The IR spectra allow to follow the effect of the shaping on the hydroxyl groups on the external surface of zeolite but the study must be completed with other analyses.

The NMR spectra of 27 Al have also been reported for the analysis of the zeolite and the mixtures of zeolite and binders. The NMR allow the distinction between the coordination of the aluminum atoms. As previously seen in this work, the NMR spectra of ZSM-5 is essentially composed of one signal at 55 ppm, corresponding to the framework AlIV. But the NMR spectra can reveal penta coordinated aluminum AlV between 20 and 40 ppm and hexa coordinated aluminum AlVI between -20 and 10 ppm. In the two previous studies presented by Michels et al., the authors completed their approach with the NMR spectra of the shaped zeolites.

Figure 23. 27 Al MAS NMR spectra of (Left) mesoporous ZSM-5 powder (MPc), or granule (MGc) and the attapulgite alone (APc) 122 (Right) of hierarchical ZSM-5 (Si/Al=40) shaped with silica (blue) and attapulgite (green) with a ratio 1:1; clear lines physical mixture of zeolite and binder, thick lines crushed extrudates of zeolite and binder, dashed line milled zeolite and binder. 112 Chapter 1.

In the first study, 122 Michel et al. obtained the 27 Al NMR spectra presented on the left of Figure 23 which correspond to the samples of Figure 22 (a). For the pure zeolite (MPc), we observe, as previously announced, one peak at 55 ppm which stands for Al(IV). The binder alone spectra (attapulgite) presents one peak around 5ppm which stands for Al(VI). The spectra for the granule composed of both zeolite and binder presents the two peaks. The authors conclude that the peaks of Al(VI) is only here because of the binder and the shaping has only a dilution effect. But again, the expected spectrum (linear combination of that of the binder and that of the zeolite) is compared to the real spectrum.

In the second study, 112 the authors recorded the 27 Al MAS NMR spectra for a hierarchical ZSM-5 of Si/Al=40 which are shown on Figure 23 (right) which correspond to the same samples has the Figure 22 (b). The author highlight the fact that for the blue curves (zeolite shaped with silica) there is a significant decrease of Al(IV) between the physical mixture of zeolite and binder and the extrudates of the same components. Combined with the IR spectra conclude that the zeolite framework is dealuminated. But for the extrudates based on zeolite and attapulgite, their conclusions are different (and similar to their previous study). They highlight the decrease of the bridging OH on the IR spectra but there is no decrease of Al(IV) in the NMR spectra (green curves). So, there is no dealumination but only dilution effect. Note however that the spectra were likely normalized which renders the discussion of the evolutions difficult, but do not indicate how.

Figure 24. 27 Al NMR spectra with deconvoluted peaks of NaY-SiO2 and NaY+SiO2. 123 27 Al NMR spectra have also been done on extrudates of NaY zeolite and silicate by Chen et al. 123 They focus on the interactions between the zeolite and the binder thanks to the comparison of the spectrum of a physical mixture of zeolite and binder (NaY+SiO2) and that of an extrudates of zeolite and binder (NaY-SiO2) as shown on Chen and Michels works show with IR spectroscopy and 27 Al MAS NMR spectra that the shaping with silica induce a dealumination of the zeolite framework. To complete these observation it could be very interesting to investigate the expected spectra of various zeolite and binder interfaces compared to the zeolite and binder separated spectra.

Evolution of the acid properties

The influence of the shaping on zeolite can be measured by the differences in the acid properties. They are usually determined by combining pyridine adsorption and IR spectroscopy. Michels studied the shaping of ZSM-5 with various binders: silica (si), boehmite (bo), attapugite (at) and kaolin (ka) in extrudates composed of 50% of zeolite and 50% of binder. 112 The adsorption of pyridine on these shaped zeolite gives access to the acid site concentration which are reported in Table Pyridine desorption has been performed at 200°C and the molar extinction coefficients to quantify the acid sites were taken equal to 1.67 µmol g -1 for Brønsted acid sites and 2.94 µmol g -1 for Lewis acid sites. The binders have also been analyzed separately and revealed no Brønsted acid sites. In theory, 50% of the Brønsted acid sites should be maintained in the extrudates. The number of these acid sites are maintained only with the kaolin binder. But the authors could observe a decrease in the number of Brønsted acid site when the zeolite is shaped with other binders. The explanation could be a dealumination, which has been shown for silica binders previously, or a neutralization of these acid sites by ionic exchange. The sodium in the attapulgite for example can neutralize the Brønsted acid sites of ZSM-5. But for the boehmite the explanation is more complicated. The authors suppose that the Brønsted acid site are neutralized by aluminum migration.

The same tendency can be found in the same study for the variation of the number of Brønsted acid sites with or without shaping and for different Si/Al ratio. The first ZSM-5 has a ratio of 15 and the second of 140. They are shaped with attapulgite. The Brønsted acid sites number goes below what was expected (<304 µmol/gzeolite), as shown in The decreasing number of acid site which is induced by the shaping is not totally explained by the authors who have been working on the subject. But the molecule adsorption can drive us to the nature, the number, the strength and the accessibility of the acid sites. These results are important for this work and the resulting theoretical study, because the same tools could be used.

Chapter 1.

Evolution of the catalytic properties

The analysis presented so far have operating conditions which are not similar to the real catalytic conditions in industrial processes. A characterization with a model reaction can quantify the catalytic activity of the catalysts but also their stability and their selectivity in similar reaction conditions.

In one of their study Michels et al. evaluated the impact of the shaping of conventional and hierarchical ZSM-5 with different binders on the catalytic properties. 122 The methanol-toolefins (MTO) reaction is tested to evaluate their properties at two different temperatures (350 and 400°C). They proved that the choice of binder has an impact on the life time of a catalyst (with an conversion higher than 90%) and the selectivity of the reaction. The results shown on Figure 25 highlight that silica reduces the life time of the catalyst. Whereas the attapugite induce a life time around 70h when the zeolite has 40h and the silica 10h. The same results have been shown for the different temperatures. These results are in concordance with the previous ones about Brønsted acid sites. There is a higher concentration of these acid sites with the attapulgite binder than with the silica. But this difference does not explain the difference of life time.

In a review by Hargreaves and Munnoch, 111 the authors reported that alumina enhances the activity of the ZSM-5 in n-hexane cracking. The original study of Shihabi et al., 124 the results (Figure 26 (Left)) shows that for zeolite with the same Si/Al=13000 with or without binder, the activity changes from 0.02 to 1.4 with the addition of binder. The authors suppose an alumination of the zeolite by the alumina. The zeolite was initially composed of a very low number of aluminums. In a study of the reaction of dimethylether (DME) into light olefins (DTO), a ZSM-5 zeolite with a Si/Al=140 ratio, shaped with boehmite and bentonite was used as a catalyst. The effects of the binders on the conversion and the yield are reported in Figure 26 (Right). The catalyst prepared with boehmite exhibits a higher conversion (39%) than the catalysts shaped with bentonite (25%). Furthermore, the selectivity is as high as 64% into olefins with more than 30% into propylene whereas the selectivity in olefins with bentonite is 57%. The Chapter 1. authors explain the difference by the mesoporous volume and the acidity of boehmite which are more important. The evolution of the catalytic properties into zeolite materials after the shaping with different binders are well represented in these examples. Many observation and explanation about the changes in the conversion, the activity and the selectivity are given by the authors but a theoretical model to clarify the situation and the explanation should be welcome.

Molecular Modeling

The improvement of the computing technologies allows since the 70's to develop zeolite models to complete the experimental data. Thousands of studies evaluating the properties of silicate and aluminosilicates with quantum mechanics methods are reviewed. 18,[126][127][128] The main goal of these studies is to establish a relevant model of the solids which could be representative of its properties. The solid phase studies were using cluster models which are models of this solid phase with a finite number of atoms. But more recently the periodic calculations of zeolite bulk are the most used. The size of this model is important, a large model will allow to be more representative but the cost (in computational resources) will also increase.

The studies of the properties of ZSM-5 crystals are numerous. [129][130][131][132][133][134] These studies focus mostly on the bulk of zeolite and the properties of the insight structure of the zeolite. Understanding these aspects is essential but the understanding about the behavior of external surfaces are also important, in particular for the investigation of the effects of shaping. As it has been shown in the previous sections, the acidity and reactivity of the surface play a massive role in many cases. Creating external surface models of ZSM-5 and its properties is one of the important steps of this work and is essential to study the interaction between two surfaces.

Chapter 1.

Nature and strength of the acid sites

In a recent study Li et al. investigated the preferential position of aluminum in the Tsites of the bulk of ZSM-5. 47 They aluminated the 12 possible T-sites and calculated the relative energies of these sites to determine which one is the most stable. They differentiate the T-sites in the straight pores (T8 and T11) from the T-site in the sinusoidal pores (T4 and T10) and from the T-sites at the intersection of the two kind of pores (T1-3, T5-7, T9 and T12). According to previous quantum chemical calculation the interval of energy of all these site is not larger than 4 kcal.mol -1 for high Si/Al ratio and 8 kcal.mol -1 for lower ratios. [135][136][137] Some results for Si/Al=95 and for Si/Al=23 extracted from their work are presented in Figure 27. The intervals of energy are respected and the distinction of the T-site at high Si/Al ratio is complicated because of the low difference between the energies. But with higher contents of Al, six different positions have a difference lower than 3 kcal.mol -1 in energy: T1-3 and T12 (intersection), T4 (sinusoidal) and T11 (straight). Only the T7 site is totally unstable compared to the others for Si/Al=23. 47 The alumination of the theoretical models is essential to refine the models and to tie in the experimental results. To be representative, the model should respect the experimental Si/Al ratio, which dictates the number of Al to put in the unit cell of the model. The 27 Al NMR was insufficient until recent years to determine precisely the positions of Al in the zeolite framework, but recent breakthrough were recently obtained from the combination of MQMAS. 27 Al NMR with DFT calculations. DFT can provided calculated chemical shifts with very high precision and allows to attribute the different participation of the plots. 40,47,138 Holzinger et al used 27 Al QMAS NMR, using ultrahigh field at 22.3T, and found a signal which can be deconvoluted into 10 distinct tetrahedral framework resonances of Al(IV), as presented on Figure 28. 40 This 2D spectrum is the spectrum of one sample of the study. The same spectrum is made for all the sample and the participation of each resonance is evaluated. XRD is applied on the same samples of ZSM-5 and allows the atoms identification by the average of T-O-T angles. Whereas DFT gives the theoretical chemical shifts corresponding to the different atoms positions of the bulk structure. 139,140 The theoretical analysis distinguish 24 different T-sites instead of the 12 different possible positions of silicon. The NMR and XRD Chapter 1.

analysis are then combined to the theoretical results to associate signals to aluminum positions and determine which ones are the major ones. The results tend to give an average of which site will be the most aluminated in the zeolite structure but the differences do not allow to distinguish one site in particular. 40 But important results are extracted from this study. They show that the incorporation of the aluminum depends on the Si/Al ratio. This study also quantified the number of Al in the different T-sites upon dealumination by steam treatment on each ZSM-5 samples. The aluminum at the intersection of the pores is shown to be most prone to dealumination whereas the aluminum in straight and sinusoidal pores more stable upon steam treatment, in line with previous theoretical findings. 80,141 The combination of experiments and theory allows to access a detailed structural insight into the distribution of the aluminum. It also gives access to the redistribution of aluminum which occurs during dealumination and stream treatment.

The strength of the Brønsted and Lewis acid sites are studied experimentally with the adsorption of pyridine on these acid sites. The vibrational analysis with infrared spectroscopy reveals in the experiment a peak at 1450 cm -1 for pyridine adsorbed on Lewis acid sites and a peak at 1545 cm -1 for an adsorption on Brønsted acid sites. These two peaks are associated to the 8a and 19b vibration modes of pyridine which are different when the pyridine is not adsorbed. The adsorption of pyridine on a Brønsted acid site modifies the vibration modes 8a from 1590 to 1614 cm -1 and 19b around from 1445 to 1540 cm -1 . 98,142 However, for the pyridine coordinately bonded on Lewis acid site the 19b and 8a vibration modes are only Chapter 1. slightly shifted. The frequency shifts between the both cases are mostly due to the pyridine ring stretching and the CH bending with ring stretching. A theoretical study of pyridine adsorption in faujasite zeolite has emphasized the variation of IR bands of these vibration modes. 143 The calculated shifts and the absolute frequencies calculated are in good agreement with the experimental results as shown on Figure 29 and Figure 30. The vibrational analysis for the study of the adsorption of pyridine is essential and presented in most of the works. The pyridine is adsorbed on the Brønsted acid sites to determine their strength. The reactivity of the acid sites is then studied for different reactions which take place in the bulk of various zeolites. 144,145 The pyridine is not the only probe molecule for the acid site, ammonia can be used experimentally and theoretically. 145 Chapter 1.

Figure 30. Calculated vibrational patterns of some in-plane normal modes of free and adsorbed PY on 12TOH within the hydrogen-bonded complex in the 1400-1700 cm -1 spectral region. Numbers indicate the calculated and mean observed frequencies and frequency shifts. The scale for the arrows is arbitrary but common to all the normal modes. Only a part of the 12TOH of faujasite is shown. 143 The theoretical analysis of the vibrational modes on a pyridine adsorbed on zeolite can confirm the nature of the acid sites. The frequencies indicate if the acid sites are a strong or weak Brønsted acid site or a Lewis acid site as a confirmation of the geometry of the model. A parallel can be done between the stability of pyridine on the acid sites and the experimental TPD. 146,147 The vibrational analysis should allow us to link the desorption of pyridine from the acid sites, Brønsted and Lewis, to the desorption groups enhanced in the previous section 103 and the experimental data we should access. The link could allow us to determine the preferential adsorption sites of pyridine.

Ab initio studies of external surface models

The first periodic DFT studies on the external surfaces of zeolites were performed by Bucko et al on mordenite. [148][149][150][151] Stoyanov et al. continued on this momentum and proposed a periodic external surface models for chabazite. 152 Both studies showed the absence of strong reconstruction and the stability of Brønsted acid sites close to the surface. Other surfaces models of purely silicic crystal were proposed for BEC, 153 LTL 154 and LTA zeolite. [155][156][157] The most recent external surface study is a study on zeolite Beta written by Rey et al.. 25 This study is a DFT study which enhanced the nature of the acid surface sites and highlights the local structure of the aluminums at the surface depending on the temperature and water partial pressure.

The present work is about describing the interface between two surfaces including the external surface of zeolite. The description of the external surface of ZSM-5 is essential and the description of the acid site needs to be explored in depth. The main paper for the Chapter 1. description of the external surface of zeolite and its acids sites with DFT is the study of Rey et al.. 25 They studied the external surface of zeolite Beta. The first step of this study is the construction of the external surface model. The choice of the thickness must be representative of the zeolite properties. A thick cell would be allowed to have a more precise model but the cost in computing resources would be too expensive. Rey et al. studied the (001) termination of external surface with two bulk height, with two different height named Cleavage 1 and Cleavage 2 presented on Figure 31. 25 The second step of this study is the substitution of silicon T-sites on these surfaces by aluminum atom to highlight the difference of stability depending of the structure of the sites. The alumination energies were calculated for a large set of surface sites and compared one to another and to bulk aluminated sites. The different sites proposed in this work are presented in Figure 32. The bridging Al-OH-Si are present in the zeolite bulk but also at the external surface as described in this figure. The open micropores are the pores open on the surface whereas the outermost surface is the plane zone at the external surface as shown in Figure 31. At the outermost surface, two different sites are presented: the water molecule adsorbed on the aluminum with or without an other hydroxyl adsorbed on the aluminum. The results show that the aluminated sites at the surface are thermodynamically more stable than in the bulk and moreover when the sites are located at the outermost surface in the form of a water molecule adsorbed on Al atoms. 

Surface hydration

The analysis of the external surface of zeolite concern also the thermal stability of this surface. The DFT study of Rey et al. is a good representation of a theoretical investigation of the hydration level of the zeolite Beta external surface. 25 On the cleavage 1 of their study, which has been presented on Figure 31, the most favorable configuration at 3.8 OH nm -2 for an aluminated site on the external surface is a Al-(H2O) specie. The stability of this surface is studied depending on the temperature and the water partial pressure, its existence domain is represented by the clear blue part on Figure 33. This diagram has been constructed through the calculation of the hydration free energies. The surface is hydrated and dehydrated and the results reveal the most stable surface for the conditions of temperature and pressure (Figure 33). Several configurations have been studied for each hydration and dehydration levels. For the dehydration, the water molecule is desorbed from the aluminum. But instead of forming Al(III), the aluminum is coordinated to an oxygen lower in the zeolite structure. The adsorption energy of this water molecule is evaluated to -188 kJ mol -1 which is quite similar to previous studies on the same subject but with mordenite (-117 kJ mol -1 ). 149 Regarding hydration, it first breaks the Si-O-Si bridge to generate two silanols. Then another water molecule coordinates on the aluminum. 

ZSM-5 external surface models

Cluster models of ZSM-5 external surface were already built to study their reactivity. The isomerization reaction of trans-but-2-ene to cis-but-2-ene for example was studied with density functional theory (DFT). 158 The choice of the surface orientation in this study is not justified. The bulk model is multiplied into the three direction of space and hydroxyl groups are exposed on the surface of interest. The surface of interest in this work is the (001) which is parallel to both kinds of pores (straight and sinusoidal). This choice may be surprising from the experimental point of view because it is not exposed on ZSM-5 particles. But the main interest of this study is the comparison of the acidity of the aluminated sites on the surface and in the bulk of zeolite crystals. By comparing one surface site and one bulk site, they showed that the reaction is more favorable inside the crystal than at the outer surface. Another DFT study focused on the propan-2-ol dehydration. 159 They compared the reaction path of the reaction. They apparently used the same surface model of (001) with hydroxyl groups on the surface. But only bridging OH groups were considered contrary to the previous study where Al-OH and Si-OH groups were considered on the surface. Both studies are using surface models but without any systematic study of the surface nature and surface sites.

One other DFT models have been built relatively to a different experimental model system. The self-pillared pentasil (SPP) are hierarchically-structured zeolites. They are composed of zeolite nanosheets with a thickness composed between two and three pentasil units which are arranged into a "house of card" structure. This structure, presented on Figure 34, is obtained from the modification of layered zeolite precursors or direct synthesis. 85,160 Chapter 1.

There are eleven zeolite framework which are known to have these 2D structures, including MFI type zeolite like ZSM-5. 84 The thermal, hydrothermal and mechanical stability of the MFI nanosheets were shown to be remarkable. The acid strength of the SPP ZSM-5 is similar to the bulk acid strength. The reactivity of the ZSM-5 is enhanced upon larger molecules which normally do not fit inside the pores. 161,162 The structure is very thin (~2nm) layers which expose the entrance of the straight pore. The straight pores are perpendicular to the surfaces whereas the sinusoidal pores are parallel to the surfaces. The properties of layered ZSM-5 remain very interesting from an experimental and fundamental point of view. 164,165 Based on these experiments, a DFT and IP (Interatomic Potential) study has been conducted to examine the properties of the ZSM-5 nanosheets. 134 The study focused on the substitution of silicon into aluminum in each independent T-sites. It also provides a complete vibrational analysis for both silanols and bridging oxygen binding a proton as counter ion. The study is composed of two different models based on the possibility to change the thickness of the nanosheets from three pentasil units to two pentasil units as shown experimentally by Ryoo et al.. 83 The models do not concern the intersection of the nanosheets represented by the blue square on Figure 34. They both expose nanosheets models with (010) surface with eight hydroxyl groups per unit cell as presented on Figure 35. The two models (a) and (b) have the same nature of surface at the top but also at the bottom. The height of the cleavage is the same for every surface, no other height of cleavage was tested.

In this study, the focus is made on the localization of the acid sites and their impact on the general zeolite framework. The different T-sites are replaced by aluminum atoms on the surface and in the bulk. The substitution of the aluminum influences the vibrational response of the zeolite structure. The H-bonds between the surface silanols induces a red shift of 500 cm -1 as soon as a silicon is replaced by an aluminum. They studied only the case of the Hbond between the Al-substituted silanols O atom and the silanol H atom. This bond is slightly stronger than with its equivalent without aluminum. The Al-substituted silanol and Al-substituted tetrahedron inside the bulk are studied according to their accessibility, the O-H stretching frequency and their dehydration. The kinetics of dehydration of the various surface sites showed that the energy difference between the Al-substituted silanol and the silanol dehydration have a 10 kJ.mol -1 difference. But the Al-substituted silanols are less stable with one water molecule adsorbed on the Lewis center, it makes the dehydration of Brønsted acids sites a natural process on the external surface of ZSM-5 nanosheets. These results give us a first idea of the data researched about the external surface of ZSM-5. But the approach of our work will be different. It will focus on the most prominent surface of ZSM-5 crystals, the (100) surfaces, and is meant to be more precise on the description of the nature of the surface and bulk acid sites.

Simulation of the zeolite-binder interface

The properties of the zeolite and binder interface has been studied into multiples aspect as it has been shown in Section 1.2. However, until now, no theoretical studies have been conducted on the interface of zeolite and binder and its properties. However, a relevant molecular dynamics study was recently published investigating a system containing both MFI Chapter 1. and pyrophyllite smectite sheets. Since the applied methodology could be employed in this study, we will further detail it. Indeed, Pitman and van Duin studied the dynamics of water confined in mesoporous regions, and more particularly between pyrophyllite smectite sheets in a cage of pure silicate MFI zeolite using molecular dynamics simulations with an empirical reactive force field. Contrary to DFT, the reactive force field calculations are computationally far less expensive and thus allows to be applied to much larger models. 166 For example, the size of the model is presented in Figure 36. The main objective of the study was to study the dynamics of water as a function of the composition of the structure of the clay, the counter ion, the Mg isomorph and the number of water molecules are varied to study their influence (Figure 37). Although the interaction between the zeolite and the clay particle was not explicitly studied, the used force field would allow to do so. Therefore, this approach could be transferred to study the interaction of ZSM-5 with the binders studied in this PhD thesis. 

Conclusion and strategy of the thesis

The state of the art shows that if zeolites of high interest for many industrial processes, the understanding of the structure and properties at the atomic scale of its active site, in particular at the external surface and after shaping, remain unknown to date. The ZSM-5 zeolite in particular has been studied experimentally and theoretically very widely but only a few experimental data are available for the shaped zeolite, whereas almost no theoretical investigation has ever been performed.

The main goal of the present PhD project is to construct a representative model of the interface between ZSM-5 and binders. ZSM-5 was chosen due to the numerous available data on this system. Experimentally this zeolite is very easily tunable in terms of crystal size and Si/Al ratio, by changing the synthesis parameters. The theoretical tools which will be used are density functional theory (DFT) and a Reactive force field approach. The two techniques need to be combined to maximize the accuracy of the model while having a large and representative model.

In a first step, we will establish a DFT model of external surfaces of ZSM-5. The stability of the surfaces will be calculated and compared. The behavior of these surface will be analyzed with aluminated T-sites but also by considering the hydration and dehydration of the surface hydroxyl groups. We will reproduce with our theoretical tools several kinds of experimental spectroscopic features to compare our models and fin the most accurate one. In particular, the experimental results obtained in the course of another PhD project at IFPEN (Coralie Demaret, PhD 2016-2019) will be taken as reference. 167 In a second step, the acidity of the ZSM-5 will be established and compared between the surface and the bulk of the zeolite. The experimental adsorption of probe molecules will be reproduced to establish the location, the number and the strength of the acid sites. And in a third and last step, the external surface of zeolite will be studied in interaction with compounds representative of two binders (silica and alumina): cations which can be found in binders' framework or binder monomers. In the last part of the thesis, a reactive force field will be optimized, that will open perspectives for establishing more relevant models of the zeolite/binder interface, beyond the consideration of monomers of the binders.
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Chapter 2. Methodology

Quantum mechanics basics

Quantum mechanics aims at the description of the stationary states of a system at the atomic scale which can be determinated by an approximate solution of the non-relativistic time-independent Schrödinger equation presented in Equation 1.

𝑯𝜓 = 𝐸𝜓

Equation 1

With H the Hamiltonian operator, 𝜓 the wave function and E the energy of the system. Molecular properties can be deduced from the solution of this equation: geometry, relative stability, vibration spectrum, dipolar and quadrupolar moments, electronic spectrum and functions which describe reactivity like atomic charges or Fukui functions. This equation cannot be solved exactly for all the systems and approximation will be necessary. For a system of N electrons and M nuclei, the Hamiltonian is given by Equation 2. With ℏ the Planck constant ℎ divided by 2, 𝑚 𝑒 the electronic mass, 𝑒 the electronic charge, 𝑀 𝑘 the masse of the nucleus k, 𝑟 𝑖𝑗 is the distance between the electrons i and j, 𝑅 𝑖𝑘 is the distance between the electron i and the nucleus k and ∇ 𝑖 2 is the Laplacian of the i th electron.

𝑯 = 𝑯 ({ 𝑖 = 1, … , 𝑁}, { 𝑘 = 1, … , 𝑀}) Equation 2 𝑯 = -∑ ℏ 2𝑚 𝑒 . ∇ 𝑖

Born-Oppenheimer approximation

The Born-Oppenheimer approximation first distinguishes the two types of particles, the nuclei and the electrons which possess an important difference of mass. The mass of the nuclei is more than 2000 times higher than the electron mass which allows this approximation to consider the nuclear position RK as fixed. Considering the atomic unit system where 𝑚 𝑒 =1, ℏ=1, 𝑒=1 and 4𝜋𝜀 0 =1, the Hamiltonian becomes like in Equation 3.

𝑯 = ∑ - 1 2 ∇ 𝑖 2 𝑁 𝑖=1 -∑ ∑ 𝑍 𝑘 𝑅 𝑖𝑘 𝑀 𝑘=1 𝑁 𝑖=1 + ∑ 1 𝑟 𝑖𝑗 𝑁 𝑖>𝑗>1 + ∑ ∑ 𝑍 𝑘 𝑍 𝑙 𝑅 𝑘𝑙 𝑀 𝑙>𝑘 𝑀 𝑘=1 Equation 3
The repulsion between nuclei can be considered as constant when all the nuclei are considered as fixed. Only the electronic contributions have to be solved then and are included in the electronic Hamiltonian 𝑯 𝑒𝑙 presented in Equation 4. When the nuclei are fixed, the total energy is calculated by the sum of the electronic energy and the repulsion energy of the nuclei like in Equation 5.

𝐸 𝑡𝑜𝑡 = 𝐸 𝑒𝑙 + ∑ ∑ 𝑍 𝑘 𝑍 𝑙 𝑅 𝑘𝑙 𝑀 𝑙>𝑘 𝑀 𝑘=1 Equation 5

Electronic density

The sought wave function 𝜓 𝑒𝑙 (𝑟 1 𝜎 1 , … , 𝑟 𝑖 𝜎 𝑖 , … , 𝑟 𝑗 𝜎 𝑗 , … , 𝑟 𝑁 𝜎 𝑁 ) is an electronic wave function which depends on the positions and the spin of each electron and validates Equation 6, which describes the density of probability function as equal to one. . And so the total electronic density can be written like Equation 7.

∑ ∫ … ∫ |𝜓 𝑒𝑙 (𝑟 1 𝜎 1 , … , 𝑟 𝑖 𝜎 𝑖 , … , 𝑟 𝑗 𝜎 𝑗 , … , 𝑟 𝑁 𝜎 𝑁 )| 2 𝑑 3 𝑟 1 , … , 𝑑 3 𝑟 𝑖 , … , 𝑑 3 𝑟 𝑗 , … 𝑂 ℝ 3 𝑂 ℝ 3 𝜎 1 ,…,
𝜌(𝑟) = 𝑁 ∫ … ∫|𝜓(𝑟, 𝑟 2 , … , 𝑟 𝑁 , 𝜎 1 , … , 𝜎 𝑁 )|²𝑑𝑟 2 , … , 𝑑𝑟 𝑁 , 𝑑𝜎 1 , … , 𝑑𝜎 𝑁 Equation 7

Density Functional Theory (DFT)

Hohenberg, Kohn and Sham first theorems and approximations

The density functional theory is based on the model of Thomas and Fermi, stating that all the electronic properties can be described with functional of the electronic density 𝜌(𝑟). The density functional theory was born in 1964 with Hohenberg, Kohn and Sham publications. 1,2 Their first theorem states that for a system in its ground state, the external potential 𝑽 ̂𝑒𝑥𝑡 is determined by the electronic density. The second one states that the energy can be written as a density functional and the density for which the functional is at its Chapter 2.

Equation 13

minimum is the ground state of the system. Thus, the electronic energy 𝐸 𝑒𝑙 can be written as a functional of the electron density in Equation 8 and Equation 9.

𝐸 𝑒𝑙 [𝜌] = 𝑻 ̂[𝜌] + 𝑽 ̂𝑒𝑒 [𝜌] + 𝑽 ̂𝑒𝑥𝑡 [𝜌]

Equation 8

𝐸 𝑒𝑙 [𝜌] = 𝐹 𝐻𝐾 [𝜌] + ∫ 𝜐 𝑒𝑥𝑡 (𝑟)𝜌(𝑟)𝑑 3 𝑟 Equation 9

With:

𝐹 𝐻𝐾 [𝜌] = 𝑻 ̂[𝜌] + 𝑽 ̂𝑒𝑒 [𝜌] Equation 10
With 𝐹 𝐻𝐾 the universal functional of Hohenberg and Kohn. Considering the new form of the energy, the second theorem can be written like Equation 11.

𝐸 𝑒𝑙 [𝜌 0 ] = 𝐹 𝐻𝐾 [𝜌 0 ] + ∫ 𝜐 𝑒𝑥𝑡 (𝑟)𝜌 0 (𝑟)𝑑 3 𝑟 = 𝐸 0 Equation 11
With 𝐸 0 the energy of the system at the ground state and 𝜌 0 the density of this state. And the first theorem can be written like Equation 12.

𝐸 𝑒𝑙 [𝜌 ̃] ≥= 𝐸 0 Equation 12
With 𝜌 ̃ a trial density which determines the external potential and Hamiltonian.

The universal functional of Hohenberg and Kohn could provide an exact equation for the ground state electronic density using this last equation if there was a known, exact and explicit form for 𝐹 𝐻𝐾 [𝜌]. But the theorems do not provide it and theoreticians must build approximations to solve it. In 1965, Kohn and Sham proposed a new approach of the issue. Considering that the kinetic energy of an electron gas is known they changed the interacting electron of the problem into independent electron evolving into an external potential. Orbitals 𝜓 𝑖 are associated to each non-interacting electrons determining the general wave function 𝜓 and the electronic density 𝜌(𝑟) which are written in Equation 13.

𝜓 = 1 √𝑁! det [𝜓 1 , 𝜓 2 , … , 𝜓 𝑁 ] 𝜌(𝑟) = ∑ |𝜓 𝑖 (𝑟)|² 𝑜𝑐𝑐 𝑖=1
The fictious system they created with the N independent electrons is associated to the real system by the same ground state electron density. The electronic energy can be rewritten like in Equation 14. 𝑇 𝑆 is a functional which represents the kinetic energy of the Kohn-Sham system of independent electrons, 𝐸 𝐻 is the classical Hartree functional of electronic repulsion, 𝐸 𝑒𝑥𝑡 is the functional associated to the external potential. 𝐸 𝑥𝑐 is the functional of exchange and correlation which contains the difference between the kinetic energy of the model and the true Chapter 2. and the non-classical part of the electronic repulsion. These functionals can be written as in Equation 15.

𝑇 𝑆 [𝜓 𝑖 (𝑟)] = ∑〈𝜓 𝑖 |∇ 𝑖 2 |𝜓 𝑖 〉 𝑁 𝑖=1 𝐸 𝐻 [𝜌(𝑟)] = 1 2 ∬ 𝜌(𝑟)𝜌(𝑟 ′ ) |𝑟 -𝑟′| 𝑑𝑟𝑑𝑟′ 𝐸 𝑒𝑥𝑡 [𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜐 𝑒𝑥𝑡 (𝑟)𝑑𝑟 Equation 15
The energy functional can be rewritten as in Equation 16.

𝐸 𝑒𝑙 [𝜌(𝑟)] = ∫ 𝜐 𝑒𝑓𝑓 (𝑟)𝜌(𝑟) + 𝑇 𝑠 [𝜌(𝑟)]

Equation 16

With:

𝜐 𝑥𝑐 (𝑟) = 𝛿𝐸 𝑥𝑐 [𝜌(𝑟)] 𝛿𝜌(𝑟) 𝜐 𝑒𝑓𝑓 (𝑟) = 𝜐(𝑟) + ∫ 𝜌(𝑟 ′ ) |𝑟 -𝑟′| 𝑑𝑟′ + 𝜐 𝑥𝑐 (𝑟)
This leads to the Hamiltonian form of the Kohn-Sham equations of Equation 17.

𝐻 = ∑ [- 1 2 ∇ 𝑖 2 + 𝜐 𝑒𝑓𝑓 (𝑟 𝑖 )] 𝑁 𝑖=1
Equation 17

These equations are similar to the Hartree-Fock equations which use another approximation level for the resolution of Schrödinger equation. The main difference is the presence of the correlation energy. For the other term, they are solved with a self-consistent field as for the Hartree-Fock method. A trial density is chosen and can give access to the wave function thanks to Kohn-Sham equation, which allows to calculate a new electronic density, etc. The main goal is to minimize the electronic energy which was defined in Equation 14. But one more time, the exact and analytical expression of the exchange and correlation energy are still unknown. Some functional are commonly used to approximate this energy.

Chapter 2.

Exchange-correlation energy

The approximations of the exchange-correlation energy as a functional have been developed since the beginning of the DFT. They all have the same expression presented in Equation 18.

𝐸 𝑥𝑐 [𝜌(𝑟)] = ∫ 𝜀 𝑥𝑐 (𝑟, 𝜌(𝑟))𝜌(𝑟)𝑑𝑟 Equation 18where 𝜀 𝑥𝑐 is the volume density of the exchange-correlation energy with 𝑥 the term of exchange and 𝑐 the term of correlation.

These approximations have been classified by Perdew in 2001 using the metaphor of "Jacob DFT ladder" represented on Figure 1. 3,4 The bottom of the ladder represents the Hartree world and the top represents the chemical accuracy. On the first rung of the ladder, the Local Density Approximation (LDA) is the simpler functional form. The exchange and correlation functional is equivalent to the functional of homogeneous electron gas of a density 𝜌, it depends solely upon the value of the electronic density at each point in space. The correlation functional was calculated by Bloch before the development of the DFT. 5 The correlation functional can be evaluated by quantic Monte Carlo simulations (for example the Vosko, Wilk and Nusair VWN functional). 6 The main weakness of this approximation is the fact that the electronic density is usually not uniform in most of the molecular system and even more in crystals.

The second rung is composed of the Generalized Gradient Approximation (GGA) which was built to be representative of the non-uniformity of the electronic density. To reach this goal the functionals depend on the electronic density but also on the gradient of the electronic density. They can be constructed with parameters from Monte Carlo simulations, for example the exchange functional PW91, 7 or by using quantum mechanics principles, for example the PBE functional 8 or the Lee-Yang-Parr functional. 9 The general performances of these functionals are better but they overestimate the bond length and not performing well to evaluate the intermolecular interactions (Van der Waals, hydrogen bonds).

The third rung are the meta-GGA functionals. These are improved GGA functionals which were proposed by Becke in 1995. 10 The correlation energy of these functionals are completed by dynamic correction on depends on the density, the density gradient and the kinetic energy density.

The fourth rung, which can also be subdivided, is composed of hybrid functionals. The exchange energy is partially determined by GGA and the other part by Hartree-Fock exchange, the exchange being exactly described with Hartree-Fock methods. The weight of each contribution is empirically determined which induce that DFT with hybrid functional is not considered as an ab initio method. The most well-known is B3LYP for "Beck with 3 parameters -LYP" which uses the exchange GGA B88 and a correlation functional LYP. 9,11,12 The molecular interaction are better described than with GGA. But for many properties, post-Hartree-Fock remains more accurate (for example the simulation of electronic spectra).

DFT-based dispersion method

The short range electrostatic interactions are correctly described by DFT. But the long range dispersion interactions are not well described by standard exchange correlation functionals. These interactions are included in Van der Waals forces in particular in the London term. The electronic density at an instant t is not homogeneous, this induces a small dipolar moment. The London force is the result of the interaction between all the small induced dipolar moment. The London instantaneous induced-dipole interactions has a -1/𝑟 6 decay of the energy with the distance. 13,14 Several methods were proposed to better take into account this contribution to the energy. 14 In the one we chose here, a dispersion term, 𝐸 𝑑𝑖𝑠𝑝 , is added to the energy calculated in DFT, 𝐸 𝑒𝑙 , as presented in Equation 19. The dispersion term is added to provide the correct -1/𝑟 6 dependence of the dispersion interaction energy on the interatomic distance 𝑟. Most of the dispersion corrections in DFT include in various way empirical components. They are particularly important for the equilibrium of van der Waals complexes and the thermodynamic properties of large molecules. 13 𝑬 𝒕𝒐𝒕 = 𝑬 𝒆𝒍 + 𝑬 𝒅𝒊𝒔𝒑 Equation 19

The dispersion correction used in this work is a correction based on the electron density. It is a quite recent dispersion correction and has application in very various domains. 15 Chapter 2.

Basis sets

The spin orbitals which intervene in the calculation are associated to linear combinations of basis functions. The kind of basis functions is chosen depending on the system. The linear combination of atomic orbital (LCAO) is mostly employed for finite-size systems like molecules. In this method the (spin) molecular orbitals 𝜒 are described as a linear combination of atom-centered atomic (spin) orbitals 𝜑 which are themselves linear combinations of basis functions (generally Gaussians or Slater functions), also centered on atoms. Their form is presented in Equation 20.

𝜒 𝑀,𝑖 (𝑟) = ∑ 𝑎 𝑖𝑗 𝜑 𝑗 (𝑟) 𝑗 = ∑ ∑ 𝑎 𝑖𝑗 𝑏 𝑗𝑘 𝑢 𝑗𝑘 (𝑟) 𝑘 𝑗 Equation 20
where 𝜑 𝑗 (𝑟) are atomic orbitals and 𝑢 𝑗𝑘 (𝑟) are the basis functions to describe the atomic orbitals j. These functions must give a good description of the system by integrating the inhomogeneity of the electronic density in atoms. The core and the valence electrons are described by different functions. For valence electrons the basis functions are diffuse to be representative of the interactions with the environment. In theory an infinite number of basis functions is mandatory to describe perfectly the systems (in the limit of the complete basis set). But in practice they must be limited to a finite number which could be calculated by a calculator. There is a great variety of basis set types today.

In contrast to molecular systems, solids or surfaces can be described as periodic systems. The calculations can be simplified by using the translation symmetry. The Bloch theorem states that for an Hamiltonian of the form as in Equation 21, the wave functions are of the form presented in Equation 22.

𝑯 = - 𝟏 𝟐 𝛁 𝟐 + 𝑼(𝒓) Equation 21 𝝌 𝒊,𝒌 (𝒓) = 𝒖 𝒊𝒌 (𝒓)𝒆 𝒊𝒌 ⃗ ⃗ .𝒓 ⃗ Equation 22
where 𝑈(𝑟) is a periodic functional with a period R, 𝑘 ⃗ is a reciprocal network vector and 𝑢 𝑖𝑘 (𝑟) is a periodic functional which can be expressed as a Fourier serie, 𝜒 𝑖,𝑘 (𝑟) can be considered as a linear combination of plane waves presented in Equation 23.

𝜒 𝑖,𝑘 (𝑟) = 𝑢 𝑖𝑘 (𝑟)𝑒 𝑖𝑘 ⃗ .𝑟 = 𝑒 𝑖𝑘 ⃗ .𝑟 ∑ 𝑐 𝑖𝑘,𝑔 𝑒 -𝑖𝑔 ⃗ .𝑟 ∞ 𝑔 ⃗

Equation 23

The energy is calculated by relaxing the different coefficients 𝑐 𝑖𝑘,𝑔 . An infinity of wave vectors 𝑔 should be necessary to describe the wave function. In practice there is only a limited number and the name of the highest plane wave kinetic energy is called "cutoff energy" (Equation 24). Chapter 2.

𝟏 𝟐 |𝒌 ⃗ ⃗ + 𝒈 ⃗⃗ | < 𝑬 𝒄𝒖𝒕𝒐𝒇𝒇 Equation 24

To be correctly defined, the band energy density needs the exact calculation of the vectors 𝑘 ⃗ (which are designed as the k points associated to the vectors at the origin) which are included in the primary zone of Brillouin (PZB). In practice the k points of the PZB are sampled to obtain a converged energy. The number of required k point to get a converged energy decreases as the size of the PZB increases. The dimensions of the PZB itself decrease when the dimensions of the unit cell increase. The basis functions can be described also with a localized approach (LCAO) but the long distance interactions are better described with plane waves.

The considered systems may include an important number of electrons thereby requiring significant computational need to solve the Schrödinger equation. To alleviate the calculations, the core electrons, as opposed to the valence electrons, are considered differently, because they are located close to the nuclei and have a very low participation in the chemical bonds. In a first approximation their states can be considered independent of the environment. The interaction between core and valence electrons can be modeled by a potential which is equivalent to a screen of the potentials generated by the nuclei. They are called "pseudo-potentials" and then only the valence electrons are calculated with quantum mechanics.

Calculations types 2.3.1. Search of geometry optimized-structures

The previous methodologies are made to calculate the electronic part of the total energy. The total energy includes the Coulomb interaction between nuclei. Considering the same system of M nuclei and N electrons, the potential energy surface depends on the coordinates of the M nuclei as presented in Equation 25.

𝐸 𝑡𝑜𝑡 (𝑅 𝐴 ) = 𝐸 𝑒𝑙𝑒𝑐 (𝑅 𝐴 ) + ∑ ∑ 𝑍 𝐴 𝑍 𝐵 𝑅 𝐴𝐵 𝑀 𝐵=𝐴 𝑀 𝐴=1 Equation 25
The solution sought is the structure with the lowest energy among all the possible configurations. This solution is equivalent to a global minimum on the potential energy surface. Each geometry corresponds to the coordinates of each atom and the dual {𝑹 𝑨 , 𝐸 𝑡𝑜𝑡 (𝑹 𝑨 )} represents the coordinates of one point on the surface.

The difficulty of this research is to find the global and absolute minimum because the potential energy surface is not known a priori and can be composed of many local minima. The whole surface cannot be calculated for a reasonable computational cost and more particularly with a high number of atoms.

Chapter 2.

The geometry optimization starts from an initial geometry from which the total energy is calculated. A point on the surface can be associated to this energy, this is named a "single point energy" calculation. This geometry is likely not optimal. From the initial geometry and the first calculation of the energy, the forces applied on the atoms are calculated. The atoms are moved accordingly and the energy of the new configuration is calculated, by calculating the first derivates of the energy with respect to the positions of the nuclei. The same process is repeated until the energy variation or the force on each atom is under an arbitrary (threshold) value chosen by the user. The final geometry is said "optimized". The geometry optimization allows to move the atoms to obtain a geometry which corresponds to a local minimum on the energy surface but not necessarily to the global minimum. The temperature is not included, the energy obtained is the internal energy at 0 K of the system. This kind of calculations may not allow to get out a potential well in which the initial configuration is. The initial structure should be chosen wisely to get a relevant result.

A calculation of molecular dynamic takes into account thermal motion. In this kind of calculations, the atoms have also an initial velocity in a Maxwell-Boltzmann distribution which will simulate molecular motions at a given temperature. The time step is chosen by the user (of the order of 1 fs). The calculation is made over a chosen number of time steps. The velocity of the atoms can allow to jump from a potential well to another one. The analysis of the energy as a function of time allows to highlight the lowest energy structures then an geometry optimization is made on these structures, and local energy minimum are found. The results are compared to determine their relevance depending on their stability. This method is named the "quench" method.

Vibrational frequencies calculations

Molecular modelling allows to calculate the vibrational frequencies of the optimized structures. A system composed of N atoms has a total of 3N coordinates 𝑞 𝑖 (for i =1 to 3N). A small move from the position is written 𝑑𝑞 𝑖 in one of the three directions of space. The total energy and the forces applied on each atom are calculated. The intensity of the force 𝐹 𝑗 (𝑞 1 , … , 𝑞 𝑖 + 𝑑𝑞 𝑖 , … , 𝑞 3𝑁 ) applied on the coordinate j can be written as in Equation 26.

𝐹 𝑗 (𝑞 1 , … , 𝑞 𝑖 + 𝑑𝑞 𝑖 , … , 𝑞 3𝑁 ) = 𝐹 𝑗 (𝑞 1 , … , 𝑞 𝑖 , … , 𝑞 3𝑁 ) + 𝑑𝑞 𝑖 𝜕𝐹 𝑗 𝜕𝑞 𝑖 (𝑞 1 , … , 𝑞 𝑖 , … , 𝑞 3𝑁 ) Equation 26
Thus, the force on the j coordinate can be also defined by Equation 27.

𝐹 𝑗 (𝑞 1 , … , 𝑞 3𝑁 ) = - 𝜕𝐸 𝜕𝑞 𝑗 Equation 27
If the structure is optimized, the force acting on each atom is close to zero. The force can be written as in Equation 28.

𝐹 𝑗 (𝑞 1 , … , 𝑞 𝑖 + 𝑑𝑞 𝑖 , … , 𝑞 3𝑁 ) = -𝑑𝑞 𝑖 𝜕 𝜕𝑞 𝑖 ( 𝜕𝐸 𝜕𝑞 𝑗 ) (𝑞 1 , … , 𝑞 𝑖 , … , 𝑞 3𝑁 ) = -𝑞 𝑖 𝜕 2 𝐸 𝜕𝑞 𝑖 𝜕𝑞 𝑗 Equation 28
The second derivative of the energy can be obtained in relation to the different coordinates of the system as presented in Equation 29.

𝜕 2 𝐸 𝜕𝑞 𝑖 𝜕𝑞 𝑗 = - 𝐹 𝑗 (𝑞 1 , … , 𝑞 𝑖 + 𝑑𝑞 𝑖 , … , 𝑞 3𝑁 ) 𝑑𝑞 𝑖

Equation 29

This operation is made for all the coordinates 𝑞 𝑖 which allows to write the Hessian matrix as in Equation 30.

𝐻 = ( 𝜕 2 𝐸 𝜕𝑞 1 2 ⋯ 𝜕 2 𝐸 𝜕𝑞 1 𝜕𝑞 3𝑁 ⋮ ⋱ ⋮ 𝜕 2 𝐸 𝜕𝑞 3𝑁 𝜕𝑞 1 ⋯ 𝜕 2 𝐸 𝜕𝑞 3𝑁 2 )
Equation 30

The diagonalization of the matrix gives the vibration frequencies which are the eigenvalues of the matrix and the resonance modes which are the eigenvectors of the matrix.

In this work, to avoid any residual strength in the optimized structure each coordinate 𝑞 𝑖 is moved in the two directions (+𝑑𝑞 𝑖 and -𝑑𝑞 𝑖 ) which makes a total of 6N moves for the all system. For each movement the energies and the strength on the atoms are calculated. The difference can be calculated as in Equation 31.

𝐹 𝑗 (𝑞 1 , … , 𝑞 𝑖 + 𝑑𝑞 𝑖 , … , 𝑞 3𝑁 ) -𝐹 𝑗 (𝑞 1 , … , 𝑞 𝑖 -𝑑𝑞 𝑖 , … , 𝑞 3𝑁 ) = [𝐹 𝑗 (𝑞 1 , … , 𝑞 𝑖 , … , 𝑞 3𝑁 ) -𝑑𝑞 𝑖 𝜕 2 𝐸 𝜕𝑞 𝑖 𝜕𝑞 𝑗 ] -[𝐹 𝑗 (𝑞 1 , … , 𝑞 𝑖 , … , 𝑞 3𝑁 ) + 𝑑𝑞 𝑖 𝜕 2 𝐸 𝜕𝑞 𝑖 𝜕𝑞 𝑗 ] = 2𝑑𝑞 𝑖 𝜕 2 𝐸 𝜕𝑞 𝑖 𝜕𝑞 𝑗 Equation 31
More moves can be done in each direction but for a more expensive calculation. 𝑑𝑞 𝑖 must be as small as possible so the development in Equation 31 could have a meaning but as high as possible so the variations of the energy can be important enough to be considered numerically.

This kind of calculation cannot take into account the anharmonicity of molecular vibrations so a no negligible difference between the calculated frequencies and those observed experimentally is highly possible.
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Thermodynamic calculations

All calculations mentioned at this point are performed on the system considered at 0K, whereas all the reactions and chemistry presented in this work take place at finite temperature. To take into account the effect of temperature and pressure the calculations can be completed by statistic thermodynamic calculations which allows to obtain a more realistic description of the experimental system.

The Gibbs free energy 𝐺 is the main descriptor for reactions which take place at constant temperature and pressure. It can be decomposed into the enthalpy 𝐻 and the entropy 𝑆 of the system as presented in Equation 32.

𝐺 = 𝐻 -𝑇 × 𝑆 Equation 32
In practice, the molar values (𝑋 𝑚 ) of these terms are used because they are intensive and depend explicitly of the temperature. The enthalpy can also be decomposed into the free energy 𝑈 and the product of the pressure and molecular volume like in Equation 33.

𝐻 𝑚 = 𝑈 𝑚 + 𝑃 × 𝑉 𝑚 Equation 33
𝐻 𝑚 = 𝑈 𝑒𝑙𝑒𝑐,𝑚 + 𝑈 𝑣𝑖𝑏,𝑚 + 𝑈 𝑡𝑟𝑎𝑛𝑠,𝑚 + 𝑈 𝑟𝑜𝑡,𝑚 + 𝑃 × 𝑉 𝑚 𝑈 𝑒𝑙𝑒𝑐,𝑚 , 𝑈 𝑣𝑖𝑏,𝑚 , 𝑈 𝑡𝑟𝑎𝑛𝑠,𝑚 , 𝑈 𝑟𝑜𝑡,𝑚 and 𝑉 𝑚 are respectively the internal electronic energy, vibrational energy, translational energy, rotational energy and the molar volume. This molar volume can be neglected in the case of adsorbed chemical species (which are condensed phase, contrary to gas phase species), which means that the enthalpy and the internal energy are approximately equal. The first term is the result given by DFT calculations as described before, whereas the other terms can be calculated by using statistical thermodynamics.

The vibrational term of the free energy can be calculated by knowing the natural vibration modes 𝜐 𝑖 of the system (which can be calculated with VASP as presented before) with Equation 34.

𝑈 𝑣𝑖𝑏,𝑚 (𝑇) = 𝑁 𝐴 [∑ 1 2 ℎ𝜐 𝑖 𝑖 + ∑ ℎ𝑐𝜐 𝑖 × exp (- ℎ𝜐 𝑖 𝑘 𝐵 𝑇 ) 1 -exp (- ℎ𝜐 𝑖 𝑘 𝐵 𝑇 ) 𝑖 ] Equation 34
where ℎ is the constant of Planck, 𝑘 𝐵 is the constant of Boltzmann and T the absolute temperature. The first term of this formula corresponds to the vibrational term at 0K of the system and is called "Zero Point Energy" or ZPE which can be sometimes separated of the vibrational term in the following work.
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The rotational and translational terms of the free energy have an analytical expression in the case of an ideal gas as presented in Equation 35.

𝑈 𝑡𝑟𝑎𝑛𝑠,𝑚 (𝑇) = 𝑈 𝑟𝑜𝑡,𝑚 (𝑇) = 3 2 𝑁 𝐴 𝑘 𝐵 𝑇 Equation 35
In the case of a molecule adsorbed on a surface, diffusion phenomenon can take place on the surface, but are not straightforward to model. In a first approximation, it is considered that the translation and rotation modes are converted into vibration modes and are included in the vibrational term.

Similarly, the entropy can be decomposed as in Equation 36.

𝑆 𝑚 = 𝑆 𝑣𝑖𝑏,𝑚 + 𝑆 𝑡𝑟𝑎𝑛𝑠,𝑚 + 𝑆 𝑟𝑜𝑡,𝑚 Equation 36
With 𝑆 𝑣𝑖𝑏,𝑚 , 𝑆 𝑡𝑟𝑎𝑛𝑠,𝑚 and 𝑆 𝑟𝑜𝑡,𝑚 which are respectively the molecular vibrational entropy, translational entropy and rotational entropy. Once more statistical thermodynamics helps in decomposing the vibrational term with the vibration modes presented in Equation 37.

𝑆 𝑣𝑖𝑏,𝑚 (𝑇) = 𝑁 𝐴 𝑘 [∑ ℎ𝜐 𝑖 𝑘 𝐵 𝑇 × exp (- ℎ𝜐 𝑖 𝑘 𝐵 𝑇 ) 1 -exp (- ℎ𝜐 𝑖 𝑘 𝐵 𝑇 ) 𝑖 -∑ ln (1 -exp (- ℎ𝜐 𝑖 𝑘 𝐵 𝑇 )) 𝑖 ] Equation 37
The translational and rotational term can be associated to the formula of an ideal gas are presented in Equation 38. Where P is the partial pressure in this ideal gas, M is the molar weight, 𝜎 is the number of symmetry and 𝐴 𝑒 , 𝐵 𝑒 and 𝐶 𝑒 are rotational constants of the molecule. Here it is also considered that for an adsorbed molecule on a surface rotation and translation modes are converted into vibration modes of the molecule and that only the vibrational term defines the entropy. The website http://www.colby.edu/chemistry/PChem/scripts/ABC.html was used to calculate the translational and rotational terms for the entropy of any compound in its gaseous phase.

Considering a chemical reaction ∑ 𝑎 𝑖 𝐴 𝑖 = 0, with 𝑎 𝑖 the stoichiometric coefficient of the 𝐴 𝑖 compound. The enthalpy, entropy and Gibb's free energy at the temperature T are defined as in Equation 39. where the terms 𝑋 𝑖,𝑚 𝑜 (𝑇) are the molar values of the compound i in its standard state at the temperature T (generally the compound is in gaseous phase with a partial pressure equal to 1 bar).

Linear Response Approach for the calculation of NMR chemical shifts

The linear response approach applies a uniform magnetic field B on the samples which induce a current 𝑗 (1) (𝑟). In the following study, the systems contain no magnetic atoms, so the induce current is only due to the orbital motions of electrons. A non-uniform magnetic field, 𝐵 𝑖𝑛𝑑 , is induced from this current, and its expression is presented in Equation 40.

𝐵 𝑖𝑛𝑑 (1) (𝑟 ) = ∫ 𝑟 -𝑟 ′ ⃗⃗⃗ |𝑟 -𝑟 ′ ⃗⃗⃗ | 𝑗 (1) (𝑟 )𝑑 3 𝑟 ℝ 3

Equation 40

The chemical shift, which is in reality a tensor, is defined as the ratio of the inducted magnetic field and the initial magnetic field B, as presented in Equation 41.

𝐵 𝑖𝑛𝑑 (1) (𝑟 ) = -𝜎 ⃡(𝑟)𝐵

Equation 41

The isotopic chemical shift can be deduced from the chemical shift tensor as shown in Equation 42.

𝛿 𝑖𝑠𝑜 = 𝑇𝑟(𝜎 ⃡(𝑟)) 3 
Equation 42

Experimentally, the chemical shifts are measured through the magnetic field at the nuclei position, which can be associated to the chemical shift proposed by the linear response method. More details are given in the work of Pickard and Mauri 16 for the whole calculation method which explain how the induced current is calculated by means of perturbation theory and then allows to deduce the induced magnetic field and the chemical shift of atoms.
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Code and methods employed in this work

Periodic DFT calculations were performed with the PBE (Perdew, Burke, and Ernzerhof) exchange-correlation functional 8 as implemented in VASP 5.4.1. 17,18 The projected augmented wave (PAW) method 19 was used to describe the core-electron interactions, and the plane wave basis set was limited to a kinetic cutoff energy of 400-800 eV (which depended on the kind of calculation performed, see below). The density dependent dispersion correction, dDsC, 15 was applied. The convergence criterion for the electronic selfconsistent field relaxation was fixed to 10 -5 eV. Even for nonsymmetric slabs, no dipolar correction was applied to remove the spurious interactions in the direction perpendicular to the surface, as it has a minor impact on the electronic energy (less than 2.10 -3 eV). All calculations were performed at the gamma point (origin of the reciprocical space). Full geometry optimizations were performed using a conjugate-gradient algorithm, with a convergence criterion on forces of 0.02 eV.Å -1 .

Harmonic frequency calculations (Chapter 3, 4, and 5) were performed with an energy cutoff of 400 eV on optimized structures under the same conditions with displacements of ±0.005 Å around the equilibrium atomic positions. For aluminated slabs, the atoms allowed to vibrate were the OH group containing the compensation cation, the Al/Si first neighbor, all O second neighbors, Si third neighbors, and O fourth neighbors. For pyridine and 2,6ditertbutylpyridine (DTBPy) adsorptions, the C, N and H atoms of these molecules were allowed to vibrate in addition to the previous ones. Reaction Free energies were determined thanks to the evaluation of the vibrational partition function of reactants and products (which include the condensed phase), as explained in the previous Section 0 . For each of these species, the Gibbs free energy is calculated by considering the rotational, translational, and vibrational degrees of freedom for isolated (gas-phase) molecules and only the vibrational degrees of freedom for the surface models with adsorbed molecules.

Chemical shifts were calculated with the linear response approach, using the gauge including projector augmented wave (GIPAW) formalism. 16,20 The step size for the finite difference k-space derivative was set to 0.003. First order of the finite difference stencil was used to calculate the magnetic susceptibility. The average of the isotropic chemical shielding (σTMS) of each proton of a single tetramethylsilane in vacuum (20 Å 3 box) was used as a reference to calculate the isotropic chemical shift δiso of the various protons at the surface of ZSM-5, from their isotropic chemical shielding (σiso):

𝛿 𝑖𝑠𝑜 = 𝜎 𝑖𝑠𝑜 -𝜎 𝑇𝑀𝑆 Equation 43

Reactive Force Fields approach 2.4.1. The ReaxFF model

The computational cost of the quantum mechanics methods limits the simulation scale, both in time and size (number of atoms). Empirical force field methods use far less computational resources, but classical empirical force fields are not able to describe reactivity. However, the reactive force fields, like ReaxFF can model dynamically the atomic interactions and describe bond breaking and formation. 21 Hence, ReaxFF is a potential complement to full DFT calculations to study our systems. The ReaxFF force field will therefore be described more precisely in the following paragraphs.

ReaxFF employs both a polarizable charge description and uses bond orders to describe the interactions between atoms. The energy contributions to the ReaxFF potential are described by Equation 44.

𝐸 𝑠𝑦𝑠𝑡𝑒𝑚 = 𝐸 𝑏𝑜𝑛𝑑 + 𝐸 𝑜𝑣𝑒𝑟 + 𝐸 𝑎𝑛𝑔𝑙𝑒 + 𝐸 𝑡𝑜𝑟𝑠 + 𝐸 𝑣𝑑𝑊𝑎𝑎𝑙𝑠 + 𝐸 𝐶𝑜𝑢𝑙𝑜𝑚𝑏 + 𝐸 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 Equation 44
𝐸 𝑏𝑜𝑛𝑑 is a continuous function of the bond order, which in turn is a function of the interatomic distance, which describes the energy released by forming a bonds between two given atoms, or the energy required to break an existing bond, i.e. the bond dissociation energy. 𝐸 𝑎𝑛𝑔𝑙𝑒 and 𝐸 𝑡𝑜𝑟𝑠 are the energies associated with three-body valence angle strain and four-body torsional angle strain. 𝐸 𝑜𝑣𝑒𝑟 is an energy penalty for over coordination, for example a carbon atom with more than four bonds induces a stiff energy penalty. 𝐸 𝑣𝑑𝑊𝑎𝑎𝑙𝑠 and 𝐸 𝐶𝑜𝑢𝑙𝑜𝑚𝑏 are the dispersive and electrostatic interactions energies calculated between all atoms without considering the connectivity and the bond-order. 𝐸 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 represents all the specific term which are included in very specific cases, for example the lone-pair energy, the hydrogen binding energy, the C2 corrections energy and the conjugation energy. These energetic terms can be divided into two families: the bond-order-dependent and the bondorder-independent. The bond order is the most important variable of ReaxFF. It is a continuous variable which is independent of the atom bonds. The bond order can be calculated from interatomic distance 𝒓 𝒊𝒋 using the empirical formula in Equation 45.

𝐁𝐎 𝒊𝒋 = 𝐁𝐎 𝒊𝒋 𝝈 + 𝐁𝐎 𝒊𝒋 𝝅 + 𝐁𝐎 𝒊𝒋 𝝅𝝅 = 𝒆𝒙𝒑 [𝒑 𝒃𝒐,𝟏 ( 𝒓 𝒊𝒋 𝒓 𝟎 𝝈 ) 𝒑 𝒃𝒐,𝟐 ] + 𝒆𝒙𝒑 [𝒑 𝒃𝒐,𝟑 ( 𝒓 𝒊𝒋 𝒓 𝟎 𝝈 ) 𝒑 𝒃𝒐,𝟒 ] + 𝒆𝒙𝒑 [𝒑 𝒃𝒐,𝟓 ( 𝒓 𝒊𝒋 𝒓 𝟎 𝝈 ) 𝒑 𝒃𝒐,𝟔 ] Equation 45
The corrected bond order BO 𝑖𝑗 is composed of three exponential terms, one for the σbond (with the 𝒑 𝒃𝒐,𝟏 and 𝒑 𝒃𝒐,2 parameters), the second for the first -bond (𝒑 𝒃𝒐,3 and 𝒑 𝒃𝒐,4 ) and the last for the double -bond (𝒑 𝒃𝒐,5 and 𝒑 𝒃𝒐,6 ) between two atoms. The bonding terms 𝒑 𝒃𝒐,𝒊 and the equilibrium distance 𝑟 0 are parameterized so that the bond strengths and distances correspond at best with the ab initio calculations. Over coordination and 1-3 bond Chapter 2.

order in valence angles need to be corrected into the calculated bond order. 22 An example is given by Van Duin et al. for the participation of each contribution to the carbon-carbon bond as a function of the distance as presented in Figure 2. There is a smooth transition from the single, double and triple bonded systems when the distance between atoms decrease. To be representative, ReaxFF employs a bond length and bond order relationship which are updated every iteration. All the interactions which are connectivity dependent (valence and torsion angles) are made bond-order dependent, ensuring that their energy contributions disappear upon bond dissociation. These are examples of corrections which are included in ReaxFF to be as representative as possible of the bond-order interaction. In the ReaxFF approach, the bonded and non-bonded terms are calculated independently for each atom pair. This avoids the alterations during bond dissociation. Non-bonded interactions (van der Waals and Coulomb) are calculated between each atom pair, irrespective of the connectivity. A too important close-range non-bonded interaction value is avoided by shielding which is another kind of correction.

While the partial atomic charges are most often fixed in classical force field, in ReaxFF the charge is calculated at each x step (x is chosen by the user). The partial charges are regularly recalculated because they depend widely on their environment. ReaxFF uses a geometry dependent charge calculation scheme that accounts for polarization effects. An electronegativity and a hardness is attributed to each element. These parameters are optimized against QM-charge distribution. The geometry of the system is used in every iteration to solve the electronegativity equilibration. This is the most expensive part of the reactive force field, because it needs to be updated at each step. Chapter 2.

Reactive Force Field optimization

All the ReaxFF results presented in the following work are obtained with ReaxAMS in ADF2019. This implementation is widely inspired from the original "Stand-alone ReaxFF" code. [21][22][23] The expression of the energy depends on multiple empirical parameter, they must be optimized before ReaxFF can be used to simulate a system in an appropriate way. Even if many reactive force fields have been developed to correspond to chemistry of interest in the literature, one have to work individually to find the correct reactive force field to fit to a precise database of systems. To find the best parameters of these reactive force field, a training set must be constructed to "train" the reactive force field to be adapted to chosen systems. To challenge a reactive force field, reference properties, xi,ref, are chosen (bond, angle, dihedral, charge, energy, …) and compared to the ReaxFF predictions of these properties, xi,calc{pj}, for a set of parameters pj implemented at the j step of ReaxFF optimization. Previous studies allow to constrain the variation of some parameters with historical values, and less than 100 parameters must be estimated according to Verstraelen et al. 24 The quality of a set of parameter pj is quantified with the objective function also called the error and presented in Equation 46. 24,25 error(

{𝑝 𝑗 }) = ∑ ( 𝑥 𝑖,𝑐𝑎𝑙𝑐 ({𝑝 𝑗 }) -𝑥 𝑖,𝑟𝑒𝑓 𝜎 𝑖 ) 2 𝑛 𝑖=1 Equation 46
where the sum concern all the training data properties and for each term 𝜎 𝑖 is an estimate acceptable deviation between the reference value and the ReaxFF value.

Historically, the successive one-parameter extrapolations (SOPPE) method is the first one to optimize the parameters of a reactive force field, 25 but SOPPE is very laborious due to numerical noises and numerous local minima. 26 Brute-force global optimizers are not relevant for the optimization of the ReaxFF parameter sets because they are computationally very expensive. The genetic algorithms (GAs) have also a good global optimization efficiency for ReaxFF parametrization, 27 and was shown to minimize the objective function as well or even better than the SOPPE method. The automatization of the optimization is also an important advantage to get rid of the human error and intervention. The multi-objective evolutionary strategy, 28 the parallel local search algorithm, 29 the Taguchi method-based optimization, 30 and the Monte-Carlo FF (MCFF) optimizer 31 are some other techniques which were developed for the parametrization or reparametrization of ReaxFF force fields. Finally a last method, named covariance matrix adaptation evolutionary strategy (CMA-ES), was shown to be more performing than GAs and MCFF by Verstraelen et al. 31 They compared the three optimization methods for the same computational cost over three different training sets. The CMA-ES method finds the minimum error value for two training sets over the three. But it is highly depending on the initial guess of the reactive force field, and cannot easily avoid local minimum and escape them. Multiple runs are needed to be sure to fall in the global minimum. The MCFF method combines the same disadvantages and furthermore does not find the main minimum for the three training sets. Conversely, the GAs method is more reproducible and Chapter 2. can easily avoid local minima, but for the same cost the convergence is considerably slow compared to CMA-ES or converge to higher error values. Based on these conclusions, the ReaxFF force field parametrization of the following work will use the CMA-ES method.

Covariance Matrix Adaptation Evolutionary Strategy

The CMA-ES method is a gradient-free optimization algorithm established by Hansen et al. 32 The CMA-ES has also been used for force field parametrizations. 33 The user gives an initial guess of the force field parameters, which the CMA-ES algorithm tries to optimize by minimizing the objective function, i.e. the total error with respect to a reference (training) set. The optimization is a multi-iterative process, Hansen 32 . where at each iteration the algorithm tries to improves the multi-variant normal distribution in the parameter space The user selects a set of force field parameters to be optimized, where is Npar is the number of parameters. Next, a population (λ) is randomly drawn such as that 𝜆 = 4 + ⌊3 ln 𝑁 𝑝𝑎𝑟 ⌋. Secondly, the error function is calculated for all these trial parameters, yielding a population with λ errors. Then, the population is sorted by ranking the error in increasing order and only the first (best) λ/2 points of the population are retained. These points (or individuals) become the "parents" in the next generation. As in biological evolution, in evolution strategy, there is a repeated interplay of variation (via recombination and mutation) and selection. The recombination is accomplished by reweighting the "parent" individuals such as that the mean value shifts to a value closer to the minimum (here, the lowest total error), but this minimum is, of course, unknown in the beginning. However, by setting up the covariance matrix, this shift is not completely random, but becomes more and more "directed" as the number of generations (or iteration) increases. Mutations are taken care of by adding new random parameters (from Npar). Note that the parent population makes up only 50% (λ/2) of the total population (λ).

The optimization calculation is, practically speaking, stopped when the step size (shift of the mean value) has fallen below a certain value and there is no significant improvement in the covariance matrix with respect to the previous generations. Alternatively, one can stop the optimization when a user-defined maximum number of iterations has been reached.

As enhanced in chapter 2, the main goal of this work is to determine what happens at the interface between zeolite and binders at the atomic scale. If studies focused already on the surfaces of alumina binders like boehmite or γ-alumina, there are only a very few dealing with the external surface of zeolites, in particular ZSM-5, which this study is focused on. This first chapter of results will consist on the study of the environment , the stability and the acidity of these surfaces. It consists in an article written in the context of this PhD and entitled: "Environment, Stability, and Acidity of External Surface Sites of Silicalite-1 and ZSM-5 Micro and Nano Slabs, Sheets, and Crystals" (doi: 10.1021/acscatal.9b05103 and written by L. Treps, A. Gomez, T. de Bruin, and C. Chizallet).

The first step of this study is the construction of a set of realistic models of the external surface of H-ZSM-5 zeolite. The analysis of the literature confirms that three orientation stand out of the numerous possibilities: (100), (010), and (101). These surfaces are compared one to another to find the most stable ones. Silanol surface sites are revealed contrary to previous molecular modeling studies of ZSM-5 bulk. These are also aluminated by the formal exchange of a silicon by an aluminum atom and a compensating proton. The nature of these so called active sites are various, from the well-known bridging group Si-OH-Al, which can be already found in the bulk, to Al(OH) n (H 2 O) surface groups (for n = 0 to 2), which were barely studied in previous work. The nature of the surface sites is deduced from the study of their alumination, hydration and dehydration reactions, their thermal and local stabilities are also discussed at length. This article gives a solid knowledge about on the surfaces of ZSM-5 which will be completed in the next chapters which address their reactivity and the interaction with molecules, particles, and other surfaces (pyridine, 2,6-ditertbutylpyridine, sodium, γalumina, boehmite).

Introduction

Zeolites are nanoporous (historically called "microporous") aluminosilicates with a well-defined crystalline structure. They can be described as a rigid three-dimensional network of TO 4 tetrahedra (where T is mostly Si). These tetrahedra are linked at their corner via a common oxygen atom to form a secondary building unit (SBU). The presence of Al 3+ cations in crystallographic positions otherwise occupied by Si 4+ is compensated in terms of charge by extraframework cations, conferring a large array of properties such as ion exchange, gas separation and catalysis. [1][2] In particular, zeolites are widely employed in refining and petrochemical processes, due to their particular properties, such as high adsorption capacity, hydrothermal stability, shape selectivity, and intrinsic (Brønsted and Lewis) acidity. [3][4][5] They are also used in pollution abatement, [6][7][8] and are promising candidates for biomass conversion. 9 The well-defined crystalline structure of zeolites and the large diversity of pore architectures, at the origin of tunable confinement effects, 10 allow the design of catalysts and adsorbents from structural considerations. 8,[11][12] Indeed, more than 230 zeolite structures (natural and synthetic) have been identified and are listed on the International Zeolite Association (IZA) Web site. 13 Moreover, in the case of a proton as a compensation cation that we will consider further, it has been known for decades that bridging Si IV -OH-Al IV hydroxyls are the Brønsted acid sites in the microporosity. [14][15][16] Much less information is available on the nature of the sites accessible at the external surface of the crystallites. This is, however, a crucial information in several contexts. First, the "pore-mouth catalysis" was invoked to take place with a specific reactivity at the external surface for zeolites whose pores are smaller than the bulky molecules to be converted. [17][18] Second, some recent developments aim at reducing mass transfer limitations and thus the residence time of molecules in the zeolite crystal. Several strategies can be found in the literature to reach this goal, all leading to an increase of the (external surface)/(internal surface) or (mesoporous surface)/(microporous surface) ratios: (i) obtaining nanocrystals of zeolites (several tens of nanometers) [19][20] or even embryonic zeolites, [21][22] (ii) preparing hierarchical zeolites, by introducing meso(macro)porosity in the microporous crystals [23][24][25] or by preparing hollow zeolite structures, 26 and (iii) obtaining nanosheets of zeolites (thickness less than 10 nm), delaminated and 2D zeolites. [27][28][29] Thus, advanced knowledge of the environment of surface sites at the external surface is required. ZSM-5 (Zeolite Socony Mobil-5) is a zeolite that was discovered and multipatented by Mobil Oil Corporation in 1969. [30][31][32] It is a very well known and used catalyst in the petrochemical industry. 4 The structure type of ZSM-5 is MFI, 33 also corresponding to the silicalite-1 zeolite. 34 In addition to its industrial impact, this system is used as a prototype to investigate crystal growth mechanisms. 35 A large range of crystal sizes (from a few nanometers to several hundreds of micrometers) and Si/Al ratios (currently from 8 36 to infinity in the case of silicalite-1 34 ) are accessible with the same structure type. For all of these reasons, we will focus on this zeolite type in the following.

The MFI structure (Figure 1a) is composed of two 10-membered ring (MR) interconnected channel system: a sinusoidal and a straight one system along the directions of the a and b axes, respectively. 13 MFI exhibits a monoclinic structure, undergoing a phase transition toward an orthorhombic symmetry (Pnma), depending on the temperature (orthorhombic above ~330 K for silicalite-1), the Si/Al ratio (the transition temperature decreases as the Al content increases), and the presence of adsorbed molecules in the pores. 37- 39 A large set of experimental investigations has been devoted to identify the exposed surface orientations on silicalite-1 and ZSM-5, which is complex due to the existence of intergrowth phenomena that lead to poly-crystalline particles. The morphology of the crystals appears to strongly depend on the crystal size, the synthesis procedure, and the choice of the structure directing agent (SDA). The formation of nanoslabs with dominant (100) expositions was observed in the very first stage of silicalite-1 crystallization. 40 A formation mechanism was proposed for these nanoslabs, as a result of a combination of 29 Si NMR, X-Ray Scattering, and gel permeation chromatography. 41 Clathrate-like silicate units, where the SDA (tetrapropyl-ammonium hydroxide, TPAOH) is hosted in a silica matrix forming the intersection of the zeolite, were invoked. 21 In particular, a Si 33 species (Figure 1b,c) was proposed, 41 being an elementary portion of the straight channel, whichassembled along the b directionmakes this channel grow, and thus the (100) orientation develops. Such proposal was later debated, [42][43][44] due to the multistep nature of the formation mechanism of zeolites, 45 making the level of self-organization of the systems strongly dependent on many operating Chapter 3. parameters. More recent investigations confirmed that the Si 33 precursor is relevant to explain part of the crystal growth. 46 Monocrystalline MFI nanocrystals in the range of 100-200 nm could be obtained, 19,44,47- 49 where the smaller crystals may have a rounded shape preventing the identification of a well-defined surface orientation, 19,44,47 while the larger nanocrystals may have rather welldefined facets, which were, however, not indexed. [48][49] The parallelepiped shape of some of the nanocrystals suggests the existence of (100), (010), and (001) orientations, whereas the hexagonal morphology of others could be compatible with the additional presence of (101) cuts. A clear proof of the monocrystalline nature of some silicalite-1 and ZSM-5 nanocrystals (50-200 nm) was given recently. 49 At more advanced growth regimes, 50 seeds evolve into rounded-boats crystals, themselves giving rise to coffin-shaped crystals. Rounded-boat crystals were found to be monocrystalline with dominant (010) facets, and rectangular lateral (100) facets [50][51] (Figure 1d). In contrast, the complexity of the intergrowth structures of the coffin-shaped crystals was inferred from X-Ray diffraction in the 1980s. 52 Since then, several sets of models have been proposed, on the basis of optical, electronic, and atomic force microscopy and X-Ray and electron diffraction. [52][53][54][55][56] These models invoked the presence or absence of 90° intergrowth, of MEL (Mobil Eleven)-type defects, and various numbers of components for the coffin-shaped crystals. The nature of the exposed orientations thus has been subjected to debate. About 10 years ago, a consensus was obtained thanks to the use of a set of characterization techniques: in particular, confocal fluorescence microscopy with various fluorescent probes, scanning electron microscopy, and electron diffraction after ion-beam milling. 51,[57][58][59] 60 (e) Relationship between the crystallographic abc axes and the morphological xyz axes for coffin-shaped crystals, 59 (f) TEM of MFI nanosheets. 28 These studies demonstrated the existence of several kinds of crystals, but with a common feature: that is, a 90° rotation of the subunits exposed on the "(010)" facets. These intergrowths make the (100) surface (intersecting the sinusoidal pores) largely exposed on all lateral faces of the polycrystalline crystals (Figure 1e). Only perfectly monocrystalline coffins expose both the (100) and (010) orientations. 51 Tips of the coffins mainly expose (101) and (10-1) surface orientations. 60 Octagonal variants of the coffin-shaped crystals exhibit (001) and (011) orientations at their tip. 60 HRTEM (High-Resolution Transmission Electron Microscopy) was also performed on silicalite-1 crystals, 61 where (100) and (101) surface terminations have clearly been observed.

Unambiguously, the (010) orientation (perpendicular to the straight channels) appears to be exposed on MFI nanosheets 28,62 on Self-Pillared nanosheets, 63 and on thin films grown from nanosheets (Figure 1f). [64][65] In some studies, seeds were employed to grow the sheets, the (010) orientation of the sheets growth aligned with the (100) plane of the seeds, 65 revealing an orthogonal rotational intergrowth relationship between the two objects.

The respective stabilities of these many surface orientations are unknown, however, and the structure of the surface sites is supposed to be equivalent to that of the bulk crystal (bridging Si-(OH)-Al groups), but with improved accessibility. The nature and stability of the active sites at these different external surface orientations need to be unraveled. To address these key questions, several studies based on theoretical calculations have been undertaken. Car-Parrinello molecular dynamics simulations have been reported for (010) nanosheets silicalite-1 models, revealing a significant stability of the atomic arrangement at the surface. 62 Hernandez-Tamargo et al. proposed the first detailed density functional theory (DFT) investigation of bridging OH groups located at the (010) surface, in the vicinity of silanols terminating the surface, but they excluded the possible formation of other types of groups. 66 Other DFT studies with different purposes were undertaken for this surface orientation. [67][68][69][70] The (001) surface was chosen by Duca et al. to build a cluster model. [71][72] To the best of our knowledge, the most relevant (100) surface was only modeled once, 67 with small slabs saturated by Si-H groups at the bottom.

In the present work, we propose a general DFT investigation of the stability of the three dominant orientations for silicalite-1 and ZSM-5 crystals and nanosheets: consistent models are constructed for the (100), (010), and (101) surface orientations, with an in-depth analysis of the influence of the nature of the terminating structures (varied here by changing the height of the cleavage of the bulk structure) on the thermodynamic stability. For technical reasons, the surface models are constructed by cleaving the bulk structure. Although such a process does not faithfully represent the experimental conditions, with growth mechanisms in solution at non-neutral pH and in the presence of the SDA, we manage to make a link between the simulated structures and some building blocks invoked experimentally, for all surface orientations. The consequences of the exchange of silicon by aluminum and their positions will be discussed with respect to the surface stability and the chemical nature of surface species (Si-OH, Si-OH-Al, Al-OH but more importantly Al-(H 2 O)(OH) n with n=0-2) has been systematically quantified in comparison with that of bulk Si IV -OH-Al IV groups as a function of temperature and partial water pressure to investigate their hydration/dehydration properties as well. General rules connecting the thermal stability of surface sites and the local topology will be discussed in relation to the expected equilibrium morphologies, helping to unravel the much debated question [73][74][75][76][77] on the framework Lewis acid sites in zeolites.

Computational details

Periodic DFT calculations were performed with the PBE (Perdew, Burke, and Ernzerhof) exchange-correlation functional 78 as implemented in VASP 5.4.1. [79][80] The projected augmented wave (PAW) method 81 was used to describe the core-electron interactions, and the plane wave basis set was limited to a kinetic cutoff energy of 400-800 eV (depending on the kind of calculation performed, see below). A density-dependent dispersion correction, dDsC, 82 was applied. The convergence criterion for the electronic self-consistent field relaxation was fixed at 10 -5 eV. Even for nonsymmetric slabs, no dipolar correction was Chapter 3. applied to remove the spurious interactions in the direction perpendicular to the surface, as it has a minor effect on the electronic energy (less than 2.10 -3 eV; see table S1 in section SI in the Supporting Information of Chapter 3). All calculations were performed at the Γ-point. Full geometry optimizations were performed using the implemented conjugate-gradient algorithm, with a convergence criterion on forces of 0.02 eV Å -1 .

We considered the orthorhombic cell of MFI for the calculations, as it is experimentally the most stable cell after thermal treatment. The bulk cell parameters and initial ionic positions were obtained from the International Zeolite Association database 13 and then reoptimized in the purely siliceous form with an increased energy cutoff of 800 eV. The final values are (almost orthorhombic: α=89.99°, β=90.00°, γ=90.00°): a=19.901 Å, b=20.009 Å, and c=13.364 Å, in good agreement with the experimental values [83][84] (orthorhombic: a=20.07±0.01 Å, b=19.92±0.01 Å and c=13.42±0.01 Å). These values were then kept constant throughout the study. The bulk configuration exhibits 12 nonequivalent T sites in the structure (Figure 1a). The alumination of the bulk structure was modeled by the replacement of one silicon by an aluminum atom. A proton was added as a compensation cation on one of the neighboring oxygens of the aluminum, which induced four possibilities of bridging OH group as Al-(OH)-Si for one aluminum position. The silicic structure was cleaved along the (100), (010), or (101) surface orientations, to mimic the relevant surface orientations identified experimentally (see 0). For each investigated cleavage direction, a set of cleavage heights was investigated as illustrated in section SI in the Supporting Information of Chapter 3. The thickness of the slab was initially set at two bulk units, which appeared to provide satisfactory convergence of structural properties (see section SII in the Supporting Information of Chapter 3). The wish to simulate a symmetric slab led us in some cases to slightly deviate from this thickness (see section SI in the Supporting Information of Chapter 3). A 25 Å vacuum layer was added on top of the surfaces. The dimensions of the cells were 60.83×20.01×13.36 Å 3 , 19.90×60.77×13.36 Å 3 , and 23.97×20.01×50.17 Å 3 for the (100), (010), and (101) directions, respectively. Finally, the surface was saturated with OH groups, hydrogen atoms were added to monocoordinated O atoms, and OH moieties saturated Si III /Si II /Si I atoms. The total numbers of atoms are in the 516-642, 528-648 and 414-678 intervals for the (100), (010), and (101) surface models, respectively.

The alumination energy ∆ r U al is calculated with eq 1 using the energy of the aluminated surface (or bulk) U slab_Al , the energy of the surface (or the bulk) without aluminum U slab , and the energies 𝑈 ( ) and 𝑈 ( ) of tetrahedral components of zeolites Al(OH) 3 H 2 O and Si(OH) 4 respectively. The energy of these last two species has been calculated in a cubic cell of 30 Å side lengths.

( ( ) ( ) ) (1) 
The choice of the references is rather arbitrary; other choices could have been made with other Al/Si components. The goal of the introduction of the alumination energy is to report a straightfoward comparison of the stability of various aluminated slabs, instead of total energies. Chapter 3.

The thermodynamic stabilities of the surfaces are determined by calculating the temperature-and pressure -dependent surface free energy γ surf . 85 It was calculated through the formation reaction of the hydrated zeolite surface relative to the zeolite bulk and gaseous water, as indicated by eq (2).

𝛾 (𝑇, 𝑃 ) (𝐺 (𝑇, 𝑃 ) 𝑁 𝐺 (𝑇, 𝑃 ) 𝑁 𝐺 𝑁 𝐺 ) (2) 
where G surf , 𝐺 , G zeo_AlH_bulk , and G zeo_Si_bulk are respectively the Gibbs free energy of the surface (which depends on the number of Si and O in the zeolite structure), the Gibbs free energy of water, the Gibbs free energy of one aluminated site in the zeolite bulk and the average Gibbs free energy of one SiO 2 units of the bulk zeolite. The vibrational contributions to the Gibbs free energy in the bulk and surface systems are considered to be equal. Therefore, we only considered their electronic energies. 𝑁 , N Al , and 𝑁 are respectively the number of water molecules adsorbed on the surface, the number of Al atoms in the cell, and the number of SiO 2 units in the zeolite surface model. γ surf is normalized to the energy per unit area by dividing by the surface area A. The equilibrium morphologies were built thanks to the Morphology module of Materials Studio (Dassault Systèmes).

Hydration/dehydration reactions were simulated on one surface on the investigated slabs. Hydration free energies were determined by evaluating the vibrational partition function of water, 86 here considered as an ideal gas. The vibrational partition function of the surface OH groups was considered as unchanged with respect to that of water, for the sake of calculation resources. The same method was applied to evaluate the adsorption energies and free energies for the adsorption of pyridine. For a limited number of cases mentioned in the following, we have explicitly evaluated the vibration free energy for condensed phases, thanks to finite difference frequency calculations, with a displacement of ±0.005 Å for the atoms allowed to vibrate (all atoms of the silicic bulk cell, half of the slab for the silicic hydroxylated surfaces, the aluminum atoms and their first, second, third and fourth neighbors for aluminated surfaces).

Stability Ranking of Silicalite-1 Surfaces: The Bulk Cleavage Approach

A large set of surface models was constructed according to the method described in section 0 They differ in their surface orientation and cleavage height, which in turn results in various H 2 O (in the form of Si-OH pairs) coverages: from 1.50 to 4.51 H 2 O nm -2 . The surface energies calculated at 0 K are all presented in Table S1. Consistent with previous simulations of the external surface of zeolite beta 87 and with that of hydroxylated quartz surfaces, 88 the energies are very low and have a first-order dependence on the hydroxylation level (Figure S2), even though the local arrangement of the OH groups also influences the stability. Taking into account the effect of temperature and water partial pressure on the thermodynamic stability of the surfaces, phase diagrams have been built which include surfaces that do not appear in the final diagrams (Figure 2, and section SIII in the Supporting Information of Chapter 3). In section SIII.3 in the Supporting Information of Chapter 3, we also report an estimation of the variation of the frontier between two cleavages, depending on the method Chapter 3. that is used for the estimation of the vibration free energy of the condensed phases (either calculating it explicitly or assuming that it compensates among the various forms of water gas phase, adsorbed and silica-bulk, slab). At a typical water pressure of 10 -4 bar, the frontier appears at a temperature lower by 29 K, which does not affect the conclusions drawn in the following.

For each surface orientation, above 300 K, the stability diagram is dominated by a single cleavage height, which in all cases leads to the exposition of a minimal number of Si-OH groups at the surface (𝜃 = 1.50 nm -2 for the (100) and (010) surfaces and 1.88 nm -2 for the (101) surface). This means that, from a thermodynamic point of view, conserving most siloxane bridges, also present in the bulk, is a strong thermodynamic driving force, giving a substance to the minimum cut hypothesis made previously, 89 although this does not appear from the consideration of surface energies at 0 K. For the (100) surface, the preferred model exhibits a straight pore cut at the half, as represented in Figure 2a (and Figure S2), exhibiting pairs of vicinal and nonvicinal silanol groups, connected one to another by hydrogen bonds. The two other models exhibiting a (narrow) stability domain in Figure 2a are cut at the border of the straight channel (model no. 6) or make the straight channel flush (model no. 10) (Figure S2). In these cases, geminal silanols are exposed and groups of three silanols are connected to the same Si, respectively. For the (010) orientation, the preferred cleavage corresponds to height no. 2, with full pentasil layers (in contrast to the other cleavage height, which cut a part of the pentasil layer), consistent with previous computational works 66 and with experimental knowledge of nanosheets. 28,90 Finally, for the (101) orientation, the termination of the most stable cleavage 6 exhibits terminal and geminal silanols. It also corresponds to the case where all the units connected to the straight channels are uncut.

Next, we compare the stabilities of the various surface orientations with each other (Table 1 and section SIII.2 in the Supporting Information of Chapter 3). At 400 K (a typical temperature for zeolite synthesis 35,45 ) and 𝑃 = 1 bar, the surface free energy of the (100) surface is slightly lower (12.7 mJ m -²) than that of the (010) surface (13.1 mJ m -²). The (101) surface is less stable than the two other surfaces (14.2 mJ m -²). Following the Gibbs-Curie-Wulff law, [91][92] the equilibrium morphology corresponds to those depicted in Figure 3a,b.

An hexagonal prism is predicted, but it is shorter than the experimental coffins along the c direction. The projections show that we should expect rectangular and almost regular hexagonal shapes in microscopy, which compare very well with some studies dealing with well-defined silicalite-1 nanocrystals. [48][49]93 Gruene et al. 49 measured the dimensions of their silicalite-1 monocrystals. The hexagonal projection of the model exhibits a ratio of the longest to shortest dimension of 1.29d/0.96d = 1.34 (d being the height of the coffin, Figure 3a), in very good agreement with the experimental measurement value of 1.20 49 (section SIV in the Supporting Information of Chapter 3). However, TEM also shows that the height /width ratio of the particles (125 nm / 210 nm = 0.60) is smaller than the one we predict by our thermodynamic approach (d/0.96d = 1.04), suggesting that the growth of (100) facets is somewhat slower than the one of the (010) in this range of size. 

Stability Ranking of Silicalite-1 Surfaces: The Precursor Growth Approach

While the approach detailed in section 0. essentially considers thermodynamic conditions, the exposed surfaces are also dictated by crystal growth conditions in solution. A Si 33 precursor structure has been proposed from a set of experiments by Kirschhock et al. 41 in the presence of TPA as SDA (Figure 1b,c). The analyses of the terminations that can be obtained from this Si 33 precursor (Figure 4a) reveal a strong similarity with the termination modeled upon cleavage of the crystal structure. Following the mechanism proposed in Figure 1c, 40 the (100) surface orientation is developed in the first stages of the crystal growth. As the Chapter 3. Si 33 species is not symmetric, two surfaces are formed, which appeared to be similar to cleavages no. 1 and 2 (Figure 4b, see also section SV in the Supporting Information of Chapter 3). Cleavage no. 1 is the dominant one from the thermodynamic cleavage approach (Figure 2a), meaning that in this case, thermodynamic and kinetic driving forces for crystal growth are converging. Cleavage no. 2 is thermodynamically significantly less stable than cleavage no. 1 (SIII.1 in the Supporting Information of Chapter 3). We shall next consider the stacking of two nanoslabs one with the other to make the crystal grow in the a direction (one of the possibilities suggested in ref. 94). Two scenarios may be followed to form a double nanoslab: exclusively exposing cleavage no. 1 (type 1, Figure 4c) or exclusively exposing no. 2 (type 2, Figure 4d). Cleavage no. 1 being the more stable, type 1 thus becomes the most favorable type. On the other hand, if an odd number of nanoslabs is stacked along the a direction during the crystal growth, both surfaces will be exposed. (c,d): approximation of the morphology predicted upon construction of the surface models with the Si 33 precursor building block approach (see also Figure 4). Note that as by construction we find a perfect correspondence between the surfaces exposed by this growth approach and the systems obtained by the cleavage approach (section 0.), the energies of the systems obtained by the growth approach were not evaluated.

A similar construction approach for the (010) and (101) orientations with the Si 33 precursor was undertaken (section SV in the Supporting Information of Chapter 3). According to Figure 4c,d the (010) orientation is actually one of the surfaces that grows most importantly, when double nanoslabs are constructed by extension along the a axis. From this construction method, cleavage no. 2 of the (010) orientation appears on both sides, in full agreement with the bulk cleavage approach (Figure 2b) and with previous structural considerations. 95 With regard to the (101) orientation, construction with the Si 33 precursors leads to a surface that is very similar (but not strictly identical) to cleavage no. 9, obtained using the bulk cleavage approach. At 400 K and 𝑃 = 1 bar, this surface cleavage is less stable (γ surf = 17.4 mJ m -²) than cleavage no. 6 (14.2 mJ m -²). Thus, the equilibrium morphology predicted by such a crystal growth approach does not differ much from that deduced from the bulk cleavage approach, as the (100) and (010) models do not change. The change in the (101) cleavage to be considered leads to a destabilization of the latter surface with respect to the (100) and the (010) surfaces, thus resulting in longer coffin like geometries (Figure 3c,d).

In the following, we consider the introduction of aluminum in the ZSM-5 models. We start with the silicalite-1 models established in sections 0. and 0., where in the first place we investigate the cleavages no. 1 and 2 for respectively the (100) and (010) surfaces, as result of their large thermodynamic stability domain and their relevance in the crystal growth with the Si 33 building block approach. However, the other models are not excluded for further investigations, as they may also be relevant in kinetically controlled growth conditions, [96][97] where a diversity of precursors may play a role. 44 

Stability of Aluminum Containing Surfaces: Diversity of Sites

Preliminary Investigation: Thermodynamic Sitting of Aluminum for Bulk Framework Sites

The alumination of the bulk structure has been simulated by replacing one silicon by an aluminum atom, in one of the T site positions. To compensate the charge, a proton was added on one of the neighboring oxygen atoms of the aluminum, which gives rise to four possibilities of Al-(OH)-Si bridging OH groups for one aluminum position. The alumination energies ∆ r U al were calculated using eq (1) and are reported in Figure 5. The detailed value of each point is presented in SVI.1 in the Supporting Information. The lower (more negative) the value, the more stable the site. ∆ r U al values range between -8 and -44 kJ mol -1 , which is similar to the previous results for zeolite beta 87 (domain between -45 and 5 kJ mol -1 ). The domains also correspond to the 50-60 kJ mol -1 range previously found for many zeolites, [98][99] including bulk ZSM-5, 67,100-103 mordenite 104-105 and EU-1, 106 to cite a few.

On the basis of thermodynamic stability, our calculations indicate that the T3 sites are the most likely ones to be occupied by Al, in close competition with T8 (SVI in the Supporting Information). However, not all computational investigations agree on this point, 67,101,107 suggesting that the difference in stability of these sites is not sufficiently pronounced to draw conclusions and that other (kinetic) factors may also play an important role. Similar to other studies, however, 101,107-108 some sites located at the intersection of both kinds of channels are the most stable ones, despite also being the ones that are most easily dislodged upon steaming. [109][110][111] Furthermore, the position of the Al atom can experimentally be tuned by changing the synthesis conditions. [111][112][113][114] Therefore, considering all possible positions is required to get a complete view of the stability of the systems. Chapter 3.

Nature and Stability of Surface Alumination Sites

Whereas bridging OH groups are the only possibility in the bulk, the alumination of silicon atoms located at the surface (Si-OH) generates new sites. The structure and stability of these sites were sampled on several cleavages of the surface orientations considered, and are depicted in Figure 5. Details are given in section SVI.2 in the Supporting Information of Chapter 3. Generally speaking, the reaction energy interval of surface species is larger than that in the bulk, suggesting the importance of numerous local effects playing a role in the preferential location of {Al,H} pairs. For each family of surface groups, the configurations leading to the most negative alumination energies are those where the introduced proton becomes a hydrogen bond donor toward a pre-existing Si-OH group, explaining why the most negative alumination energies are found for silanol-rich surfaces. We did not find a direct relation between the stability of the corresponding bulk site (Table S13) and ∆ r U al .

"Classical" bridging OH groups appear to be distributed according to a similar alumination energy range at the surface and in the bulk. At the surface, a larger variety of bridging OH groups is moreover obtained, where an additional terminal OH group is connected to the Al and/or Si atom. Some of these groups exhibit a significantly more negative alumination energy with respect to bulk bridging OH groups, resulting from the extra hydrogen bond as mentioned above.

In the case where the aluminum is situated at the surface, i.e. it is connected to at least one surface OH oxygen, the compensation proton can also bind to the surface Al-OH groups and generate an adsorbed H 2 O molecule, yielding an Al-(H 2 O) species, as already has been shown for zeolite beta. 87 Some silicon atoms at the surface are linked to the bulk of the zeolite by one or two Si-O-Si bridges and are connected to three or two OH groups. The alumination of these silicon atoms generates Al-(H 2 O)(OH) n species with n = 1 or 2. It appears from Figure 5 that Al-(H 2 O)(OH) n species (with n = 0-2) are the most stable ones, whatever the surface orientation under consideration. The stability domains are lying in a very large range (between -140 and -30 kJ mol -1 ) even though the majority fall in the range between -100 and -50 kJ mol -1 . For all of the surface orientations, the closer the aluminated sites are to the outermost surface, the more stable they are. Note that in the previous DFT simulations of MFI surfaces, these most stable configurations were often omitted. [66][67] In some cases, they were considered as precursor states for the dehydration of the surface, 66,115 which we further investigate in section 0.

Thus, the bridging Si-OH-Al groups can exist at the pore mouth, strengthening the pore mouth catalysis concept. [17][18] However, they do not exist at the outermost surface, confirming the idea that the existence of the cavity is needed to stabilize such bridging groups. [116][117] 

Effect of the Si/Al Ratio

The influence of the Si/Al ratio on the stability of the system was investigated for cleavage 1 along the (100) surface orientation and cleavages 6 and 9 along the (101) surface orientation. Instead of one, four T and two T sites per unit cell were substituted by Al for, respectively, the (100) and (101) orientations. These Al atoms were introduced at the surface, similar to what would have taken place in the case of zoned Al distribution. 118 For the calculation of the local Si/Al ratio, we may consider the surface layer corresponding to one bulk unit. This leads to variation intervals between 23 and 95 for the (100) orientation and between 43 and 102 for the (101) orientation. This is representative of most experimental investigations: the Si/Al ratio of ZSM-5 varies from 8 36 to infinity 34 (silicalite-1), with a predominance of investigations dealing with Si/Al>15. The results are reported in Table S14. In this range of Si/Al variation, the lateral interaction between the acid sites themselves is negligible. Also in the case of zoning, bulk calculations suggest that the average alumination energy may not strongly depend on the Si/Al ratio down to local values of 8. 119 In the end, the presence of aluminum affects the stability of the surface terminations, and thanks to DFT we can quantify this effect. Whereas the alumination energy quantifies the respective stabilities of silicon versus aluminum sites at a given position, the equilibrium morphology is given by the nature of the most stable aluminated surface termination. For similar surface aluminum contents (0.37, 0.38, and 0.41 Al nm -2 for the (100), (010), and (101) surface orientations, respectively), the surface energies are the following: 11.0, 11.5, 12.8, and 14.7 mJ m -² for the (100) (cleavage 1), (010) (cleavage 2), (101) surface orientations (cleavages 6 and 9), respectively (Table 1). These values lead essentially to the same equilibrium morphology in comparison to silicalite (Figure 3). Experimentally, some differences were observed in some studies between silicalite and ZSM-5, 49 suggesting that kinetic limitations may take place for the growth in some directions, which depend on the Al concentration in the medium, and/or that the Al content is not the same on any surface orientation. 118

Thermal Stability: Hydration and Dehydration Properties

Considering the presence of nondissociated water molecules at the external surface of zeolites also requires studying the thermal stability as a function of temperature and partial water pressure. We therefore undertook a systematic investigation of the hydration/dehydration reactions that are likely to take place on a selection of relevant surface systems. Al-(H 2 O) species at the (100) surface are first studied and compared to what we call the reference state representing the surface obtained after cleavage, saturation by Si-OH groups, and alumination as described in the previous sections. Three sites were selected: on cleavage 1, the least (Figure 6a) and the most (Figure 6b) stable Al-(H 2 O) group and the most stable site for cleavage 6 (Figure S17), which is also the most stable site simulated for all (100) investigated configurations. Several kinds of reactions give rise to stable products on the phase diagram: desorption / adsorption of water from / to Al-(H 2 O) sites, hydrolysis of siloxane bridges, and condensation of silanol pairs (vicinal or not) to generate new siloxane bridges. An example of such a detailed study is provided in the section SVII in the Supporting Information of Chapter 3. Several configurations were studied for each hydration or dehydration level, and the most stable configurations were selected. Phase diagrams were then constructed (Figure 6 and Figure S17), where the evolution of the surface free energy is plotted with respect to temperature and water partial pressure. Here again, the effect of the consideration of the vibrational free energies of surfaces was taken into account in a few cases, which demonstrate a moderate variation of the transition temperatures (Figure S9). Chapter 3.

The coordination number of Al, initially modeled at 4, was shown to increase upon water adsorption to 5, as shown in Figure 6 and Figure S17. This is in agreement with the spectroscopic data obtained by Al K-Edge XAS and 27 Al NMR, where the coordination number even reaches 6. 75,120 In fact, we could simulate Al VI species with two H 2 O molecules coordinated onto the surface Al atom, whose stability appeared to be similar to that of hydrolyzed siloxane bridges, which in turn is expected to be stable below room temperature. For the three investigated cases, depending on the local environment, two typical behaviors of the aluminum sites above room temperature were encountered upon heating (Figure 6, Figure 7 and Figure S17):

-The water desorbs, leading to the formation on an undercoordinated Al III .

-In those cases where a framework oxygen atom from a siloxane bridge is accessible below this Al III atom, a new Al-O bond is formed, leading to (distorted) Al IV instead of Al III . This situation has also been encountered for the beta zeolite. 87 In the second case, the desorption of water from the aluminum atom represents the most favorable dehydration reaction, starting from the reference system. Conversely, for the configuration where Al remains Al III , the closure of siloxane bridges takes place at lower temperature. It gives rise to 2MR rings as for cleavage 1, site no. 75 (Figure 6b) or to form larger surface rings upon temperature increase and water desorption, like for cleavage 6, site no. 77 (Figure S17). The results are shown in Table 2. This simplified approach gives results comparable to the more detailed approach (Figure 6 and S17) for sites no. 59 and 75, but a shift is seen for site no. 77, showing that trends are well reproduced, but the precise desorption temperatures obtained by the simplified approach have to be considered with care. It appears that the critical distance allowing the formation of the new Al-O bond between the dehydrated Al site and the siloxane bridge underneath is between ~3.2 and ~3.4 Å. The dehydration temperature is most of the time higher when an Al III is formed than when an Al IV is formed, which translates into a higher reactivity of Al III . However, exceptions exist, in particular on the (010) orientation where Al III species are formed at moderate heating temperatures (below 500K for site no. 121, for example). This can be linked to the smaller number of hydrogen bonds that stabilize the adsorbed water molecule (zero or one), due to a lower OH content (1.5 OH nm -²). Thereby, this makes the desorption easier than in the case of the (101) orientation at cleavage 9 (the more relevant model for the tips of the coffin-shaped crystal, according to the "crystal growth" approach), where several configurations of the water molecule are stabilized by two hydrogen bonds, thanks to a higher OH coverage (2.71 OH nm -²).

Experimentally, Al III atoms were observed or suggested by X-ray absorption near edge structure spectroscopy and nuclear magnetic resonance above 623-723 K in the case of mordenite, beta, ferrierite and chabazite. [73][74][75] Although the role of the external surface was not invoked in these works to explain the Al III presence, the reactions we simulate in the present work are able to rationalize it. Also, we give here a better understanding of why water desorbs more easily from nanosheets, essentially represented by the (010) surface having the lowest desorption temperature, in comparison to more classical samples seen experimentally. 121 One thus observes a strong dependence of the surface reactivity toward water, depending on the local topology of the surface sites, already for a given zeolite (here with the MFI framework), but also likely from one zeolite framework to another. In practice, many Chapter 3. gas-phase catalytic reactions using zeolites and ZSM-5 take place between 500 and 800 K. 3- 5,116 For a typical water pressure of 10 -4 bar, this means that, on the same sample, Al-(H 2 O) and dehydrated Al IV and Al III species will be present at the same time. Note that the bridging OH groups present at the pore mouth are expected to be thermally stable, with respect to hydration/dehydration reactions.

Brønsted and Lewis Acidity of Surface Sites

Transposing the aforementioned results in terms of acidity means that several families of Brønsted (BAS) and Lewis acid sites (LAS) can potentially exist under experimental conditions, depending on the operating conditions. To check this in practice, we quantified the interaction of a very popular probe molecule, 122 pyridine, 123 with the possible acid sites of the external surface (focusing here on typical sites of the (100) surface sites). Our results are reported in Table 3 and Table 4, together with the adsorption geometries. For the sake of comparison, we also considered the BAS/LAS nature of one bulk site.

Consistently with previous theoretical and experimental reports, 124-125 the adsorption of pyridine at the bulk BAS leads to proton transfer, thus forming pyridinium, stabilized by an adsorption energy of -213 kJ mol -1 . For a partial pressure of pyridine of 10 -4 bar, this corresponds to a desorption temperature of pyridine of 638 K, in line with temperatureprogrammed desorption experiments. 126 All surface sites under consideration in our computational study are able to transfer their proton to pyridine, suggesting that they are all BAS. At the bridging OH group of the pore mouth, the lowest adsorption energy found (-215 kJ mol -1 ) is comparable to the "bulk", proving that these sites are as acidic as the bulk sites.

Interestingly, the contribution of the dispersion energy to the overall adsorption energy is even more negative at the pore mouth (-91 kJ mol -1 ) than in the bulk (-69 kJ mol -1 ), showing that confinement effects play an important role at the pore mouth, resulting in a stabilization of the pyridinium ion by the sinusoidal channel. Some other sites at the pore mouth provide lower adsorption energies (between -167 and -185 kJ mol -1 ), corresponding to lower desorption temperatures (between 549 and 562 K), due to a slightly more external location of the pyridinium ion or to its location in the surface straight channel only. The relatively large variations in the dispersion (between -45 and -91 kJ mol -1 ) and nondispersive (-96 to -144 kJ mol -1 ) energy components suggest that the differences in stabilization have both van der Waals and electrostatic origins. Al-(H 2 O) species exhibit lower (between -150 and -122 kJ mol -1 ) adsorption energies. This can be assigned again to both van der Waals and electrostatic factors. In particular, considering the most stable Al-(H 2 O) group on the (100) surface orientation (no. 75 in Table 3) both the dispersion and the nondispersive terms are weaker than for the bulk or pore mouth sites. One can conclude that Al-(H 2 O) sites are mild BAS. Note that these adsorption configurations of pyridinium are very similar to that obtained after proton transfer from bridging OH groups. Pyridinium is in both cases better stabilized at the pore mouth than at the outermost surface. Thus, the origin of the lower acidity of Al-(H 2 O) can at least in part be assigned to the higher stability of Al-(H 2 O) with respect to the pore mouth bridging OH group. This is at variance with the observations made by comparing bulk zeolites and amorphous silica-alumina (ASA), 127 as in the last case the cavity effect is absent, making the lower stabilization of the protonated probe molecule the main factor to explain the milder acidity of ASA. 100) surface (Cleavage 1). See Figure S14 for the terminology of the sites. The adsorption energy Δ ads U py is given, as well as the corresponding dispersion (Δ disp U py ) and the non-dispersive (Δ non_disp U py ) components of Δ ads U py , the estimated pyridine desorption temperature T des-py for P(pyridine) = 10 -4 bar, and the structure of adsorbed pyridine. Color code for the structures: oxygen: red, silicon: yellow, aluminum: purple, hydrogen: white, nitrogen: blue, carbon: grey. The same properties for the bulk site T5 are also given for comparison.

With respect to the Lewis acidity, we could obtain as an energy minimum a specific approach of the Al bulk site by pyridine that makes the formation of a Al-N bond possible. The approach making this possible is in anti with respect to the bridging OH group, see illustration in Table 4. This is consistent with our previous findings for water adsorption, [109][110] and with previous proposals by Busca et al. to explain the existence of LAS in high Si/Al faujasite samples that exhibit LAS without any EFAl. 76 After adsorption, the anti Al-OH bond is broken, forming a pseudo-bridging silanol, 128 and maintaining the coordination number of Al at 4. However the adsorption energy is lower than that for the bulk BAS, so that bulk sites will express their Brønsted acidity rather than their Lewis acidity, in line with the absence of experimental detection of LAS in the bulk of ZSM-5. 76 A similar conclusion is reached for aluminum belonging to pore mouth bridging OH groups. Surface Al-(H 2 O) also behave as poor Lewis acids (-110 kJ mol -1 ). In the most stable configuration found after adsorption of pyridine on the Al atom, one of the proton of the water molecule jumps onto the Si-O-Al bridge in anti to pyridine, to allow the formation of a pseudo-bridging silanol.

In contrast, sites obtained after their dehydration (Al III and Al IV ) interact more strongly with pyridine (with a nondispersive term between -160 and -180 kJ mol -1 ). The strongest expression of Lewis acidity (-256 kJ mol -1 ) was found for a Al III site at cleavage 6 of the (100) surface, when pyridine is able to access to the LAS by the pore underneath, with a bulklike dispersion contribution (-83 kJ mol -1 ). 100) and (010) surfaces. See Figure S14 for the terminology of the sites. The adsorption energy Δ ads U py is given, as well as the corresponding dispersion (Δ disp U py ) and the nondispersive (Δ non_disp U py ) components of the adsorption energy, the estimated pyridine desorption temperature T des-py for P(pyridine) = 10 -4 bar, and the structure of adsorbed pyridine. Color code for the structures: oxygen: red, silicon: yellow, aluminum: purple, hydrogen: white, nitrogen: blue, carbon: grey. The same properties for the bulk site T5 are also given for comparison.

For other cases, Al III appears to be a stronger LAS (-194 to -212 kJ mol -1 , desorption temperatures between 589 and 638 K) than the probed Al IV (-179 kJ mol -1 , 545 K), for which pyridine induces the breaking of the underneath Al IV -O bond.In particular, the Al III site no. 121, which is easily formed upon dehydration of the (010) surface and is representative of nanosheets, exhibits a strong Lewis acidity.

Our calculations give an atomistic interpretation for the existence of BAS and LAS detected at the external surface of ZSM-5 crystals 129 and nanosheets. 90,121 In particular for nanosheets, it was found 121 that the strength of the BAS at the pore mouth is similar to that of the bulk, which is in agreement with our calculations. In ref 121, a very intense band at 1450 cm -1 was observed upon pyridine adsorption on the nanosheets, which the author did not comment upon but can be assigned to a LAS. Opanasenko et al. also report a significant Lewis acidity of nanosheets. 130 This is in full agreement with the very easy formation of Al III at the (010) surface that we calculate (Table 2) and the strong LAS character of the corresponding dehydrated sites (Table 4). This is expected to be specific for nanosheets, as for large coffin-shaped crystals, this orientation is no longer exposed, due to intergrowths leading to the dominant (100) surface (see section 3.3).

Our results also explain the interconversion of BAS into LAS upon thermal treatment, 77 but without invoking severe dehydroxylation of the framework. 131 We also understand the higher number of LAS and lower number of strong BAS, observed upon pyridine adsorption for ZSM-5 as the particle size decreases 132 or as the mesoporous volume increases, 133 even if the amount of extraframework species can also affect this feature. In the case of mordenite, it has recently been shown that the number of overcoordinated Al atoms under a wet atmosphere is directly correlated to the number of LAS (detected by pyridine adsorption) after treatment under vacuum at 723 K. 75 These sites were shown to belong to the zeolite framework, and their number is directly linked to the Si/Al ratio of the zeolite. These observations can be fully rationalized by the presently proposed calculations, considering that the LAS are Al III and Al IV obtained after water desorption from a Al IV -(H 2 O) species, which can adsorb additional water molecules on exposure to high water pressures.

Interestingly, for ordered surfaces such as those considered here, the structure of the sites and their acidity are different from what DFT calculations predict in the case of amorphous silica-alumina. [127][128][134][135][136] In particular, no pseudobridging OH group can be observed in the present simulation of the external surfaces of crystalline H-ZSM-5, except after adsorption of pyridine. Also, we see here that the cavity effects still play a huge role in the expression of the acidity of the external zeolite surface, whereas they are absent in the case of ASA. This means that the optimal expression of the acidity at the pore mouth needs to control the degree of crystallinity of the external surface of the zeolite in a very cautious way. Should an amorphous surface be obtained instead, dramatic consequences in terms of depletion of the acidity should be expected.

Conclusions

Thanks to DFT calculations, we propose a detailed model for relevant surface orientations ((100), (010), and (101)) of silicalite-1 and ZSM-5 zeolites (MFI framework), contributing to the unraveling of the nature, stability, and reactivity of surface sites, as well as equilibrium morphologies of the crystallites.

A crystallography approach, consisting of the cleavage of the silicic bulk structure, is compared to a crystal growth approach, using a Si 33 building block to elaborate surface models. Both approaches lead to very similar results in terms of preferred surfaces, except for the (101) surface, suggesting a convergence of thermodynamic and kinetic factors to qualitatively describe crystal growth for the (100) and (010) orientations. The calculated equilibrium morphologies are in qualitative agreement with microscopy pictures, although the calculated surface ratios differ to some extent, demonstrating that the experimental morphology is not fully determined by thermodynamics; apparently kinetic aspects need to be taken into account to further improve the description of the surface models. However, both surface model approaches describe the nature of the surface sites for nano-to microcrystals, as well as nanoslabs and nanosheets.

The exchange of silicon by aluminum atoms at the surface was then examined, as well as the corresponding thermal stability of the sites, by considering the hydration and dehydration reactions and calculating the Lewis and/or Brønsted acidity, probed by the simulation of pyridine adsorption. A diversity of surface sites in terms of nature, stability, and strength has been identified thanks to this approach.

Bridging Al-OH-Si groups are present at the pore mouth, where the effect of the cavity is present. They have stability similar to or higher than that of bulk sites. They are also thermally stable and exhibit similarly (strong) Brønsted acidity with respect to bulk sites. Chapter 3.

They can be considered to be responsible for what is called "pore mouth catalysis". They are, however, not the most stable groups at the outermost surface, where the effect of the cavity is absent.

At the outermost surface, the following groups prevail: Si-OH and Al-OH groups and most importantly water adsorbed on aluminum Al-(H 2 O)(OH) n . They behave as milder Brønsted acid sites with respect to bridging OH groups, mainly because of their intrinsically higher stability. Whatever the starting OH group, the pyridinium cation will stabilize at the pore mouth.

However, the adsorbed water molecule is shown to desorb upon heating, revealing a surface aluminum, which behaves as a Lewis acid site. The desorption of water is calculated to occur at temperatures that strongly depend on the local topology of the surface site and on the surface orientation. Factors that enhance the desorption of water are (i) the presence of a siloxane bridge below the surface Al atom and (ii) low OH content on the surface orientation, making the adsorbed water molecule less stable. The second factor dominates in the specific behavior of the (010) orientation, being a representative for nanosheets, thus holding easily formed Al III ions that behave as strong Lewis acid sites. Conversely, the OH-rich ( 101) surface (at the tips of the coffin-shaped crystals) leads to more stable Al-(H 2 O) groups, which are mild Brønsted acid sites.

These results provide a rational understanding of a large set of experimental observations from the literature, which have so far remained poorly understood. They also show that under typical industrial operating conditions (between 500 and 700 K, water pressure on the order of 10 -4 mbar), several kinds of sites coexist: strong BAS in the pore mouth and mild BAS and LAS at the outermost surface. These findings are likely not limited to the case of the MFI framework (some of them already appeared to be valid for zeolite beta), as our conclusions are mainly dictated by local topology aspects. Controlling the global topology of the network may tune not only the respective concentration of the different acid sites, but also the confinement effects for bulky molecules that cannot access the bulk sites. All of these aspects, together with transport limitations within the framework, contribute to the final properties of the system.

Chapter 3 described theoretical models aiming at understanding the structure of the external surface of H-ZSM-5. This study gave multiple details about the structure of H-ZSM-5 external surface and the nature of its surface sites. To get additional information and afford a full comparison with experiments, spectroscopic theoretical calculations are made and compared to experimental spectroscopic features. The ultimate aims of such an approach are i) the experimental validation of the proposed models, ii) the proposal of new assignments for experimental spectra, at the light of theoretical results. This chapter consist in a theoretical/experimental article which is about to be submitted and entitled: "Spectroscopic Expression of the External Surface Sites of H-ZSM-5" (written by L. Treps Here, the external surface of two H-ZSM-5 samples is studied using three cutting-edge experimental and computational techniques (FTIR with Fourier self-deconvolution, 1 H MAS NMR at 800 MHz -DEPTH and DQ-BABA, periodic DFT calculations of external surface models). My contribution concerns all the theoretical aspects. The combination with the experiments obtained in the course of the thesis of Coralie Demaret gives a unequaled description of the various kinds of hydroxyl surface groups and their proximity.

Introduction

Zeolites are nanoporouscalled microporous -(pore diameter < 2 nm) aluminosilicate materials, described as 3D frameworks of SiO4 tetrahedra. Al 3+ cations occupy Si 4+ crystallographic positions, requiring charge compensation cations that give birth to chemical reactivity of zeolites. This is why these solids are widely employed in refining, petrochemistry, pollution abatement and biomass conversion, among other applications. [1][2][3][4][5][6] In the case where the compensation cation is a proton (H + ), it gives rise to a hydroxyl group, bridging between a silicon and an aluminium atom (Figure 1-a). These sites are considered as the Brønsted acid sites of the protonic zeolite. ZSM-5 (Zeolite Socony Mobil-5 7 ) is one of the most used and studied zeolites, both from fundamental and industrial points of view. Many model studies have been proposed to better understand the structure and reactivity of ZSM-5, based on the consideration of very big zeolite particles (several μm), thanks to their welldefined shape that makes the understanding of their inner structure possible. [8][9][10][11][12] However, zeolite particles that are used in practice exhibit much smaller crystal sizes, knowing that zeolite nano-sheets, [13][14][15] nano-crystals [16][17] (~100 nm) and even embryonic zeolites [18][19] (so small that they do not induce any X-Ray Diffraction signature) currently attract a lot of attention. The main motivation for the small crystallite size is the expected reduction of diffusion time to reach the acid sites located at their center. However, for such systems with increased surface/volume ratio, the role of the external surface of the crystallites cannot be neglected. For bulky reactants, it is even considered that catalysis takes place at the pore mouth only, [20][21][22][23] or that the pore mouth exhibits specific selectivity. 24 The structure of the acid sites located at the external surface remains a matter of debate. 25 Chapter 4. 
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Infrared spectroscopy is a relevant and frequently used method to analyze hydroxyl groups, as the stretching frequency of the O-H bond is sensitive to the environment of the hydroxyl, in terms of coordination number of the oxygen, of nature of the cation to which it is bonded, and to the hydrogen-bond network. [30][31] Infrared spectra of ZSM-5 exhibit features that are usually assigned from empirical considerations to several kinds of bridging OH groups (~3610 cm -1 ), silanols (~3740 cm -1 , Figure 1-c), and various kinds of poorly defined framework and extra-framework species and defects (~3700-3650 cm -1 , Figure 1-e). [31][32][33][34][35][36][37][38][39][40][41][42] In some cases a broad absorption band is observed between 3400 and 3700 cm -1 , linked to silanol nests and adsorbed water. [43][44] Hoffmann et al. 43 proposed a more detailed assignment for the 3740 cm -1 region assigned to silanols, on the basis of the intensity and width of the bands. They expect external silanols to vibrate at high frequency: free or terminal silanols are proposed to appear at 3747 cm -1 , geminal silanols at 3742 cm -1 . Internal silanols are expected at lower frequencies (3730-3700 cm -1 ), with a possible influence of aluminum atoms (sometimes hypothesized to be tricoordinated) connected to these silanols (then vibrating at 3730 cm -1 ) via Si-O-Al bridges. 43 The sites were called Silanol-Al [28][29] (Figure 1-d) and also invoked for amorphous silica-alumina previously. 45 A drawback of the technique is the need to get knowledge of the extinction coefficient for each kind of surface OH group to quantify them. The determination of these coefficients is not straightforward and their values differ a lot from one study to another. 30,46 Issues related to the choice of the baseline before deconvolution also render the integration operator-dependent. 1 H Magic angle Spinning Nuclear Magnetic Resonance ( 1 H MAS NMR) has been less frequently used than Infrared for H-ZSM-5, but gave interesting insight on the present OH groups. [47][48][49][50][51][52][53][54][55][56][57] Three main regions are usually observed in 1 H spectra of dehydrated H-ZSM-5 zeolite: [58][59][60][61][62][63] bridging OH group are expected close to 4 ppm, isolated or hydrogen-bond acceptor silanols between 1.3 and 2.2 ppm, whereas Al-OH groups associated with extraframework aluminum (EFAl) are assumed to give rise to an intermediate signal close to 2.6 ppm. Large signals at 5-6 ppm are usually assigned to adsorbed water molecules. Besides the nature of the acidic OH groups, 1 H MAS NMR also gives information about the concentration of hydroxyl groups, which can be derived from the 1 H MAS NMR intensities. This is an advantage with respect to infrared spectroscopy. Additionally, 1 H double-quantum magic angle spinning (DQ MAS NMR) has been applied for probing spatial H-H proximities of hydroxyl groups. 64 Recently, this technique was used to reveal spatial proximities between Brønsted and Lewis acid sites in dealuminated H-ZSM-5 zeolites, which resulted in a remarkable enhancement of the Brønsted acid strength. [65][66] For both types of spectroscopy, removing physisorbed water is required to get a wellresolved spectrum, so as to minimize the hydrogen-bond network, hence revealing sharper signals that can be more specifically assigned to the various kinds of OH groups. Despite these efforts, a strong uncertainty remains for the assignment of signals corresponding to nonideal sites (i.e., different from bulk bridging OH groups), as the structure and environment of these sites is still poorly defined.

First principles calculations have proven helpful for the assignment of infrared and 1 H MAS NMR spectra of various hydroxylated inorganic systems, 29,[67][68][69][70][71][72][73][74][75][76][77][78] including H-ZSM-5 bulk sites. [41][42][79][80] The investigation of intricate zeolites is, however, much scarcer than that of the bulk bridging OH groups. 25 Recently, some of us have established models of the external surface of the ZSM-5 zeolite thanks to Density Functional Theory (DFT) calculations that comprehensively consider the effect of the surface orientation ((100), ( 010) and ( 101)), and that of the location of the {Al, H} pairs 27 on the structure of hydroxyl groups. Several kinds of surface sites have been identified. Bridging Al-OH-Si groups (Figure 1-a) were shown to be present at the pore mouth with similar or higher stability with respect to those in bulk sites. However, at the outermost surface, the following groups prevail: Si-OH, Al-OH groups, and most importantly water adsorbed on aluminum Al-(H2O)(OH)n (n=0-2) (Figure 1-b). Some of these groups are not clearly invoked in current spectroscopic assignments.

The aim of the present work is to unambiguously identify, thanks to a combination of DFT calculations and dedicated experiments, the spectroscopic expression of surface OH groups on zeolites, in the case where the zeolite is free from physisorbed water, but still hydroxylated. DFT predicts the IR frequencies and 1 H MAS NMR chemical shifts for each possible kind of hydroxyl, and in the experiments two samples with different crystal sizes are compared, but with a similar Si/Al ratio, to decipher the role of the external surface. Experimentally, Fourier self-deconvolution (FSD) of IR spectra is shown to shed new light on the various components of the composite spectra. Moreover, we report high field (800 MHz) 1 H MAS and 1 H double quantum (DQ) MAS NMR experiments for the first time for the investigation of zeolites. For the computational study, we take advantage of the surface models established recently 27 so as to refine the empirical assignment of infrared (in particular in the O-H stretching zone) and 1 H MAS NMR spectra. As EFAl are invoked in the empirical assignment, we also model some mononuclear species of this kind (Figure 1-e), [81][82] to provide a more comprehensive assignment.

Experimental Methods and Computational Section

DFT calculations

Periodic DFT calculations were performed with the PBE (Perdew, Burke, and Ernzerhof) exchange-correlation functional 83 as implemented in VASP 5.4.1. [84][85] The projected augmented wave (PAW) method 86 was used to describe the core-electron interactions. Depending on the kind of calculations performed, the place wave basis set was limited to a kinetic cutoff energy of 400-800 eV. A density dependent dispersion correction, dDsC, 87 was applied. The convergence criterion for the electronic self-consistent field relaxation was fixed to 10 -5 eV. All calculations were performed at the Γ-point. Full geometry optimizations were performed using a conjugate-gradient algorithm, with a convergence criterion on forces of 0.02 eV Å -1 .

Chapter 4.

The bulk cell parameter and initial ionic positions of ZSM-5 (MFI) were obtained from the International Zeolite Association database 88 and then reoptimized in the purely siliceous form with an increased energy cutoff of 800 eV. The final values are (almost orthorhombic α=89.99°, β=90.00°, γ=90.00°): a=20.009 Å, b=19.901 Å and c=13.364 Å, in reasonable agreement with the experimental values [89][90] (orthorhombic: a=20.07±0.01 Å, b=19.92±0.01 Å and c=13.42±0.01 Å). These values were then kept constant throughout the study. The bulk configuration exhibits 12 inequivalent T sites in the structure. The slab construction is performed following the methodology of our previous works. [26][27] The structure is cleaved along three different orientations ((100), (010), and (101)), which were determined to be the main surfaces observed experimentally for ZSM-5 crystals. 9,[91][92] The thickness of the slab was set at two bulk units with a 25 Å vacuum layer. Finally, the surface was saturated with OH groups; hydrogen was added to monocoordinated O atoms and OH moieties saturated SiIII atoms. The alumination of the bulk and surface structures was represented by the replacement of one silicon by an aluminum in one of these positions. H + was added as a compensation cation on one of the oxygen neighbors of aluminum.

Harmonic frequency calculations were performed with an energy cutoff of 400 eV on optimized structures under the same conditions, with a displacement of ±0.005 Å around the equilibrium atomic positions. For aluminated slabs, the atoms allowed to vibrate were the OH group containing the compensation cation, the Al/Si first neighbor, all O second neighbors, Si third neighbors, and O fourth neighbors.

Chemical shifts were calculated with the linear response approach, using the gauge including projector augmented wave (GIPAW) formalism. [93][94] The step size for the finite difference k-space derivative was set to 0.003. First order finite difference stencil was used to calculate the magnetic susceptibility. The average of the isotropic chemical shielding (σTMS) of each proton of a single tetramethylsilane in vacuum (20 Å 3 box) was used as a reference to calculate the isotropic chemical shift δiso of the various protons at the surface of ZSM-5, from their isotropic chemical shielding (σiso):

𝛿 𝑖𝑠𝑜 = 𝜎 𝑖𝑠𝑜 -𝜎 𝑇𝑀𝑆 Eq. (1)

Samples and general characterization

The ZSM-5 zeolites were provided by Zeolyst and hereinafter referred as Z-22-Big and Z-25-Small. The zeolites were calcined before use for 2 hours at 873 K (5K/min ramp) under air flush. The overall Si/Al ratio of the zeolites was obtained by X Ray Fluorescence (XRF) using an ARL PERFORM'X Sequential X-Ray Fluorescence Spectrometer from ThermoFisher Scientific. The Si/Al ratio of the zeolites near the surface (up to 10 nm) were obtained by X Ray Photoelectron Spectroscopy (XPS) using an ESCA KRATOS Axis Supra Spectrometer. The textural properties of the zeolites were determined by physisorption of nitrogen associated with electron microscopy (Scanning Electron Microscopy: SEM, Nova NanoSEM™, and Transmission Electron Microscopy: TEM, JEOL JEM-2100F, bright field). Microscopy images (SEM and TEM) make it possible to describe the morphology of the Chapter 4. crystals and estimate their theoretical external surfaces. A Micromeritics 2020 ASAP gas adsorption analyzer was used for nitrogen sorption measurements. Prior to analysis, the samples were outgassed for 1 hour at 373 K and for 4 hours at 723 K under secondary vacuum (1.10 -5 mbar). Specific surface areas were determined from the BET equation. The total pore volume is the nitrogen volume adsorbed at P/P0 = 0.99. The t-plot method was used to obtain the microporous volumes of the samples.

Infrared spectroscopy

The IR investigations were carried out using a Bruker Vertex 70 spectrometer at a spectral resolution of 4 cm -1 and accumulating 64 scans. Self-supporting pellets (≈10 mg cm -2 ) were prepared by pressing sample powders at 0.5 tons and were treated under vacuum (<10 -5 mbar) in a homemade IR glass cell. A spectrum of the sample was recorded at 298 K after thermal treatment under secondary vacuum (<10 -5 mbar) every 50 K from 423 up to 673 K (the sample was left for 1h for each temperature step). Fourier self-deconvolution (FSD) of the IR spectra was performed on Thermo Omnic software in the 4000 -2500 cm -1 spectral range, using a line bandwidth of 10 cm -1 (width of the contribution at the half-height) and an enhancement factor of 2 (ratio of the bandwidth before and after FSD treatment).

Nuclear Magnetic Resonance

Room temperature 27 Al MAS NMR single pulse spectra were recorded on a Bruker Avance III 400 wide bore spectrometer operating at a static field of 9.4 T. The 27 Al NMR frequency was 104.22 MHz. All samples were fully hydrated in a saturator for one night prior to measurements. Spectra were acquired in 4-mm zirconia rotors at a spinning rate of 12 kHz, a pulse length of 1 µs (π/20) and a pre-scan delay of 1 s, which ensured a quantitative analysis. The 27 Al chemical shift was referred to a saturated Al(NO3)3 solution. 1 H MAS and 1 H double quantum (DQ) MAS NMR experiments were performed at room temperature on a Bruker Avance III 800 narrow bore spectrometer operating at a magnetic field of 18.8 T (800 MHz 1 H resonance frequency). Prior to 1 H MAS and 1 H DQ-MAS NMR measurements, samples were pretreated under secondary vacuum (<1.10 -5 mbar) at 573 K for 10 hours and then sealed in a glass reactor. Dehydrated samples were packed into 2.5 mm zirconia rotors under inert conditions. All 1 H spectra were acquired at a spinning rate of 30 kHz. One-dimensional 1 H experiments were acquired using a DEPTH [95][96][97] pulse sequence, consisting of a π/2 pulse of 2.5 µs length followed by two π pulses by which probe background signals are suppressed. To ensure a quantitative analysis, a pre-scan delay of five times the 1 H longitudinal relaxation time (T1) was applied. Spectral deconvolution was carried out using DMFit. 98 For 1 H DQ-MAS NMR experiments, back-to-back (BABA) recoupling sequence 99 was chosen for excitation and reconversion of double quantum coherence. Experiments were recorded in 128 increments in the indirect dimension t1 with 32 scans each. π/2 pulses of 2.5 μs length were used and the pre-scan delay was set to 2 s. The 1 H chemical shift was referred to adamantane.

Results and Discussion

Surface OH groups calculated by DFT

We investigate the properties of bulk sites and of surface sites modeled at different cleavages of ZSM-5 cut in the (100), ( 010) and (101) orientations (Figure S1 in Supporting information). We chose to investigate the sites of (010) and (101) orientations that are located on the most stable surfaces found under typical conditions of temperature and water pressure (cleavage 2 and cleavage 6 respectively, see ref. 27 ). Conversely, all the stable surfaces appearing on the stability diagram in ref. 27 are considered for the (100) orientation (cleavages 1, 6 and 10).

In perfectly crystalline bulk models, only bridging Si-(OH)-Al groups are present. The nature of sites at the external surface can be different. We also found at the surface bridging groups Si-(OH)-Al. These surface Si-(OH)-Al groups are not all structurally equivalent, depending on the neighborhood of the oxygen linked to the Si and Al (first cationic coordination sphere, Figure 1-a). We show in the following that this may lead to subtle differences in the spectroscopic features of the corresponding Si-(OH)-Al groups. The neighbors may be: framework oxygen atom as in the bulk, hydroxyls linked to the aluminum or linked to the silicon atom of the bridging OH group.

We also found at the external surface water molecules adsorbed on aluminum with or without neighboring hydroxyl groups Al(H2O)(OH)n (n=0 to 2, Figure 1-b). 27 Aluminols and silanols appear in structures depicted in Figure 1-a-b. For n=0, the dehydration of Al(H2O) was shown to generate AlIII sites. 27 The latter are close to Si-OH groups. In the case of the surface of mordenite, Bucko et al. proposed that a Si-(OH)-Al bridge can close upon bonding between the Si-OH and the AlIII. 68 This generates a 2MR (Figure 1-f and Figure 2-a), where the aluminum is linked to one of its silicon second neighbor by two oxygen atoms, including one linked to a proton. Such a situation was also shown to take place in the case of the (101) surface of ZSM-5. 100 In the present work, we evaluated this possibility at three locations (see terminology in ref. 27 ): the Si59 site of the (100) surface cleavage 1, the Si87 site of the (100) surface cleavage 1 and the Si45 site of the (010) cleavage 2, and found that it corresponds to a reaction energy of 3.4 kJ/mol, 0.2 kJ/mol and -4.3 kJ/mol respectively. So, the two kinds of defects (AlIII versus 2MR) have very similar probability existence, in agreement with previous findings. 68,100 Several kinds of environments exist for the many silanols existing at the surface (Figure 1-c). They may be terminal, vicinal or geminal, or three on the same silicon. Those linked to Al atoms via Si-O-Al bridges (Figure 1-d with its external surface. A bulk and a surface cell (cleavage 1 of orientation (100)), following the terminology given in ref. 27 ) of ZSM-5 with one T5 (IZA terminology) aluminated site is taken and the monomers are put into the structure in different ways to explore the different possible interactions. Each monomer can form various kinds of interactions with the zeolite. The spectroscopic calculation included each possible case of interaction modeled. EFAl and EFSi can form a covalent bond with a silicon or an aluminum atom, and this covalent bond can go along with a protonation of the zeolite structure or not. Therefore, the formation of a covalent bond between the zeolite structure and a monomer gather 16 different possibilities, which are all included in this study. The second possible interaction with the zeolite structure is a physisorption of the monomers, which can also go along with a protonation of the zeolite structure or not. Consequently, there are also 16 different possibilities for the physisorption interaction which are also included in this study. 

Main characteristics of the two zeolite samples

The physical-chemical properties of the two zeolites samples after calcination are summarized in Table 1. Z-22-Big has a type I isotherm, characteristic of purely microporous materials. In contrast, the nitrogen physisorption isotherm of Z-25-Small is type IV characteristic of a micro-mesoporous material (Supporting Information S2). The highest total pore volume for the sample Z-25-Small is due to the presence of intercristaline mesopores generated by the stacking of small crystals as shown by SEM, but also to the presence of some intracristalline mesopores as can be seen on the TEM images (Figure 3-a to c). The Z-22-Big zeolite presents the characteristic coffin shape of the ZSM-5 crystals, with approximate dimensions: 2 x 1 x 0.4 µm (Figure 3-d). Starting from the crystal size obtained from the SEM images and considering that the crystals are very close in size, we can estimate their external surface area. 101 In our case considering the Z-25-Small as cubic crystals (40 x 40 x 40 nm) and the Z-22-Big as parallelipipedic crystals (2 x 1 x 0.4 µm), we obtain the corresponding external surface of 88 m².g -1 for Z-25-Small and 4 m².g -1 for Z-22-Big in good correlation with the values obtained from the nitrogen physisorption (46 and respectively 5 m².g -1 ), although crystal agglomeration may explain the deviation obtained for Z-25-Small. By comparing the Si/Al ratio obtained by XRF (global) and XPS (near surface) we can estimate if there is a variation in the crystal composition (center versus near surface). The values obtained are present in Table 1. Considering the measurement error, we can estimate that only for the sample Z-22-Big we have a small variation in the Si/Al molar ratio, the center of the crystal exhibiting a higher Si/Al ratio than the surface. 27 Al MAS NMR was performed on hydrated samples and shows that most aluminum species are tetrahedral, with negligible amount of octahedral species (Figure S2).

Infrared feature of surface groups

General features

Infrared spectroscopy has been used in order to determine the evolution of the nature and concentration of the different hydroxyl groups present on the surface of the zeolite crystals upon thermal activation. Spectra of both zeolite samples report the conventional OH features of aluminum containing MFI framework (Figure 4-a andb) whatever the thermal treatment applied (423 -673 K). Fourier self-deconvolution (FSD) of the interferograms has been done on IR spectra of Z-22-Big and Z-25-Small after thermal activation at 573 K, (Figure 5). FSD mathematical treatment applied on IR spectrum is close to the physical effect observed from NMR characterization of species with slow (solid) and fast (liquid state) relaxation times: the bandwidth of the contribution obtained after Fourier transformation decreases as function of the increase of the free induction decay. FSD treatment artificially enhances the exponential decay factor of the interferogram without the creation of an artificial IR component and consequently allows a "self-deconvolution" of the spectrum from the reduced bandwidth of each individual component. 102 The mathematical FSD treatment evidences the different spectral components present in the hydroxyl region, but it also corrects the baseline of the spectra due to scattering of the IR light on the zeolite crystals.

In Figure 5, the harmonic O-H stretching frequencies calculated by DFT are also reported. This spectral zone is well-known to be subjected to contributions due to anharmonicity. In the present work, they are not systematically estimated, assuming that they will not change the ranking between calculated frequencies. As we expect very low frequencies for hydrogen-bond donor groups, 29,69,72,[103][104] we focused our analysis on free and hydrogen-bond acceptor OH groups. 
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Contributions close to 3610 cm -1

At first, we observe a well resolved contribution located at 3610 cm -1 due to the presence of bridging OH groups. [31][32][33][34][35][36][37][38][39][40][41][42] In DFT, bulk and surface Si-(OH)-Al have a harmonic contribution centered at 3706 cm -1 in average (Figure 5-c). This means that the order of magnitude of the anharmonicity shift is close to 100 cm -1 for these groups, at the present level of theory. Bulk and surface bridging OH groups do appear in similar spectral zones. The calculated values depend on the level of theory used. In the present work, they are higher than previous estimations. 42,104 Notably, bridging OH groups belonging to 2MR are not expected to vibrate in a similar spectral zone as other kinds of Si-(OH)-Al groups according to DFT, so that their situation will be described later (section 4.3.3.4).

The difference between spectra recorded after activation of Z-22-Big at 423 and 673 K show only slight differences in intensity between the two samples in this spectral zone. Maxima at 3622 cm -1 and minima at 3600 cm -1 appear (less significant for Z-25-Small). Because of the presence of an isosbestic point at 3610 cm -1 (for all difference spectra obtained after subtraction of two consecutive spectra; not shown), we could discard the shift of the contribution at 3610 cm -1 to lower wavenumbers upon thermal treatment. Moreover, all spectra have been recorded at the same temperature, so that temperature effect on the band width due to vibrational inhomogeneity of the zeolite lattice framework can also be discarded. Thus, the observation of maxima and minima at 3622 and 3600 cm -1 instead of 3610 cm -1 suggests that below the intense component centered at 3610 cm -1 , at least two other contributions at 3600 and 3620 cm -1 exist, which are related to a similar surface bridging hydroxyl. This correlates well with our DFT results: except one group that resonates close to the average value, other calculations lead to two groups of frequencies, separated by about 35 cm -1 . From a structural point of view, the bridging hydroxyls vibrating below versus above average are very similar. The single classification resulting from our DFT calculations is that the signal appearing above average is dominated by bulk bridging OH groups that coexist with EFAls, whereas the one appearing below average corresponds to EFAls bulk bridging OH groups that are not coexisting with EFAls.

The two signals evolve upon temperature increase. The 3622 cm -1 contribution decreases as the temperature increases. Following DFT observations, it can likely be assigned to bridging OH groups perturbed by EFAls (although not interacting chemically), that are thus shown to migrate outside the porosity as the temperature increases. The 3600 cm -1 signal follows the opposite trend (Figure 4-b), supporting its DFT assignment to bridging OH groups that are not perturbed by EFAls, and which concentration increases as the mobility of EFAls increases.

Contributions between 3750 and 3720 cm -1

At higher wavenumbers, in the 3750 -3720 cm -1 range, IR spectra exhibit a contribution centered at 3743 cm -1 usually assigned to silanols. DFT results indicate a distribution of harmonic stretching frequencies of silanols (of all kinds) over the 3815-3740 Chapter 4.

cm -1 interval. This latter interval is too large (75 cm -1 ) to allow the assignment of the 3720 and 3743 cm -1 signals to the whole family of silanols considered in the computational study. Isolated Si-OH groups resonate at higher frequencies than hydrogen-bond acceptor silanols in average, according to our DFT calculations (Table 2). Isolated Silanol-Al also appear at slightly higher frequency than other kinds of isolated silanols. Notably, we only have one example of isolated Silanol-Al in this study, all others are hydrogen-bond acceptors. This difference between Silanol-Al and other kinds of silanols disappears when these groups are hydrogen-bond acceptors with neighboring silanols. When the hydrogen-bond donor is a Si-(OH)-Al or a Al-(H2O) species, silanols are calculated to be strongly red-shifted (3749 cm - 1 ), in agreement with results reported on a DFT model of Amorphous Silica-Alumina. 29 Thus, it is reasonable to assign the 3720 cm -1 contribution mainly to silanols and Silanol-Al that are hydrogen-bond acceptors with other silanols, whereas the 3743 cm -1 contribution is expected to correspond to isolated silanols, with a statistical majority of Si-OH different from Silanol-Al, the latter appearing with much lower intensity in this Si/Al range. Notably, the 3720 cm -1 resonance was previously assigned to internal silanols (in contrast with external silanols at 3743 cm -1 ), which is also likely, as internal silanols are expected to be more subjected to hydrogen bonds. 43 However, our work shows that this is not a sufficient assignment. Note also that Zecchina et al. anticipated that hydrogen-bond acceptors appear close to 3730 cm -1 on silicalite-1. 37 From our calculations, Silanol-Al that are hydrogen-bond acceptors with an Al-(H2O) are expected to appear at lower frequency (see section 3.3.4).

The difference between the spectra recorded after activation of the two samples at 423 and 673 K report a negative contribution at 3743 cm -1 , revealing an increase of Si-OH concentration upon temperature increase (Figure 4-a-b) that will be further discussed in section 3.3.8.

Table 2. Average vibrational frequency value and proton chemical shift for various kinds of silanols and Silanol-Al groups at the external surface as calculated by DFT.

Group

Data Isolated

H-bond acceptor with another silanol H-bond acceptor with Si-(OH)-Al or Al-(H2O)

Other kinds of Si-OH νOH (cm 

Contributions in the 3700 -3660 cm -1 range

In the interval 3690 -3660 cm -1 , between the Si-OH and Si-(OH)-Al stretching OH modes, fall the contributions that are, usually assigned to AlOH groups due to the presence of extraframework Al debris and/or Al partially attached to the framework. [105][106][107] Our DFT analysis refines and partially contradicts this assignment. Indeed, considering both Al-OH from the external surface and from monomeric EFAl (all μ1-OH), the vibration frequency is calculated to be higher than that of Si-OH. This is expected to correspond to the contribution discussed in section 3.3.5. We cannot exclude the presence of μ2 aluminols on polymeric EFAls (not simulated here) that could give rise to signals in the 3690 -3660 cm -1 interval, similar to what was found on γ-Al2O3 surface models. 73,108 Between silanols and bridging OH groups, DFT predicts that we have, by decreasing frequency order:

-Bridging OH groups belonging to 2MR cycles (Figure 2-a) silanols that are hydrogen-bond acceptors towards Al-(H2O) in particular (Table 2).

-Al-(H2O) species at the external surface, and belonging to EFAls at even lower frequency. Thus, this spectral zone is the signature of the external surface combined with that of EFAls.

Signal at 3780 cm -1

A weak contribution is observed at 3780 cm -1 especially evidenced for Z-22-Big after high temperature treatment. It was assigned in the past to OH species of very low acidity and is generally enhanced with severe steaming conditions of HZSM-5 (and HBEA) zeolite at the expense of the acidic bridging OH sites. [109][110] . From probe molecules (acid and base) interaction and looking at different spectral region (OH and T-O-T modes), Lavalley et al. proposed to assign this vibration to a basic hydroxy group on a tricoordinated Al atom partially attached to the framework. 111 Our DFT investigations suggest that this signal is due to Al-OH groups (μ1-OH type) at the external surface and at EFAls. Here again, in average, isolated Al-OH appear at slightly higher frequency than hydrogen-bond acceptors. For the latter, the frequency domain is expected to overlap with that of isolated silanols: it is thus likely that the 3780 cm -1 band is mainly due to isolated μ1 Al-OH. This could explain why this band is observed mainly for the Z-22-Big sample, although it exhibits the lower external surface area, but due to a weaker hydrogen-bond network due to flatter surfaces with respect to Z-25-Small.

Broad contribution between 3700 and 2800 cm -1

For both samples a very broad signal from 3700 to 2800 cm -1 centered close to 3490 +/-15 cm -1 is evidenced in the difference spectra. It is due to hydrogen-bond donor OH groups, and possibly to the removal of neutral adsorbed water species. This will be confirmed in the next section by the disappearance of the contribution of ʋ(OH…O)c mode. 

Combination modes and bending zone

At lower wavenumbers (Figure 4-(c)-(d)), a weak contribution located at 880 cm -1 is evidenced after evacuation at 423 K for Z-22-Big due to the presence of residual H2O neutral species. 112 This band does not occur on Z-25-Small, and may imply a stronger confinement of H2O molecules and hence of the bridging OH groups on Z-22-Big in agreement with the larger size of the crystals. Spectra of both samples at atmospheric pressure and temperature do not report this specific contribution. In the latter condition, zeolite micropores are full of water molecules (see intense δ(H2O) and ʋ(H2O) + δ(H2O) combination modes at ca. 1630 and 5274 cm -1 respectively), which lead to proton transfer with formation of H + (H2O)n species. The intensity of the band at 5274 cm -1 is about 4 times higher on Z-22-Big than on Z-25-Small in agreement with the larger microporous volume.

The occurrence of the contribution at 880 cm -1 due to γ(OH…O) mode is generally accompanied with ʋ(OH…O) mode at ca. 3696 cm -1 . 112 We may note however that the contribution at 3696 cm -1 is not very sharp for Z-22-Big after activation at 423 K in agreement with the low intensity of the band found at 880 cm -1 . Weak contributions at 4655 and 4565 cm -1 are also observed for both zeolites due to (ʋ + δ) mode combination of Si-(OH)-Al and Si-OH groups respectively. The component at 4655 cm -1 is more intense for Z-22-Big in agreement with the higher microporous volume and crystallinity, in line with the higher intensity of the 3612 cm -1 band on this sample with respect to Z-25-Small.

Quantitative analysis: impact of crystal size and of temperature

Considering the FSD spectra after activation at 573 K (Figure 5), quantitative comparison of both samples is easier due to the baseline correction. The main differences between the two samples concern the concentrations of Si-OH/Silanol-Al and Si-(OH)-Al species at 3743 and 3610 cm -1 . Concentrations (determined from the net intensity measured on the FSD spectra), of Si-OH/Silanol-Al is 3 times higher on Z-25-Small, while concentration of acidic bridging sites is 2 times higher on Z-22-Big. This is in full agreement with the smaller size of Z-25-Small, inducing a higher external surface over crystallite volume ratio, even if the ratio of external surface between Z-22-Big and Z-25-Small is higher than 3 (table 1), but the latter data suffers from large uncertainties.

From the difference spectra (Z-22-Big -Z-25-Small, FSD) it is seen that the intensity of the contribution located at 3663 cm -1 is almost the same for both samples. This was not expressed from the difference of conventional IR spectra, due to signal overlapping of the contribution with higher bandwidth.

After the FSD treatment, the Z-25-Small samples exhibit a more intense shoulder at 3720 cm -1 than Z-22-Big. This band characterizes external mainly silanols and Silanol-Al that are hydrogen-bond acceptors with other silanols (section 3.3.3). Thus, Z-25-Small provides more abundant environment promoting hydrogen bonds, in agreement with the defects seen from TEM (Figure 3-c) and less flat surfaces with respect to Z-22-Big.

On the difference FSD spectrum, two contributions are evidenced at 3780 and 3300 cm - 1 due to a higher concentration of these species on Z-22-Big. The former could be interpreted by the fact that isolated μ1-Al-OH are more numerous on the flatter surfaces of Z-22-Big. While the latter could be due to the presence of residual H2O neutral species, in agreement with the remaining contribution located at 880 cm -1 at 573 K for Z-22-Big (Figure 4-d).

Peak intensities of the different resonances observed in the FSD-IR spectra have been followed as function of an increase of the activation temperature, 423 -673 K (Figure 6). The spectra are reported in Figure S4. The evolution of the band at 880 cm -1 has been obtained from the IR spectra reported in Figure 4. The concentration of bridging OH groups (3610 cm - 1 ) appears to be preserved upon the temperature increase up to 673 K, in line with the literature, 32 also a redistribution between the 3622 and 3600 cm -1 resonances was mentioned in section 3.3.1 and explained by the thermally activated migration of EFAls from the structure. An enhancement of the band located at 3745 cm -1 due to isolated external silanols concentration is observed as function of the temperature increase for the two samples. From DFT calculations, this increase can be assigned to the water desorption from Al-(H2O) sites, 27 that affects the hydrogen-bond network and converts hydrogen-bond donor and acceptor silanols into isolated silanols. For small crystals, Z-25-Small, we also observe a small depletion of hydrogen-bond acceptor silanols (3722 cm -1 ), and a more significant depletion of the 3450 cm -1 band corresponding to hydrogen-bond donor OH groups. The fact that this is not observed on the Z-22-Big sample could be explained by the lower intensity of these signals (by a factor of more than two), making these less detectable.

The intensity of the contribution at 3663 cm -1 decreases as a function of temperature for both samples. From DFT (section 3.3.4), it can be assigned to Al-(H2O) species, Silanol-Al that are hydrogen-bond acceptors towards Al-(H2O), 2MR bridging hydroxyls, and possibly μ2-OH from EFAls. The desorption of water from Al-(H2O) is expected to induce the depletion of the two formers, but the appearance of 2MR sites on some of the Al atoms left dehydrated. The fact that two sites are lost for a third being gained, is consistent with the decrease of the intensity of this band as the temperature increases. Notably, the intensity of the 3660 cm -1 band is quite similar for both samples (only slightly higher for Z-25-Small), whereas it is expected to be due at least in part to external surface species. This could be due to the lower surface Si/Al ratio of Z-22-Big, as shown by XPS (Table 1), at the origin of more numerous surface Al on big particles, counterbalancing (for this specific kind of sites) the effect of the lower external surface area.

For Z-22-Big, even if the concentration is low, IR spectra obtained show that the contribution at 3780 cm -1 progressively increases as a function of the temperature. According to our DFT assignment, this reveals an increase of isolated μ1-Al-OH (section 3.3.5) concentration upon temperature increase, again consistently with the depletion of the hydrogen-bond network. This band is hardly detected for the Z-25-Small sample. As argued in section 3.3.5, this may be explained by a denser hydrogen-bond network on this sample. Thus, our experimental observations and DFT assignments appear to be fully consistent and make us able to explain the main spectral evolutions as a function of particle size and activation temperature. The lack of knowledge of extinction coefficients for the huge variety of groups, and the overlap between spectral zones characteristic of external surface sites invoked in our assignment, however, motivates the comparison of FTIR with 1 H NMR.

1 H NMR feature of surface groups

General feature

Figure 7 shows the 1 H MAS NMR spectra obtained for Z-22-Big and Z-25-Small after activation at 573 K, together with the chemical shifts calculated by DFT. Being recorded at a high magnetic field of 18.8 T (800 MHz 1 H resonance frequency), the spectra are highly resolved with respect to usual observations. Similarly to infrared, calculated chemical shifts are reported for protons which are not hydrogen bond donors. The latter exhibit very high shifts that are correlated with the hydrogen-bond length (Figure S4), in line with previous observations for other hydroxylated oxides. [70][71]75 However, the chemical shift of protons belonging to hydrogen bond acceptor hydroxyls are taken into account, as well as that of isolated OH groups. As for the DFT IR results, the calculated chemical shifts are separated in several families: average data for each family are given in Tables 2 and3. Additional data for silanols are gathered in Supporting Information S4 (Figure S5 and Table S1).

Decomposition of the spectra are shown in Figure S6. Main lines are observed close to 4.1, 2.6, 1.9 (2.1 and 1.8 ppm for Z-25-Small) and 1.3 ppm, plus a broad contribution centered around 5.1 ppm. The following parts are devoted to the assignment of each of these lines thanks to our DFT calculations. Table 3. 1 H NMR DFT calculated chemical shifts by family and sub-families, of isolated and hydrogen-bond acceptor hydroxyls. The terminology corresponds to Figure 1. When necessary for the definition of the hydrogen-bond network, a refined structure is presented, the 1 H under consideration being depicted with colors. Data corresponding to silanols and silanol-Al are given in Table 2.

Signal close to 4 ppm

Signals ranging from 3.8 to 4 ppm are usually attributed to bridging Si-(OH)-Al groups, which our DFT calculations confirm. Indeed, for bulk bridging OH group, the calculated 1 H chemical shift has an average value of 4.25 ppm. Bridging OH groups at the external surface of the zeolite exhibit a chemical shift average of 4.20 ppm. If second neighbors of the surface bridging OH groups are framework oxygen atom as in the bulk, their average chemical shift is 4.12 ppm. Hydroxyls groups can replace structural oxygen of ZSM-5 and be bounded to the aluminum of the bridging OH group, for an average chemical shift of 3.98 ppm, or to the silicon atom, for an average chemical shift of 4.30 ppm. All these values are rather close whereas the experimental signal is large: from 1D 1 H MAS NMR, it does not seem easy to distinguish these various groups, as attested by the easy fitting of this part of the experimental spectra (Figure S5) by a single line.

Notably, bridging OH groups from 2MR sites are expected to appear at 4.55 ppm, thus in the upper chemical shift part of the bridging OH group family. This is different from FTIR, for which the 2MR signal is clearly differentiated from that of other bridging OH groups, and appears between the frequency of silanols and bridging groups. The trend in NMR is opposite, as 2MR sites are less shielded that other bridging and all silanols (see next sections).

However, DFT results suggest that Si-(OH)-Al groups are not the single species that resonate in this chemical shift range: water molecules belonging to Al(OH)n(H2O) species, either from EFAl, either exposed at the zeolite outermost surface, also contribute (Figure 7-b andc). Those exhibiting the chemical shift closer to 4 ppm are isolated water molecules (no hydrogen-bond with the neighborhood), with an average chemical shift of 3.76 ppm for n=0 at the external surface, and of 3.88 ppm in EFAls. Thus, contrary to previous thoughts, the signal close to 4 ppm is not due to bridging OH groups only, and likely holds part of the signal of Al-(H2O) species on EFAls and at the external surface.

Signal close to 2.6 ppm

Peaks centering at 2.6 ppm are usually assigned to different types of AlOH groups associated with extra-framework species. 50,[59][60] The DFT calculated chemical shifts that are the closer to this value are due to (i) water molecules belonging to Al(OH)n(H2O) species, either from EFAl, either exposed at the zeolite outermost surface, when one of the protons is hydrogen-bond donor, and (ii) hydrogen-bond acceptor silanols, either Silanol-Al or all other types, (iii) μ2-Al-OH, obtained when EFAl monomers bind covalently to surface Al atoms belonging to the zeolite outermost surface.

Regarding Al(OH)n(H2O) species at the external surface, for the water molecule, an average in chemical shift at 3.31 ppm (n=0), 3.07 ppm (n=1), and 3.37 ppm (n=2) is observed for the non-hydrogen-bonded H, when the second is hydrogen-bond donor (Table 3). Thus, when the second hydrogen is donor the signal is shifted by -0.4 to -0.5 ppm with respect to isolated Al-(H2O) water molecules. The signals of protons of H2O adsorbed on alumina monomers (EFAl) were also modeled in similar configurations. The average of chemical shift signals are very similar to the surface Al(OH)n(H2O) surface species, with an average chemical shift of 3.34 ppm. The average values are higher than 2.7 ppm, but a significant proportion of the simulated sites give rise to signals lower than 3 ppm.

From Tables 2 andS1, it appears that the chemical shift of the surface Si-OH groups are not differentiated by the number of neighboring silanols but mainly by their isolated versus hydrogen bond acceptor nature. For the latter, the Silanol-Al nature does not impact much. A chemical shift average of 2.48 ppm is calculated, close to the experimental value of 2.6 ppm discussed here. Inside the hydrogen-bond acceptor Silanol-Al family, a rather clear ranking is observed as a function of the nature of the group that is hydrogen-bond donor. When this donor is a close Si-(OH)-Al or Al-(H2O), the Silanol-Al is characterized by a higher chemical shift (3.03 ppm) than when the donor is another silanol (2.29 ppm, which could rather correspond to the 2.2 ppm signal discussed in section 3.4.4). Isolated silanols (of Silanol-Al nature or other) appear at lower chemical shift, and do not contribute to the presently discussed spectral zone, but to the one discussed letter in section 3.4.4.

While simulating the interaction of mononuclear EFAl with the external surface, in some configurations, covalent Al-O bonds were formed that result in the formation of μ2-Al-OH (in other terms, Al-(OH)-Al, as illustrated in Figure 2-c. Our DFT calculations show that they should appear between 1 and 3 ppm. Notably, on alumina surface and edge models, the same 1-3 ppm spectral zone was assigned to μ1 and μ2 OH groups, all linked to aluminum Chapter 4. atoms only. 70 Should polynuclear EFAl species be present, they may also participate to the signal close to 2.7 ppm, possibly also to lower chemical shift signals (see section 3.4.4). Thus, our DFT investigation expands and refines the empirical assignment of this spectral region, usually considered coming from EFAl Al-OH only, by showing that it comes from Al-(H2O) groups from EFAls and from external surface sites, as well as from hydrogenbond acceptor silanols, plus μ1-OH and μ2-OH groups from EFAls. This assignment is far less trivial than what is usually considered.

Signals below 2.5 ppm

Several resonances within 1.3 and 2.1 ppm are observed experimentally (Figure 7-a) : peaks between 1.8 and 2.1 ppm are usually considered to arise from non-bridging SiOH groups, while minor peaks below 1.5 ppm have been attributed to Al-OH species. 113 According to our DFT calculations and by decreasing order of average chemical shift (Tables 2 and3), the species likely to contribute is this zone are (Figure 7-b),: (i) some hydrogenbond acceptor Silanol-Al (when the donor is another silanol, 2.3 ppm), (ii) isolated silanols and Silanol-Al (1.96-1.63 ppm), (iii) hydrogen-bond acceptor μ1/ μ2-Al-OH from EFAls (1.02-1.36 ppm). (i) and (ii) are likely assigned to the experimental 2.2 ppm contribution, whereas (iii) better fits with the 1.3 ppm signal. Indeed, the free silanol groups exhibit a chemical shift average of 1.95 ppm. The chemical shift of isolated OH groups of EFSi adsorbed on the surface, Si(OH)4, are similar with an average of 1.92 ppm for free hydroxyl groups. Isolated Si-OH appear at higher chemical shifts with respect to Silanol-Al (1.96 versus 1.63 ppm)). A clear ranking thus appears between Si-OH and Silanol-Al when these groups are isolated, which disappears (all features being mixed) when these groups are hydrogen-bond acceptors (section 3.4.3). This is very similar to observations made from infrared spectroscopy (section 3.3.3.).

Moreover, a difference is found between the signal of free versus hydrogen bond acceptor μ1-Al-OH groups. At the external surface, hydrogen-bond acceptor OH from Al(OH)2H2O species have an average chemical shift of 1.02 ppm. A signal at 1.24 ppm is found for hydroxyl groups neighboring a bridging group, HO-Al-(OH)-Si. For similar free Al-OH the signal is shifted to an average of 0.93 ppm. The calculated chemical shift of hydroxyl groups of EFAls exhibits similar trends, with average chemical shift of 1.36 and 0.43 ppm for hydrogen-bond donor and free Al-OH respectively. One isolated μ2-Al-OH from an EFAl connected to a surface Al atom appears at 1.34 ppm. Notably, we do not experimentally observe intense resonances lower that 1 ppm, assigned to isolated μ1-Al-OH groups (from the external surface, from monomeric EFAls, but also from alumina edges 70 ), which suggests that such configurations are not abundant on the investigated samples. 

Broad signal at higher chemical shifts

The broad signal observed at higher than 5 ppm are reported to correspond to strongly adsorbed residual water molecules. 54,59,61 According to our calculations, they shall also correspond to the a wide family of hydrogen-bond donor groups.

Decomposition of the spectra, analysis of crystal size effects

The absolute and relative integrated peaks areas were obtained from spectral deconvolution (Figures S6 andS7). After treatment at 573 K, the integration of Z-25-Small leads to a smaller amount of protons with respect to Z-22-Big (10527 a.u./gzeolite for Z-25-Small versus 12658 in a.u./gzeolite for Z-22-Big). This is compatible with the ability of water molecules to desorb from Al-(H2O) upon thermal treatment, at variance with Si-(OH)-Al groups that are thermally stable. Al-(H2O) is indeed expected to be more abundant on the Z-25-Small sample due to its smaller particle size. Another explanation of the lower amount of integrated protons for Z-25-Small could also be the more important hydrogen-bond network (as also suggested by infrared, section 3.3.5.) leading to a more intense contribution of hydrogen-bond donors that may be merged with the contribution of the probe background.

With increasing crystal size, the intensity of the 1.9 ppm signal decreases from 31% of the total 1 H signal to 6%, which is coherent with a higher external surface area developed by Z-25-Small, as this signal is expected to be mainly due to external silanols. On the contrary, a higher proportion of the signal at about 4 ppm is observed for Z-22-Big (43% versus 25% for Z-25-Small). The ratio of the absolute number of these protons in each zeolite indicates that there are around twice more numerous in Z-22-Big (5467 a.u./gzeolite) as in Z-25-Small (2604 a.u./gzeolite) in agreement with IR results. This suggests that many aluminum atoms in Z-25-Small, possibly located at the outermost surface, do not form Si-(OH)-Al sites (important contributors to the 4 ppm signal), but rather AlOH groups, Al(H2O) species and Silanol-Al, as shown by the predominance of the 1-3 ppm signals for this sample.

2D NMR: assessing proximities

Two-dimensional 1 H DQ-MAS NMR spectra can provide direct information about proximities of different hydroxyl groups in zeolites (Figure 8). This technique allows one to identify dipolar interactions of two protons close in space at a maximum distance of a few Ångström. 65 Double Quantum frequency (DQ) in the indirect dimension corresponds to the sum of the two Single Quantum (SQ) frequencies in the direct dimension. Autocorrelation peaks appear as a single peak along the diagonal (2δA, δA), which correspond to dipolar coupling between equivalent protons (same chemical shift). Correlations between two different protons with different chemical shifts give rise to two off-diagonal peaks (δA + δB, δA) and (δA + δB, δB). 64 In the following, we discuss the correlation peaks observed experimentally on the basis of the DFT assignments. Notably, the distance between protons on a model containing two H per cell only has a minor impact on their chemical shifts (Figure S8) which makes it possible to assess proximities even if our models correspond to an effective Si/Al ratio of 96. these groups. Basically, on the (101) surface model, isolated silanols are separated by less than 4 Å from other isolated or hydrogen-bond acceptor silanols.

Another autocorrelation peak appears at 2.6 ppm (SQ) (5.2 ppm in DQ), which can be ascribed to Al-(H2O) with one donor H (outermost surface and EFAl), most hydrogen-bond acceptor silanols (outermost surface and EFSi) and μ2-Al-OH (EFAl). Proximity of free protons Al-(H2O) between themselves when one proton is donor would require the proximity of two Al-(H2O) groups (two aluminum), which is not likely, due to the rather high Si/Al ratio. But the proximity of Al-(H2O) and H-bond acceptor Silanol-Al is highly likely in the configuration suggested in Figure 9. Notably, this configuration was shown to lead to particularly low O-H frequency in IR for the hydrogen-bond acceptor Silanol-Al (section 3.3.4). Also, several groups from EFAl are expected at 2.6 ppm, justifying per se the existence of the autocorrelation peak. Another indication from this autocorrelation peak is the possible proximity of EFAl with silanols and/or surface Al-(H2O), which some of our DFT models also confirm.

A third peak at 3.8 ppm (SQ) (7.6 ppm in DQ) is present. This chemical shift is somewhat lower than the 4.1 ppm peak observed in 1D 1 H NMR, assigned thanks to DFT to bridging Si-(OH)-Al and isolated Al-(H2O). In average (Table 3), isolated Al-(H2O) species are predicted at lower chemical shift (close to 3.8 ppm) with respect to bridging OH groups (close or above 4 ppm). Thus, the autocorrelation peak can be assigned, thanks to DFT, mostly to isolated Al-(H2O) species only, which is logical since each Al-(H2O) species contains two very proximate (about 1.6 Å) protons that correlate one with the other. 2D 1 H NMR is thus a powerful tool to evidence a species (isolated Al-(H2O)) within a group of sites (isolated Al-(H2O) plus bridging OH groups), whereas it was not possible in that case from 1D 1 H NMR.

Only one cross-correlation between different types of OH groups is observed at 2.3 ppm (SQ) / 3.8 ppm (SQ) (5.5. ppm in DQ). As already discussed, 3.8 ppm corresponds to isolated Al-(H2O) species. The 2.3 ppm signal in 2D corresponds to part of the 2.7 ppm signal in 1D. The latter was assigned to Al-(H2O) with one donor H, most hydrogen-bond acceptor silanols and μ2-Al-OH. The lowest part of it is expected from DFT to correspond to hydrogen-bond acceptor silanols and μ2-Al-OH. A proximity of Al-(H2O) and μ2-Al-OH is observed in practice in our models of EFAls connected to surface Al atoms (example in Figure 2-c), although on our models the corresponding Al-(H2O) species are hydrogen-bond donor. Another proximity between isolated Al-(H2O) and hydrogen-bond acceptor silanols is observed (depicted in Figure 9), that is also compatible with the observation of this crosscorrelation. The projection shown in Figure S8 in the supporting information suggests, however, that the correlation pattern is rather broad: some Al-(H2O) are close to bridging OH groups, and to silanol groups as a whole, although no well-defined cross-correlation is observed.

For Z-22-Big (Figure 8-b), one difference is the absence of a clear 2.3 ppm (SQ) / 3.8 ppm (SQ) cross-correlation. This could be explained by the very low amount of Al-(H2O) species on that sample, due to its low external surface area. An autocorrelation peak at 4.1 ppm appears, whereas it was at 3.8 ppm for Z-25-Small: this suggests first that Al-(H2O) are in strong minority with respect to bridging OH groups (stronger than on the Z-25-Small sample, due to its lower external surface area), in agreement with the 1D 1 H MAS NMR spectra. Second, this indicates that some of the bridging OH groups are close one to the other, or close to Al-(H2O) species.

Notably, in many cases proximities between hydrogen-bond donor hydroxyls and other groups shall be seen, but their observation is not straightforward due to the width of the high chemical shifts signals of the former. Also, 2MR sites (expected at 4.55 ppm) do not show any proximity with other protons, or are too diluted to make this observation feasible. In the end, 2D 1 H MAS NMR appears to be a very insightful technique highly complementary to 1D 1 H MAS NMR when assigned in the light of DFT calculations, first to reveal sub-families of peaks within composite signals, then to analyze proximities. Thanks to DFT, autocorrelation peaks can also be assigned to correlations between several types of hydroxyl groups that appear at the same chemical shift. The spectroscopic expression of the external surface appears much more clearly thanks to our analysis, as well as the respective positions of the various surface sites, with particle size-dependent picture of the species in presence.

Notably, infrared and 1 H MAS NMR provide consistent but complementary insights. Figure S11 reports the evolution of the computed 1 H NMR chemical shift with the calculated O-H vibration frequency, for all the hydroxyl groups that have been investigated by both techniques. If a trend appears, it is rather approximate, showing that subtle structural effects play a different role from one technique to another. Combining the two techniques is thus a way to detect differences between samples that cannot be seen with one technique only.

Conclusion

The nature and spectroscopic expression of external surface sites of zeolites is a longdebated question, in particular for ZSM-5, one of the most popular zeolites, both from fundamental and industrial point of views. In the present work, we combine three cuttingedge complementary experimental and computational techniques (FTIR with Fourier selfdeconvolution, 1 H MAS NMR at 800 MHz -DEPTH and DQ-BABA, periodic DFT calculations of spectroscopic feature on up-to-date external surface models), analyzing the effect of crystallite size, so as to provide a description of the various kinds hydroxyl groups and of their proximities, with an unequaled level of detail. The effect of extra-framework is also discussed.

Computational and experimental observations appear to be fully consistent, leading to a refined assignment of the spectra. The complexity of the latter is revealed, at variance with oversimplified previous assignments. Behind a single line, very often several kinds of hydroxyls are hidden. FTIR and 1 H MAS NMR appear to be strongly complementary in that respect. Even if the hydrogen-bond donor, acceptor or isolated nature of the hydroxyls is key for both spectroscopies, the peak distribution is not the same from one technique to the other when the chemical nature of the hydroxyl changes. Bridging Si-(OH)-Al groups and Al-(H2O) lead to overlapping signals in 1D 1 H MAS NMR (but deciphered thanks to 2D 1 H MAS NMR), whereas their resonances are strongly different in IR. Bridging OH groups belonging to 2MR sites appear in the same line as other bridging OH groups in NMR, whereas they exhibit a higher frequency in infrared. Thus, qualifying the hydroxyl groups is somewhat easier in infrared, whereas quantification and proximity assessment are obtained thanks to 1 H NMR only.

On the basis of our DFT calculations, assignments are revisited with respect to previously published spectroscopic data. Whereas we confirm previous proposals with regard to silanols and Si-(OH)-Al bridging OH groups, we observe that other signals (between 3750 and 3600 cm -1 , and between 1 and 4 ppm) are not only assigned to extra-framework species (which we confirm with dedicated models), but also enclose the signature of several types of sites exposed at the external surface of ZSM-5. In particular, Al-(H2O) species (~3665 cm -1 , 3.8, 2.6 ppm) and Silanol-Al (~3740, 3720, 3665 cm -1 , 2.6, 2.2 ppm) contribute to several signals depending on their environment. μ1-Al-OH are also present at the external surface in low amount, with a 3780 cm -1 signal in IR, and weak signals in the 0-2 ppm interval in 1 H NMR.

This work provides a refined analysis of the external surface of ZSM-5, paving the way for the analysis of any zeolite and aluminosilicate, and opening the door to the investigation of structure-activity-reactivity relationships for the many hydroxyls groups present on such systems.

Chapter 4.

Chapter 5. Interaction of the acid sites with probe molecules and simple models of binder components

The previous chapters focused on the study of the external surface of H-ZSM-5. Preliminary results about the possible interactions of these surfaces with pyridine, that behaves as an acid/base probe molecule, were presented in Chapter 3. In Chapter 4, preliminary results dealing with the interaction with alumina or silica monomers was given, as well as the NMR and IR signals they produce. In this chapter, these interactions are going to be studied in detail. The acidic characteristics of the aluminated site are therein studied with the adsorption of pyridine, and 2,6-ditertbutylpyridine (DTBPy) at the external surface and in the bulk of the H-ZSM-5. As the acidity of the aluminated sites is defined, then the interaction with other components present in the shaping step are presented. The calculations, dealing with the interaction with sodium (present in silica binders), provide some clarifications on the experimental data generated by Demaret et al. 1 Then the interaction of H-ZSM-5 surface and bulk with monomers of binders, Al(OH)3H2O and Si(OH)4, are studied in detail.

Acidity of the aluminated sites

The alumination of zeolites generates acid sites with various strengths. The strength of these various acid sites was quantified by simulating the adsorption energy of pyridine and 2,6-ditertbutylpyridine (DTBPy) on Lewis Acid Sites (LAS) and Brønsted Acid Sites (BAS) according to three binding modes: formation of a N-Al bond (in an anti-position with respect to the BAS, as an example of LAS), protonation of the probe molecules and formation of hydrogen bonds (at BAS) (Figure 1). The formation of an hydrogen bond as in Figure 1 c is observed only once for pyridine adsorption in all the calculation configurations sampled and is not the most stable adsorption mode of pyridine. The two molecules are probes for the acid sites but the DTBPy is considered to be selective to the acid sites of the external surface due to the tertbutyl groups, which make this substituted pyridine too large to enter the pores inside the ZSM-5 crystals. The difference of strength between the different acid sites is quantified by calculating the adsorption energy of the probe molecules presented in Equation 1.

∆ 𝑈 = 𝑈 _ -𝑈 -𝑈 Equation 1
where ∆ 𝑈 is the pyridine (or the 2,6-ditertbutylpyridine) adsorption energy, 𝑈 _ is the electronic free energy of the pyridine (or the 2,6-ditertbutylpyridine) adsorbed on the surface, 𝑈 is the electronic free energy of the surface and 𝑈 is the electronic free energy of the pyridine (or the 2,6-ditertbutylpyridine) in vacuum (in a cubic cell of 30 Å side length). All electronic energies are calculated with VASP.

Brønsted Acid Sites

Pyridine adsorption

The difference in strength between BAS can be determined firstly by the protonation of the pyridine. Only one adsorption configuration of pyridine was calculated with hydrogen bond (absence of proton transfer), it was observed on water adsorbed on aluminated site no. 59 of cleavage 1 of (100) orientation, see Chapter 3. It has an adsorption energy of -96 kJ mol -1 , which is weak as compared to the adsorptions with pyridine protonation on the same surface site of -150 kJ mol -1 . In comparison, the pyridine protonated but adsorbed on a silanol group neighboring this surface site (forming (OH)-Al-O-Si-(OH) surface group by cascade proton transfer 3 ) has an adsorption energy of -125 kJ mol -1 , which is even stronger than the adsorption with an hydrogen bond on the aluminated site.

The occurrence of protonation defines the most acidic Brønsted acid site. The most favorable positions of pyridine depend on the position of the aluminated sites. For a final position of pyridinium there are four possible initial positions of proton around the aluminum. The adsorption energy of pyridine is calculated against the most stable of these four positions. Pyridine molecule positions on BAS are explored around seventeen aluminum positions: in the bulk, and on three external surfaces cut along (100) (cleavage 1 and cleavage 6) and (010) (cleavage 2) orientations. Considering multiple aluminum positions should allow to highlight the most stable adsorption mode of pyridine between a stabilization in the bulk, in open micropore, at the outermost surface, or even on dehydrated aluminated surface sites. Figure 2 presents the most stable position of pyridine for each of these 17 aluminum positions, the adsorption energies are given in kJ mol -1 and separated into the dispersive part of the energy (orange, calculated with dDsC) and the non-dispersive part of the energy (grey, PBE component). To complete these information, the pyridine adsorption free energies are determined by evaluating the vibrational partition function of pyridine considered as an ideal gas, with the same method presented in Chapter 3. In Figure 2 the desorption temperature of pyridine is given in K for a partial pyridine pressure of 10 -4 bar. The associated values are given in Table 1 in section SI in the Supplementary Information of Chapter 5, together with more details about the name of the aluminated sites, the nature of the acid site before pyridine adsorption, the N-H bond length and the length of the H---O hydrogen bond.

The most favorable adsorption modes of pyridine have an adsorption energy below -200 kJ mol -1 . In these cases, pyridine is protonated, and pyridinium is positioned in the zeolite bulk or at the pore-mouth of the external surface on bridging external surface site Si-OH-Al or HO-Si-OH-Al presented at the bottom of Figure 2. These molecules exhibit a desorption temperature above 600 K. A second category of adsorption modes with intermediate strength with adsorption energies between -200 kJ mol -1 and -150 kJ mol -1 , corresponding to a desorption temperature between 500 and 600 K. They correspond to pyridinium adsorbed in a pore-mouth on bridging Al-OH-Si or on bridging Al-OH-Si-OH. There is no clear distinction between the adsorption on these two bridging sites. Furthermore, if the most stable proton position is Al-OH-Si-OH, the pyridinium can get closer to another neighboring bridging group Al-O-Si with no hydroxyl groups on the silicon, and vice versa. This means that the information of the original location of the proton on the framework may be lost after proton transfer to pyridine.

The pyridine adsorption is also tested around aluminated sites of the Al(OH)n(H2O) type at the external surface sites. One can observe that even if it is by far the most stable aluminated site, the most stable way to adsorb pyridine on these sites includes the transfer of the protonated pyridine to a bridging oxygen between the aluminum and a silicon of the zeolite instead of staying close to the deprotonated Al-OH hydroxyl group, as represented at the bottom of Figure 2. This adsorption mode is not competitive compared to the previous ones, with adsorption energies higher than -150 kJ mol -1 (lower in absolute value) and desorption temperatures below 500 K.

Similarly, pyridine is adsorbed on 2MR formed on dehydrated surface sites. These sites can be initially dehydrated Al(OH)nH2O surface sites resulting into an AlIV (as previously seen in Chapter 3), which are going to form a 2MR to adsorb pyridine as presented in bottom of Figure 2, in a similar way as what was observed for amorphous silica-alumina with Pseudo Bridging Silanols. 3,4 Or else, on some of these dehydrated site, 2MR form is already the most stable configuration and the pyridine deprotonate the 2MR to adsorb on one of its two oxygen atoms and form a similar adsorption mode. In both cases, if the pyridine adsorbs inside the zeolite structure as presented in Figure 2, it gives the best possible adsorption energies. Nevertheless, this adsorption mode is also in the last category (least favorable adsorption with respect to other sites). As it has been seen in Chapter 3 and showed again here, there are quite large variations in dispersive and the non-dispersive energy contributions, which makes that the stabilization of pyridine molecules has both van der Waals and electrostatic origins. It also confirms on other surfaces, like cleavage 6 cut along (100) orientation, or cleavage 2 cur along (010) orientation, that the confinement is a key factor in pyridine adsorption and that the adsorption of pyridine on Brønsted acid sites is most favorable inside the zeolitic network with respect to the external surface. To complete these data and to support the statements which are made, all the energies of local minima found around all the studied pyridine adsorbed close to aluminated surface sites are given in Figure 1 in section SI of the Supplementary Information of Chapter 5. This energetic analysis depends on the proton position around the aluminated sites.

Chapter 5.

Thus, in the end, we expect that with respect to pyridine as a probe molecule, larger crystal will exhibit higher Brønsted acidity with respect to small crystals for a given Si/Al ratio, as for the latter, the higher stability of Al(H2O) sites depletes the proton transfer ability with respect to more reactive bridging OH groups. 010) orientations (cleavage 2). Left: the pyridine adsorption value is decomposed into the dispersive (orange) and the non-dispersive (grey) parts of the energy in kJ mol -1 . Right: Desorption temperature in K calculated with thermodynamic characteristics of pyridine for a partial pyridine pressure Ppyr=10 -4 bar. Bottom: Schematic representation of pyridine position against its immediate surrounding and the nature of the initial aluminated surface site. 

2,6-ditertbutylpyridine adsorption

The 2,6-ditertbutylpyridine (DTBPy), in Figure 1 b), is also used as a probe experimentally for surface acid sites, 2,5,6 because it is considered that this molecule is too bulky to diffuse and adsorb in H-ZSM-5 pores. The molecule was modeled adsorbed in the bulk zeolite and at the external surface of zeolite. In the bulk, the T5 site is aluminated and 2,6-ditertbutylpyridine is adsorbed at the straight channel, at the sinusoidal channel, and at the intersection of straight and sinusoidal channels; the most stable adsorption mode corresponds to the intersection, and is shown in Figure 3 a). The proton is caught by the molecule (with a N-H covalent bond of 1.039 Å) while the molecule moves away because of the bulky tertbutyl groups leading to a hydrogen/oxygen distance of 1.961 Å. The total adsorption energy is equal to -217 kJ mol -1 , where the dispersive adsorption energy contributes -268 kJ mol -1 . It reveals that the adsorption of the DTBPy inside the zeolite network is essentially due to van der Waals interactions, while the electrostatics interactions hardly contribute to the adsorption of DTBPy inside the zeolite network. The dispersive adsorption energy is important enough to compensate the non-dispersive part of the energy to induce finally an important adsorption energy bellow -200 kJ mol -1 , which correspond to the best range of energy for pyridine. However, in this stable mode, the protonated probe molecule is located at the intersection of straight and sinusoidal pores. While trying to localize the protonated probe molecule either in the straight of sinusoidal channel, one can see (Table 1) that it is strongly destabilized with respect to the intersection. This suggests that huge diffusion limitations will be encountered for the access of the molecule to the most stable adsorption site. At the external surface of the zeolite the most stable DTBPy adsorption on aluminated site no. 59 on cleavage1 cut along (100) orientation, presented in Figure 3, has an adsorption energy equal to -148 kJ mol -1 , as specified in Table 1. This is much weaker than at the bulk intersection site. The dispersive part of the adsorption energy is equal to -135 kJ mol -1 , which reveals that the van der Waals interactions are mostly responsible of the adsorption of DTBPy while the electrostatic part is marginal. It also appears from the very long distance between the proton and the oxygen (3.075 Å).

Table 1. Adsorption energies of 2,6-ditertbutylpyridine at the external surface of H-ZSM-5 and in the bulk It can be concluded that the adsorption of the DTBPy is possible inside the zeolitic network of the H-ZSM-5. But seen the positive adsorption energies in the straight pores and sinusoidal pores which are positive, it can be concluded that the adsorption of DTBPy in the bulk must be limited by the diffusion inside the pores. Factually, the electronic part of the energy is shown not to be favorable to the adsorption of DTBPy on H-ZSM-5 in general so if the van der Waals interactions do not compensate its strength, like in straight of in sinusoidal pores, reaching the global minimum of adsorption can be very tough inside the pores. Finally, the fact that DTBPy is selective to the external surface is not driven by thermodynamics, but by diffusion limitations.

Lewis Acid Sites

Pyridine adsorption

The pyridine binding mode on Lewis acid sites corresponds to the formation of a N-Al bond as represented as an example the anti-approach with respect to the BAS in Figure 1 e. The approach can also be perpendicular against the BAS position. The most stable approach depends on the accessibility of the aluminum and the most stable position of the proton around aluminum. The possible structure surrounding these adsorption mode are represented at the bottom of Figure 4, they can be located in the bulk close to a bridging group Al-OH-Si or in the pore mouth at the external surface close to all the variety of Al-OH-Si, Al-OH-Si-OH, Si-OH-Al-OH, and Al(OH)nH2O (with n = 0 to 2) surface groups. The pyridine can also form a N-Al bond directly on dehydrated acid sites AlIV or AlIII which can be LAS. The pyridine position can be inside the zeolite structure at the pore mouth or outside at the outermost surface.

The adsorption of LAS on these sites are studied in the bulk, and on three different surfaces: cleavage 1 cut along (100) orientation, cleavage 6 cut along (100) orientation, and cleavage 2 cut along (010) orientation. The adsorption energies on LAS close to bridging groups in the bulk and at the external surface are weak as compared to other LAS, as shown on Top of Figure 4, their adsorption energy values are between -150 and -100 kJ mol -1 . The dispersive part of the energy can be important due to the confinement, but the non-dispersive part of the energy are higher than -65 kJ mol -1 which is also weak compared to the other LAS. Indeed, the non-dispersive part of adsorption energies on dehydrated surface site are more important with values lower than -81 kJ mol -1 . Except one case of adsorption on AlIII dehydrated on cleavage 2 cut along (010) orientation with a weak adsorption energy of -92 kJ mol -1 , their adsorption energies are between -180 and -260 kJ mol -1 . The dispersive part of their energies is small when the pyridine is localized outside the zeolite structure, smaller than -33 kJ mol -1 . While, when the pyridine is localized inside the zeolite structure this part of energy is around -80 kJ mol -1 . The strength of the LAS in the bulk and on the surface acid sites is not equivalent to BAS on the same sites except for Al(OH)nH2O groups, for which the adsorption energy of pyridine is equivalent on LAS and on BAS. The strongest adsorptions sites, which are comparable to the strongest BAS, are the dehydrated surface sites AlIII or AlIV. It can be concluded that acid sites in the bulk or bridging acid sites at the external surface act preferentially like BAS. It remains more uncertain for Al(OH)nH2O external surface sites, which have equivalent adsorption energies of pyridine, while acting like a BAS or like a LAS. But if the surface sites are dehydrated, the AlIII or AlIV are clearly acting like LAS instead of BAS. One can observe that the desorption temperatures presented in Figure 4 of these dehydrated LAS are around 600 K and the most strongly adsorbed pyridine molecules desorb at 750 K, which is higher than for the most stable BAS found.

2,6-ditertbutylpyridine adsorption

The DTBPy adsorption has also been tested on one LAS of the surface (no. 59 aluminated site of cleavage 1 cut along (100) orientation) and one LAS of the bulk of ZSM-5 (T5 aluminated in bulk). But most of the adsorption configurations are not stable. It is mostly due to the tertbutyl groups which are responsible of a high steric hindrance and which make the approach of the molecule to the aluminum site very difficult. Only two systems are found to be stable in our models: one surface site with an adsorption energy of -72 kJ mol -1 and one bulk site with an adsorption energy of -45 kJ mol -1 , which are shown in Figure S2 in section SI.2 of the Supplementary Information of Chapter 5. The adsorption energies of 2,6ditertbutylpyridine are weak compared to the pyridine adsorption energies. The difficulties to find a DTBPy adsorbed on a LAS make us think that the DTBPy is more specific to BAS of the external surface.

Vibrational analysis of Brønted and Lewis acid sites

The experimental analysis of BAS and LAS in the bulk and at the external surface can be studied with vibrational analysis as presented in Chapter 1 through the study of Akacem et al. in faujasite. 7 The analysis of 8a (1590-1614 cm -1 ), 8b (1581-1590 cm -1 ), 19a (1483-1486 cm -1 ), and 19b (1438-1455 cm -1 ) vibration modes' frequencies, which are the pyridine ring bending and stretching modes, give insight in the adsorption mode, which are represented by models of this simulation study. These modes are represented in Figure 29 and Figure 30 in section 1.3.1. in Chapter 1. Thus, the direct comparison of the calculated and experimental vibrational frequencies should give information on the presence of some of the proposed adsorption modes. The adsorption of pyridine on BAS induces changes for three of them: 8a (1600-1635 cm -1 ), 8b (1605-1625 cm -1 ), and 19b (1530-1550 cm -1 ). While the adsorption on LAS induce changes on two of them: 8a (1630-1640 cm -1 ), and 19b (1445-1465 cm -1 ).

In the following Table 2 and Table 3, the frequencies are given depending on the adsorption mode of pyridine which are described in the previous paragraphs. The given references are the frequencies associated to an isolated pyridine into vacuum calculated by VASP (in a cubic cell of 30 Å side length). The calculated frequencies of the modes are slightly under the reference data of the experiment. The vibrational analysis is made on pyridine adsorbed on BAS and LAS in bulk and at the external surface, only on bridging sites. It can be observed that for pyridine adsorbed on BAS, in bulk and at the external surface, the increase of frequencies for 8a, 8b, and 19b vibration modes are slightly overestimated by our calculation but are of the same order of magnitude. On the contrary, the adsorption on LAS induces a translation of the frequencies of 8a, and 19b vibration mode, but the translation for 8a is slightly underestimated. Similarly to Leydier et al., we observe that an inversion could be possible between 8a and 8b between the gas phase and the adsorbed phase. 3 Despite these small differences, it can be confirmed that the classical adsorption modes studied are confirmed by our analysis.

Table 2. Vibrational analysis of pyridine ring bending and stretching mode of pyridine adsorbed on Brønsted and Lewis acid sites in H-ZSM-5 bulk.

Table 3. Vibrational analysis of pyridine ring bending and stretching mode of pyridine adsorbed on Brønsted and Lewis acid sites on H-ZSM-5 external surface.

Comparison of calculated feature with respect to experiments from Demaret et al.

Experimentally, the adsorption of pyridine at the surface of H-ZSM-5 is observed and quantified thanks to the analysis of the 19a and 19b vibration modes. [8][9][10][11] The contribution of pyridine on BAS is highlighted with a peak around 1545 cm -1 (19b vibrational mode of pyridinium). The adsorption on LAS is revealed by a peak at 1450 cm -1 (19b vibrational mode of adsorbed pyridine). A peak at 1490 cm -1 is considered as the contribution of pyridine adsorption on both acid sites according to their 19a vibration modes. The physisorbed pyridine (hydrogen-bond mode, no proton transfer with acid site) have a frequency of 1440 cm -1 for the 19b vibrational mode. Pyridine adsorption on zeolites crystals have been experimentally recorded by C. Demaret in her PhD work. 1 The sample two samples (small and large crystal sizes) already investigated in Chapter 4 have been analyzed. Figure 5 represents the IR spectra of zeolite pre-treated at 300 °C for 10 hours and the contact with pyridine is made at ambient temperature. The zeolites undergo different pyridine desorption steps (150 °C for 2 hours, 200, 250, and 300 °C for 1 hour). The number of BAS and LAS have been calculated and are shown in Figure S3 and S4 in section SI.3. of the Supplementary Information of Chapter 5. At the first desorption step at 150 °C (423 K), obviously the physisorbed pyridine is eliminated from the surface of H-ZSM-5 crystals. But according to our theoretical results obtained in section 5.1.1. and 5.1.2. weak adsorption modes of BAS and LAS are also desorbed. Pyridine adsorbed on 2MR BAS, and some mild BAS on Al(OH)3(H2O) already desorb (Figure 2). Similarly, weak adsorption mode of pyridine on LAS have already desorbed notably LAS in bulk or on external surface bridging Si-(OH)-Al (Figure 4). Then pyridine desorbs gradually from LAS and BAS up to 300 °C (573 K) but some pyridine molecules are maintained at the zeolite surface, in agreement with our calculation results. Pyridine adsorbed on dehydrated Al-(H2O) external surface sites as LAS (Figure 4) and pyridine adsorbed on BAS of bridging Al-(OH)-Si groups in the bulk and at the external surface (Figure 2) are the only kind of adsorption maintained above 300 °C. Thus, our calculation gives an assignment to experimentally observed features in terms of nature and location of the probed acid sites. These assignments are reinforced upon comparison of the respective BAS and LAS concentrations estimated for the small and large crystals (Figures S2 andS3), that show a much higher concentration of BAS in large crystals, versus a higher amount of LAS on small crystals. These conclusions can be confirmed with the IR spectra detailed at higher frequencies describing the surface of H-ZSM-5, obtained experimentally in the same PhD work 1 and presented in Figure 6. As confirmed in Chapter 4 by our theoretical calculations, the contribution at 3609 cm -1 correspond to the O-H vibration of Al-(OH)-Si bridging surface site. All these sites are occupied by pyridine as soon as they are put in contact with it at ambient temperature as it is shown by the loss of the signal on Figure 6 a. These BAS are the strongest as it can be seen in Figure 6 b, where the contribution at 3609 cm -1 is not restored even at 300 °C. The large signal between 3000 and 3100 cm -1 (Figure 6-a) is experimentally attributed to the C-H vibration mode of pyridine 9 and its evolution is not followed according to the pyridine thermodesorption.

The signal between 3740 and 3720 cm -1 has been attributed to silanol surface groups (isolated at 3743 cm -1 and 3720 cm -1 to silanols and silanol-Al that are hydrogen-bond acceptors with neighboring silanols). This signal disappears at ambient temperature due to the physisorbed pyridine but reappears as soon as the temperature is increased, suggesting that these surface sites are not strong BAS.

The signal between 3700 and 3660 cm -1 has multiple attribution in Chapter 4: bridging OH groups belonging to 2MR cycles, silanols that are hydrogen-bond acceptor towards Al-(H2O), and Al-(H2O) species at the external surface. The contribution of these surface sites are more complicated to evaluate, experimentally due to the low signal, and theoretically due to the number of attribution. The pyridine adsorbed on 2MR and Al-(H2O) external surface groups desorb gradually between 25 and 300 °C. Besides the water molecules on Al-(H2O) external surface site desorb partially between this same range of temperature.

Sodium poisoning

Sodium cations were revealed to be poisoning the zeolite acid site. 12 The recent PhD work of C. Demaret suggests the migration of sodium from a silica binder to the zeolite by a Na + /H + exchange supposed to take place. 1 The acid properties of the catalyst decrease by 30% due to the presence of sodium. The impact of sodium on BAS is crucial. On the crystals used in her work, two possible scenarios for the sodium repartition in the ZSM-5 crystals are distinguished. Either the sodium will poison all the ZSM-5 crystal acid sites close to the surface on a limited thickness, or the entire crystal is homogeneously and partially poisoned by sodium to reduce the catalytic activity of 30%. A schematic representation of these two extreme scenarios is given in Figure 7. The first scenario was experimentally shown to be more realistic considering the impacts of sodium presence during catalytic reactions and the analysis of the acid properties of some ZSM-5 samples. Geometric models based on the respective impact of sodium on acidity and catalytic activity allowed to evaluate that the deepest sodium are situated between 1.5 and 9 nm under the surface depending on the samples. The explicit simulation of a large ZSM-5 crystal models would be too expensive (in computational costs) for DFT calculation. Later, reactive force field could be used to complete the following calculation. Thus, in the present study the exchange energy of sodium between some models of binder and the ZSM-5 bulk and external surface is evaluated. The reaction equation of sodium exchange between ZSM-5 and binder is written in Equation 2. The exchange energy is calculated by quantifying the energy of products and reactants of this reaction in separated simulations. If the result is positive the reaction is favorable to the reactant configurations, while a negative result indicate that the products configuration is the most favorable. The calculation between different binders configuration and ZSM-5 configuration allows to establish an order of preferential adsorption localization of the Na + .

𝐵𝑖𝑛𝑑𝑒𝑟 -𝑁𝑎 + 𝐻 -𝐴𝑙 -𝑍𝑆𝑀5 ⇌ 𝐵𝑖𝑛𝑑𝑒𝑟 -𝐻 + 𝑁𝑎 -𝐴𝑙 -𝑍𝑆𝑀5

Equation 2

with 𝐵𝑖𝑛𝑑𝑒𝑟 -𝐻 models of protonated binder and 𝐵𝑖𝑛𝑑𝑒𝑟 -𝑁𝑎 the models of same binders with one proton replaced with a Na + cation. Similarly, 𝐻 -𝐴𝑙 -𝑍𝑆𝑀5 represents H- The multiple configurations which are studied for the ZSM-5 models and the binders' model (different sodium positions) allow us to establish a statistic of the most stable thermodynamic adsorption of sodium. The consideration of only the most stable reactants and products give a thermodynamic order of stability.

The thermodynamic most stable configuration of binder with sodium are presented in Figure 8 a-c and the most stable configuration of aluminated surfaces with sodium are presented in Figure 9 a-c, and the corresponding energies are presented in Table 4. The calculations of the reaction of sodium exchange between all these configurations reveal that the sodium will preferably adsorb on the aluminated and hydroxylated silica, then on the aluminated site of the zeolite bulk as the order presented in Equation 3. The zeolite bulk is a better sodium absorber than the external surface of zeolite. And both are better than the pure hydroxylated silica. The detailed energy calculated for each result are given in section SII in the Supplementary Information of Chapter 5.

Table 4. Exchange energies in kJ mol -1 between zeolite and binder models as presented in Equation 2. For one cation adsorbed on a model various position are explored and the most stable of these positions are included in the calculations, the detailed energies and the other explored positions are presented in section SII in the Supplementary Information of Chapter 5. The sodium will migrate from pure silica or from alumina to components presenting aluminosilicic environment sites like our models of zeolites or aluminated silica. Our theoretical results can complete the experimental ones by highlighting that an alumina binder will not be more favorable to the sodium adsorption than the ZSM-5. The comparison between the models of ZSM-5 external surface and bulk reveals that the bulk is more attractive for the sodium cation. This conclusion is in accordance with C. Demaret experimental results of partial poisoning of the ZSM-5 crystals. But our models do not allow us to evaluate a depth limit for sodium adsorption: diffusion limitations of sodium, rather than thermodynamic preference, is likely to explain the fact that the whole zeolite crystals are not homogeneously poisoned. A ReaxFF model, taking into account the dynamics of the sodium migration from the binder to the zeolite, would be a good complement to find an agreement with the scenario 1 previously exposed.

The model of aluminated and hydroxylated silica is one of the most sodium stabilizing surface with ZSM-5 models. It completes this study by confirming that sodium cation is more attracted by surfaces exposing silicon and aluminum than by pure silica or pure alumina models.

Interaction with monomers representative of the binders

Binders, as zeolites, can be formally decomposed into monomers. It is likely that during the shaping (in the presence of water and at pH ≠ 7), such monomers can be found in the medium, and may interact with the zeolite's surface, or even can migrate in the porosity. A preliminary approach of the interface between the binders and the zeolite consists in the understanding of the interaction of the monomers of the binders with H-ZSM-5. The two monomers studied here are Al(OH)3(H2O) ("alumina monomer") and Si(OH)4 (silicic acid, "silica monomer") which are presented in Figure 10. The two monomers interact in various way with the ZSM-5 crystals. Van der Waals and hydrogen bonding may result in non-covalent interaction, or they may form covalent and hydrogen bonds (due to the numerous hydroxyls on these monomers). They may also transfer a proton from the zeolite framework. The interactions of these monomers are studied in the aluminated bulk of H-ZSM-5 and at the H-ZSM-5 external surface (aluminated or not). Different adsorption sites are investigated. In bulk, T5 site is aluminated, when at the external surface the site no. 59 is aluminated on cleavage 1 cut along the (100) orientation. In some cases, the monomers are adsorbed on non-aluminated site equivalent in position to the aluminated one, to get information about the role of aluminium is a similar environment. The adsorption energies are calculated using Equation 4:

Chapter 5. ∆ 𝑈 = 𝑈 _ -𝑈 -𝑈 Equation 4
where ∆ 𝑈 is the monomer adsorption energy, 𝑈 _ is the electronic free energy of the monomer adsorbed on the surface (bulk and external surface), 𝑈 is the electronic free energy of the surface (bulk and external surface) and 𝑈 is the electronic free energy of the monomer in vacuum (in a cubic cell of 30 Å side length). All electronic energies are calculated by VASP.

Monomer adsorption in bulk

The explored configurations are named with letters, adsorption A to F correspond to the adsorption of alumina monomers, adsorption G to K stand for the adsorption of silica monomer. The results obtained in the bulk are presented in Figure 11. The different configurations of monomers adsorption in the bulk are represented in Table 5. S3 in section SIII.1 of the Supplementary Information of Chapter 5. First it can be observed that for both silica and alumina monomers, the adsorption on or around silicon site in the bulk (represented in green and red in Figure 11) have weak adsorption energies compared to the adsorption on aluminated sites, higher than -90 kJ mol -1 and -110 kJ mol -1 respectively. Covalent bond formation between the monomers and the aluminated sites are better adsorption modes for both of them. For silica and alumina monomers the covalent bond formation modes lie around -110 kJ mol -1 , and between -170 and -100 kJ mol -1 respectively, but it can be observed that the proton transfer from the acid site to the alumina monomer in addition with the covalent bond has an adsorption energy around -200 kJ mol -1 . The covalent bond formation between monomers and external surface is clearly in favor of alumina monomers. Similarly, the adsorption of both monomers with hydrogen bonds is in favor of alumina monomer with an energy between -130 and -80 kJ mol -1 against around -80 kJ mol -1 for silica without proton transfer. One specific group of adsorption with hydrogen bond only (the adsorption takes places further from the hydroxyl group of the acid site but close to the aluminum see H & I configurations in Table 5) is observed for silica monomer between -150 and -140 kJ mol -1 , which is included in the energy interval of adsorption of silica monomer with hydrogen bond and proton transfer (between -160 and -120 kJ mol -1 ). The proton transfer stabilizes also the adsorption of alumina monomer with hydrogen bonding with energies between -240 and -150 kJ mol -1 . There is a clear gap induced by the proton transfer which is in favor of the adsorption of both kinds of monomers. However, the best adsorption mode remains for both monomers the formation of hydrogen bond near aluminated sites instead of covalent bonds with the same sites.

The most stable adsorption configurations of silica (adsorption energy -153 kJ mol -1 ) and alumina (adsorption energy -238 kJ mol -1 ) monomers in bulk of ZSM-5 are represented as H and C in Table 5, respectively. The silica monomer is stabilized by five hydrogen bonds while only three hydrogen bonds are observed for alumina monomer adsorption. It can be guessed that the alumina must induce a very good interaction with the aluminated site to induce this better adsorption energy.

Monomer adsorption on the external surface of H-ZSM-5

The same simulations are conducted on the aluminated external surface models of H-ZSM-5 and at the purely silicic external surfaces of ZSM-5. The possibilities of interactions are more numerous than in the bulk. A selection of adsorption energies (best mode for each family of sites and modes) is given in Figure 12, the detailed various adsorption on both surfaces are given and shown in section SIII.2. in Supplementary Information of Chapter 5. This analysis reveals that the strongest interactions for both monomers is again the hydrogen bonding with proton transfer on an aluminated surface site. The adsorption energy for the alumina monomer goes down to -250 kJ mol -1 and the lowest energy adsorption for silica monomer is -128 kJ mol -1 . On the non-aluminated external surface of ZSM-5, the adsorption of monomers is also most favorable with hydrogen bonding (-150 kJ mol -1 for alumina monomer and -100 kJ mol -1 for silica monomer). The presence of aluminum on the external surface enhances the adsorption of the binder monomers. The combination of all the results shows that the interaction of the zeolitic network is stronger with alumina monomers. The interaction of alumina may thus be stronger than the interaction with silica. The data show also that the alumina monomer is more attracted by the zone close to the aluminum of the zeolitic network than by silicon-rich zones. If the Si/Al ratio decrease, the number of aluminum atoms increase in the zeolite and the number interaction sites between zeolite and alumina type binder will increase.

A slight difference can be also highlighted by our study between the two monomers. The alumina monomers seem to be more attracted by the external surface aluminated sites whereas the silica monomers seem to prefer the bulk aluminated sites. But the differences in the adsorption energies are not high in both cases between surface and bulk (less than 20 kJ mol -1 ).

Referring to the Section 1.2. in Chapter 1 where the studies of Michels et al. are presented, 17,18 we can compare our theoretical models to their FT-IR spectra in Figure 22 of Chapter 1. They observed that with the shaping of ZSM-5 with silica, the signals attributed to Si-OH and the bridging Si-OH-Al almost disappear from the FT-IR spectra. So both kinds of sites are expected to vanish with silica. But for the interaction with attapulgite binder (clay composed of aluminum, silicon and magnesium cations) the spectra is mostly reduced for the bridging Si-OH-Al. It could be due to the strongest interaction of alumina monomer with aluminum of the zeolitic network compared to the silicon sites, in addition to the effect of the magnesium cations which are present in the mixture. 

Conclusion

The aluminated sites of H-ZSM-5 surfaces in bulk and at external surface are shown to play a crucial role in the interaction with molecules. Their acidity can be quantified with the study of pyridine adsorption. It was shown that depending on the temperature conditions, and so the hydration level of the surface, the acidity of the outermost surface of H-ZSM-5 changes. In general, the bulk is characterized by its Brønsted acidity, as well as the hydrated external surfaces which expose strong BAS with bridging groups Si-(OH)-Al and mild BAS with Al(OH)n(H2O) groups (for n= 0 to 2). While, on dehydrated external surfaces, due to the exposition aluminum atom with lower oxidation numbers (AlIII), the Lewis acidity is enhanced.

The calculation of sodium adsorption on surfaces of binders and aluminated surfaces (alumina, silica versus H-ZSM-5) showed a clear preference of sodium adsorption on aluminosilicic sites. The poisonous power of silica is highlighted in complement of experimental data. Combining the previous results about the key role of acid site, one can understand that it is crucial to avoid sodium in the mixture environment. The presence of sodium in the zeolite network would decrease its acidity.

Finally, our calculations reveal that the most favorable interaction between monomers and surfaces correspond mainly to the combination of hydrogen bonds and proton transfer; the monomers form hydrogen bonds with the acid site and some other atoms surrounding. The formation of covalent bond is less favorable for monomer adsorption. The covalent bond formation in bulk or at the external surface results into the deformation of the external surface site with atoms with higher valence (O, Si, or Al) or the break of a covalent bond. Dehydration of the external surfaces reduces the number of BAS while increasing the number of LAS. The interaction of monomers with LAS, resulting into covalent bonds, are less favorable and the interactions are weaker than interaction with BAS and with hydrogen bonds. The proton transfer, which is the favorite interaction, can induce changes in the zeolite acidity. Our calculations reveal that the silica and alumina monomers, used as binder models, are attracted by the aluminated site at the surface in the bulk and at the external surface. This could block all the acid sites which are the closest to the most external surface, which could itself result into decreasing accessibility to active acid site. Experimentally, the shaping of zeolite is made in a humid paste. It is complicated to evaluate the quantity of water in this mixture, but this study reveals that a controlled quantity of water could be essential to a good and strong interaction between zeolite and binder. However, the shaped zeolite/binder mixtures will undergo changes into their hydration levels during the multiple steps of the shaping (including thermal treatments), which can affect radically the interactions between zeolite and binder.

Introduction

The previous chapters have provided important information about the different surfaces of ZSM-5. The DFT calculations allowed studying the acidity thanks to adsorption of pyridine and ditertbutylpyridine probe molecules, and the interactions of these surfaces with small, individual species used as simplistic models of the binder, namely sodium, alumina and silica monomers. Knowledge of those interactions improves our understanding of the possible interactions of the ZSM-5 models with the binders' components. The interaction of zeolite bulk or zeolite external surface (cleavage 1 in (100) orientation) with alumina and silica monomers gave some preliminary insights (see Chapter 5) about the interactions that take place between zeolites and binders. However, more representative models are needed of both the zeolite and binder to take our comprehension to the next level. Consequently, three aspects need to be considered. Firstly, the presence of the water solvent. During the shaping the mixing of zeolite and binder occurs in water, forming a wet paste. However, the precise water quantity as a solvent is experimentally complicated to control. This will impact directly the water loading in the pores. Secondly, the use of one "simple" monomer does not necessarily represent well the binders. A first improvement would be the use of several alumina or silica monomers that interact with external zeolite surface model. Then a size increase of the binder model from a nanoparticle (an agglomerate of a dozen of monomers) to a small platelet (boehmite, γ-alumina, or amorphous silica) is to be envisaged. As a consequence of the larger binder models and the explicit addition of water, the zeolite external surface models need to be extended as well. So, the overall number of atoms increases rapidly by building such more representative models. However, larger binder models that better represent the experimental system are currently too expensive in terms of computational resources for DFT calculations. As previously said, empirical force field methods are much less demanding and could therefore offer a good alternative. Yet, the force field parameters of the reactive force field (ReaxFF) are empirical parameters and must be validated before production calculations can be performed. The ideal force field can be applied to all possible systems, but in reality, they are applicable to a given family of systems. There is currently no force field available that correctly describes both zeolite systems [1][2][3] and alumina systems. 4 Therefore, a new ReaxFF force field needs to be optimized to describe our systems. To that end, the starting point of this study is formed by three existing force fields that are each reoptimized against a training set, which contains our reference data. Among the reactive force field devoted to H-ZSM-5, a first parameter set was developed by Pitman et al. to study the dynamic character of water and calcium cations confined into mesoporous regions. 1 A second interesting parameter set was developed by Joshi et al. to study the adsorption and diffusion of water molecules and their protonation inside the zeolite channels. 2,5 A third parameter set was constructed by Bai et al. to simulate the Methanol to Olefins (MTO) reaction in MFI type zeolites. 3 These three parameter sets are detailed in section SI.1. in the Supporting Information of Chapter 6.

Methodology

Reactive force field

ReaxFF is a reactive force field that can model chemical reactions as it has been explained in section 2.4. in Chapter 2. It notably implies that during MD simulations bonds can be broken or formed on the fly. The description of interactions between atoms is a combination of bonding and non-bonding (electrostatic and Van der Waals) interactions making ReaxFF applicable to a large range of systems. 6 It is far from trivial to find the optimal parameters to describe a given system, because there are numerous parameters, creating a hyper dimensional surface where it is extremely difficult to find the global minimum. The latter corresponds to a set of parameters that describes best the data of a reference set (training set). It should, however, be noted that the optimized parameter set is not necessarily completely transferable and adjustments of the parameters may be needed even for systems of the same family.

Parameterization of ReaxFF

Originally, the initial method to optimize the parameters of a reactive force field is the successive one-parameter extrapolations (SOPPE), 7 but the numerical noises and the numerous local minima make SOPPE very laborious. 8 Many techniques were developed for ReaxFF parametrization or reparametrization: genetic algorithms GAs (good global optimization efficiency and automatized), 9 multi-objective evolutionary strategy, 10 a parallel local search algorithm, 11 Taguchi method-based optimization, 12 a Monte-Carlo FF (MCFF) optimizer, 13 and a covariance matrix adaptation evolutionary strategy (CMA-ES). 14 In the following study, the CMA-ES force field optimizer is used. Shchygol et al. 15 compared the GA optimizer to MCFF optimizer and to CMA-ES optimizer. The CMA-ES optimizer outperforms the MCFF optimizer at the same computational cost for a systematic comparison on three different training sets. Although CMA-ES is capable to find the most relevant reactive force field for three of these training sets, several runs are needed, due to the stochastic character within this algorithm. In the following work the CMA-ES optimizer is used as implemented in ADF2019. 16,17 CMA-ES is a stochastic algorithm for gradient-free numerical optimization of arbitrary functions. The detailed job file named cma-es.run is given in section SI.3. in the Supplementary Information of Chapter 6.

Two convergence criteria are used, and if one of them is reached, the optimization is stopped: MCFFIT and FFOTOL. The first defines the maximum number of iterations to reduce the total error. The second, is related to the step size and co-variance estimation. In our case, we applied the value of 10 -5 recommend by Shchygol et al. 15 and the ADF developpers. 17 MCFFIT (here: 50000) needs to be sufficiently large, to assure that a minimum value for the total error is reached. It is to be noted that in our case we used the actual force field parameter values as an initial starting point, and we did not use a random guess.

The mcrxdd setting defines the width of the initial normal distribution of the parameter space. Small values start with a relatively broad initial distribution such that the algorithm explores a large portion of the parameter space before converging. Here we used mcrxdd 25, to turn CMA-ES into a more local optimizer with higher values since we already have good starting guess of the next step.

Due to the stochastic character of this algorithm several runs are needed to increase the chance to find the most performing reactive force field. Here, typically 15 to 20 runs were performed.

For those structures in the training set, that require a geometry optimization, we apply a maximum gradient of 0.63 kcal mol -1 Å -1 or a maximum number of iterations of 25 as a convergence criterion. With a relatively small number of geometry iterations, more "CMA-ES iterations" can be performed for a given amount of CPU time, while the final total error is not negatively impacted (see section SI.3. in the Supplementary Information of Chapter 6).

Parameters optimized

Generally, only those force field parameters, which are responsible for not accurately reproducing the correct chemical reactivity are selected to be "active" and thus to be optimized, in our case by the CMA-ES algorithm. The Joshi force field, 3 is based on the original Si/Al/O/H force field by Joshi et al. 5 which in turn was trained against an extensive set of DFT data, including silicon/silicon oxide interfaces. To predict more accurately the strength of interaction and the potential energy surface between water molecules and the acidic protons of aluminosilicate models, a subset of parameters was refitted against DFT calculations. The Pitman et al. force field essentially is a based on previously published works: H/O/Si 18 and H/O/Al 19 and extended with parameters for Ca/O and Ca/H. 20 The H/O/Si parameters were extracted from previous work of Van Duin et al. 18,19,21 where these parameters were optimized to fit to silicon and silicon oxide systems with quantum chemical calculations of small silicon clusters, condensed silica systems included in the training set. The Al/O/H parameters were trained against various phases of Al, Al2O3, and Al-O-H clusters. Finally, the Ca/O and Ca/H parameters were trained against calcium-water clusters, calcium oxide bulk and surface properties, calcium hydroxide, bcc and fcc Ca, and proton transfer reactions in the presence of calcium.

The reactive force field of Bai et al. is also inspired from the work of van Duin 21 and a previous study including α-Al2O3 22 for the Si, O, Al, H, and C atoms. The parameters are Chapter 6.

extended to be representative of acidic zeolites. The goal of their work was to study the reactivity of these acid sites against MTO reaction. The previous studies extracted aluminum parameters from aluminum oxide, in their study they mostly changed parameters of aluminum to make them fit to their reactivity goals.

In the following, we will detail the training set and validation set that are used to optimize our reactive force filed, using as three different starting points namely the force fields of Pitman et al., Joshi et al. and Bai et al.

Training set

Our training set is composed of geometries, charges and reaction energies. All these components were calculated with DFT with PBE functional, a plane wave basis and a dispersion correction dDsC as presented in a previous work (Chapter 3). 23 In the training sets, and later in the validation sets, the selected data can be weighted to reinforce the importance of some of them. The weight 𝜎 of a data i is implemented in the calculation of the objective function, such that small 𝜎 values give a high importance to data i. In our training sets and validation sets the following weights are used: 0.1 for distances, charges and energies, and 5.0 for angles.

Two training sets are made and will be distinguished by Tr.1 (training set n°1) and Tr.2 (training set n°2) in the following paragraphs. Both training sets are composed of surface models of H-ZSM-5. The cleavage 1 along (100) orientation (see the presentation of the external surfaces of ZSM-5 in Chapter 3) with its silicon number 59 changed by an aluminum (equivalent to the closest T5 site to the surface in IZA numeration system) and a compensating proton models (four possible position of compensating proton on an oxygen neighboring the aluminum, named H1, H2, H3, and H4) are taken. Emphasis is given on the bonds and the angles describing the active sites (Al-O, Al-O-Si, Al-O-H). The geometries of the hydration (named H1Hydration) and dehydration (named H1Deshydration) of the previous site forming an Al-H2O (named H1) surface site are added (similar bonds and angles), and the energies of these hydration (-16.1 kJ mol -1 ) and dehydration (27.9 kJ mol -1 ) reactions are also included in the training sets.

Secondly, the training sets are composed of alumina structures so the force field can describe as well binder models. In particular, geometrical features of the alumina monomer Al(OH)3(H2O) have been added together with the partial Hirshfeld charges of all the atoms. Details are found in trainset.in input files detailed in section SI.5. of the Supplementary Information of Chapter 6. Additionally, the energy curve of the water molecule desorption of a small cluster Al(H2O)[Si(OH)3]3, shown on Figure 8, calculated by DFT is added to the training sets.

The (100) and (110) surface orientations of the γ-Al2O3 are added as well to both training sets, as they make part of the main surfaces exposed of γ-Al2O3. 24 The corresponding surface models were established by Digne et al. 25,26 and Wischert et al. 27 Each surface was studied at different hydration levels and some of them, θ (in OH nm -2 ) values of 4.3, and 12.9 for the (100) surface and 3.0, 8.9, and 14.8 for the (110) surface, were selected for our training Chapter 6.

sets. Details of their geometries are given geo input files in section SI.6. of the Supplementary Information of Chapter 6. The bulk cell of γ-Al2O3 is also included in the training set. 28 Lastly, γ-Al2O3 edge models are included, to build platelet for interface models. Edges models from Batista et al. are included in the training sets at different hydration levels. They are described by the number of water molecules adsorbed on the edge model and here are selected the models with 0, 3, and 6 water molecules adsorbed. 29 For all these alumina components many bonds and angles are implemented, details can be found in trainset.in in section SI.5. of the Supplementary Information of Chapter 6.

Both training sets also contain monomeric extra-framework species. These monomers were studied (Chapters 4-5, Al(OH)3H2O as alumina monomer and Si(OH)4 as silica monomer) in interaction with the bulk zeolite and with its external surface. A bulk and a surface cell (cleavage 1 of orientation (100) following the terminology given in ref. 23 ) of ZSM-5 with one T5 (IZA terminology) aluminated site is taken and the monomers are put into the structure in different ways to study the different possible interactions. Each monomer has various kinds of interactions with the zeolite. The training set is composed of bond and angles of the active sites of chosen models (details are found in section SI.5. in the Supplementary Information of Chapter 6). The chosen models include a) models interacting with the bulk; alumina monomer covalently bonded with the active site and proton transfer, alumina monomer covalently bonded with active sit, alumina monomer physisorbed at active site with proton transfer, alumina monomer physisorbed at active site, alumina monomer covalently bonded with a silicon of the zeolitic structure, alumina monomer physisorbed at the zeolite network, and silica monomer covalently bonded with the active site; b) models interacting with the active site at the external surface of zeolite; alumina monomer physisorbed with proton transfer, alumina monomer physisorbed, alumina monomer covalently bonded, a 2MR is formed between the monomer and the active site, alumina monomer covalently bonded on the dehydrated active site with or without protonation; c) models interacting with the silicon surface site at the external surface of zeolite; alumina monomer physisorbed in the zeolite network, alumina monomer physisorbed in the zeolite network on the dehydrated surface.

In Tr.2 additional emphasis (with respect to Tr.1) is given on the reproduction of water desorption from the zeolite external surface using desorption energy curves. Tr.2 is therefore extended by the different steps of hydration and dehydration of another surface's active site to strengthen the interaction of surface with water molecules. The site number 77 aluminated and forming an Al-H2O surface site from cleavage 6 along the (100) orientation is chosen, as it is the most stable in all the studied aluminated sites in Chapter 3. Several configurations are studied for each hydration and dehydration level and the most stable configuration are selected and shown in Figure S17 in the section SVII of the Supporting Information of Chapter 3. The most dehydrated surface exhibits 1.8 H2O nm -2 and the most hydrated one presented on the stability diagram possess 2.8 H2O nm -2 ; their geometries are added to Tr.2 and the hydration energies from the most hydrated external surface to the most dehydrated one are also added. 23 Then, this external surface site is hydrated to form an octahedral site as shown in Figure 1 a-b which possess 3.0 H2O nm -2 . The dehydration energy from 3.0 to 2.8 Tr.2 furthermore contains the desorption curve of water on the aluminated site number 121 on cleavage 2 of (010) orientation, shown in Figure 1c. The energy curve is calculated by DFT.

Validation set

The validation set is constructed to verify the predictive power of the generated reactive force fields.

Purely silicic surface are included in this set to give information about the ability of the reactive force field to reproduce the major external surfaces of H-ZSM-5, as studied in our previous work. 23 The two major surfaces of the stability diagrams presented in Figure 2 of Chapter 3 of each orientation (100), (010), and (101) presented in Figure 2 of Chapter 3 are selected, namely cleavage 1 (1.5 H2O nm -2 ), and 6 (4.1 H2O nm -2 ) for (100) orientation, cleavage 2 (1.5 H2O nm -2 ), and 6 (4.5 H2O nm -2 ) for (010) orientation, and cleavage 6 (1.9 H2O nm -2 ), and 7 (3.8 H2O nm -2 ) for (101) orientation.

One system with an aluminated site on each of these surfaces have been added, the aluinated sites no. 75 on cleavage 1 (100), no. 77 on cleavage 6 (100), no. 43 on cleavage 2 (010), no. 89 on cleavage 6 (010), no. 37 on cleavage 6 (101), and no. 57 on cleavage 9 (101). They have been also described in our previous work, in Chapter 3 and in section SVI.2. of Supplementary Information of Chapter 3, and they allow to check if the representation of the zeolites active site is correct.

The validation set also contains surfaces and edges of γ-Al2O3 which are absent from the training set. They include (100) γ-Al2O3 surfaces (for θ values of 0.0, 8.8, and 17.1 OH nm -2 ), (110) γ-Al2O3 surfaces (for θ values of 0.0, 11.8, and 17.8 OH nm -2 ) and γ-Al2O3 edges between (100) and (110) (2 and 7 adsorbed water molecules) surfaces. To complete the alumina representation, bulk and surfaces ((001), (010), and (101) orientations) of boehmite are added to the validation set. 30,31 Chapter 6.

More atypical geometries are also included in the validation sets to challenge the reactive force field. The model of external surface of cleavage 1 of (100) orientation was aluminated with 4 aluminum atoms instead of one in our previous models, the aluminated sites can be all four close to the surface, or can be more homogeneously spread, as presented in Chapter 3 and shown in Table S14 in Supplementary Information of Chapter 3. Amorphous silica surface models from Tielens et al. 32 was aluminated to create disordered silica with a terminal Al-H2O or a bridging Al-OH-Si, also used in Chapter 5 for sodium adsorption. A model of thin layer of silica film on (100) surface of γ-Al2O3 (θSi = 6.4 Si nm -2 and θOH = 5.4 OH nm -2 ) is modified, some nanoparticles of silica were added to the surface and added to the validation set. 33 The sources of all the data being numerous, the geometries of the training and the validation sets are pre-optimized with the same DFT parameters which are used for the slabs in Chapter 3. Detailed information of each of the geometries in the validation set can be found in section SII of the Supplementary Information of Chapter 6.

Results

H-ZSM-5 cleavage 1 along (100) orientation

Preliminary tests are made on the three starting sets of parameters of Pitman, Joshi and Bai. The DFT-optimized geometries of the external surface of ZSM-5 (cleavage 1 along (100)) are used as a starting point for independent geometry optimizations performed with the three ReaxFF force fields (with Conjugate Gradient Algorithm with fixed cell parameters). The DFT-ReaxFF geometry agreement is quantified by the area of the pores of the zeolite. The area of the deep straight pores are calculated using the position of atoms; oxygen n°218 and silicon n°101, long side, oxygen n°435 and n°247, short side (straight pore 1 in Figure 2), silicon n°29 and oxygen n°438, long side, oxygen n°215 and n°378 (straight pore 2 in Figure 2) assuming the section of these pores are perfects ellipses. The area of the sinusoidal pore is also measured at the outermost surface with the positions of silicon n°77 and n°125, long side, and oxygen n° 565 and n°568, short side, using the same assumption. The detailed locations of these atoms are given in section SIII in the Supplementary Information of Chapter 6. The results of geometry optimizations are presented in Figure 2 and compared to the optimized geometry obtained with DFT. Only the Pitman reactive force field conserves the ovoid shape of the straight pores while the Joshi and Bai force fields distort the structure to form a round shape for these pores. Consequently, the gap between the reference values and the ones generated by the Pitman force field is less than 2% of the area of every pores, while the two other reactive force fields generate an error between 16 and 19% for the straight pores areas (with a slightly less important deformation for the result generated by Joshi). For the sinusoidal pore, the Bai force field induces a deformation of more than 4% while the Joshi force field deformation value equals 1.46%. The reproduction of the DFT-optimized geometry is clearly better with the Pitman force field. But the general organization of the ZSM-5 crystal is conserved also by the two other reactive force fields. Since the Joshi and Bai force fields are very similar (similar parameters for Al, O, Si and H atoms and similar optimization ways which can be observed in section SI.1. of Supplementary Information of Chapter 6) only one of the two is selected for our reactive force field optimization. Beside the Pitman force field, the Joshi force field has been selected for further optimization, since it slightly better represents H-ZSM-5 and furthermore its parameter set contains additional chemical elements, that could also be exploited in a later stage (C/S/N/Na for Bai force field against C/S/N/Na/Ca/Cs/K/Sr/Mg for Joshi force field).

Selection of the initial reactive force field

The Pitman and Joshi reactive force fields have been trained against Tr.1 using the CMA-ES method, as described in Chapter 2, paragraph 2.4.3. The details of these optimizations can be found in paragraph 6.2.2.

The first way to check the efficiency of the improvement of the reactive force field is to observe if and how the total weighted error (Eq. 46 in Chapter 2), which is our objective function, diminishes as a function of the total number of iterations. An example of such a Chapter 6.

RUN is shown in Figure 3. In total 15 exactly similar optimization RUNS were performed and Table 1 As detailed in the previous paragraph, multiple runs are needed with the CMA-ES method to increase the chance to converge to the global minimum, corresponding the best optimized parameter to describe Tr.1. In our case we used in total 15 runs. On the basis of the average total error value and the standard deviation (for each force field), this number seems quite reasonable.

The average and more importantly the minimum total error is significantly smaller, starting from the Joshi force field as compared to Pitman: respectively 4417 % and 10541 %. This suggests that the new force field optimized for the one of Joshi et al. should better describe our systems.

Objective function convergence and water desorption

Next, we reran 10 RUNS applied to Tr.1 and Tr.2 for the original Joshi force fields, but now with more iterations, including restarts. Based on the analysis of the objective functions, the desorption temperature of water molecule adsorbed on site no. 59 aluminated on cleavage 1 of (100) orientation (see Chapter 3) obtained with the Molecular Dynamic (MD) are presented in Table 2 andTable 3. One reactive force field from each training set will be selected. The molecular dynamics was run with a step size of 0.25 fs at a constant temperature of 0.01 K for 1000 steps. Then the temperature was linearly increased in 4 million steps up to The training set that are going to be chosen should combine the smallest possible objective function and the most realistic possible water temperature desorption. From Tr.1, we selected the force field obtained with RUN 6 of the first start. This first reactive force field, named after Rff1, as an objective function equal to 3002 which is better than the initials tests made to choose between Pitman et al. and Joshi et al. as initial reactive force fields, but not from other RUN made on Tr.1. However, this force field has a water temperature desorption of 800 K which is closer to the DFT thermodynamic results than all the others. From Tr.2, we selected the force field obtained with RUN 3 of the restart. This second reactive force field, named after Rff2, as an objective function equal to 11960 which is better than all the objective function obtained with Tr.2 but worse than the ones obtained with Tr.1 due to the differences in their composition. Tr.2 is composed with supplementary energy input data, with a relatively high weight. However, the water temperature desorption obtained is equal to 850 K which is similar to the result obtained with Rff1. The analysis of the two reactive force fields will however show (see next section) that the force field with the smallest error is not necessary the one to be selected. The detailed composition of Rff1 and Rff2 are given in section SIV of the Supplementary Information of Chapter 6. The overall error directly depends on the individual weights that are given for each data point in the training set. The chosen weight for the selected bond distances is 0.1, while the weight for angles is 5.0. The error distribution of the bond distances and bond angles are shown in Figure 4; it represents the number of data calculated by the two reactive force fields which are contained in the same interval of difference relatively to the reference data obtained with DFT. A large number of errors are concentrated around zero for the distances and the angles of both reactive force fields. In comparison, the error distributions of geometrical parameters of the initial Joshi et al. reactive force field is given on the same figure. One can observe that the error distribution is slightly improved for Rff1 compared to Joshi for distances and angles. Rff2 has errors up to 0.6 Å for the distances and up to 28° in absolute value for the angles which represent errors which are more important or equal to the performance of Joshi. An important distance difference will induce problems; water desorption from the surface, important modification of the acid sites, changes in a molecule adsorption mode. The weaknesses of Rff2 had to be controlled to verify that they are negligible and compared to the initial weaknesses of Joshi. The maximum distance errors for Rff2 and Joshi concern a structural distance (Al-O) between aluminum in γ-alumina edge dehydrated. Joshi reactive force field generates elongation of two Al-O bonds inside the structure of 0.4 Å, while Rff2 induces height elongations between 0.4 to 0.6 Å of Al-O bonds. However, the general structure of the γalumina is well maintained as it can be seen in section SV.1 of Supplementary Information of Chapter 6.

The maximum distance errors concern also the distance between the oxygen of water molecules adsorbed on aluminum of (100) γ-alumina surface of 12.9 OH nm -2 . This distance is increased of 0.4 Å by Joshi, while it is increased of 0.3 Å by Rff2 as is it shown in Figure 5. In comparison, Rff1 observes an elongation of 0.2 Å for these distances. The elongation is more reasonable for Rff1 and for Rff2 than for Joshi even if the difference is small. In comparison, the elongation of Al-(H2O) distance is more reasonable on (110) γ-alumina surface. It is equal to 0.3 Å for Joshi, while it is under 0.2 Å for Rff1 and Rff2 as shown in section SV.2 in the Supplementary Information of Chapter 6. The training set contains numerous structures of alumina monomer, Al(OH)3(H2O), adsorbed on H-ZSM-5 surfaces in bulk and at the external surface. The distances and the angles of all these systems are not showing the highest errors. Meaning while these systems are optimized similarly to the reference data. The two most stable systems adsorption mode, hydrogen bonds and proton transfer, in bulk and at the external surface are presented in Figure 6. In bulk, the monomer is adsorbed on T5 aluminated site and the geometry optimization with Joshi, Rff1, and Rff2 observes no adsorption differences with the reference data obtained with DFT. The same adsorption mode at the external surface on aluminated site no. 59 on cleavage 1 of (100) orientation is presented in Figure 6. The geometry optimization with Joshi and Rff2 are equivalent to the reference data. Rff1 geometry optimization of this structure generate a difference which is surrounded with a back circle, the proton is transferred from the monomer to the acid site. The distance is not highlighted by the distance error distribution of Figure 4 because the transfer is not made on a long distance. However, the proton transfer is stabilizing the monomer at the surface as it has been shown in Chapter 5. Joshi initially represents well the adsorption, but Rff1 has lost this characteristic contrary to Rff2. Joshi's reactive force field has already parameters adapted to the geometry optimization of our systems. The implementation of distance and angle in our case has two main objectives: first control and maintained the general performance of Joshi, and second try to improve the few localized errors which are lacking to Joshi. Rff1 fits to these two objectives when Rff2 enhances some errors. Rff1 and Rff2 can be considered as small improvement of Joshi reactive force field for the geometric aspects, but other aspects of the training set must also be controlled.

Hirshfeld charge errors

The Hirshfeld net atomic charges of the alumina monomer are implemented in both training sets Tr.1 and Tr.2. The value of the net partial charges calculated by Rff1 and Rff2 are presented in Figure 7, where the reference values are given and also a representation of the alumina monomer with the atom numbers. The charges generated by the reactive force fields are higher in absolute value than the reference values, but they all have the correct plus/minus sign. An important difference is observed for the charge of O5, which has smallest negative charge of all oxygen atoms in the reference set, while it is the largest in Rff1 and Rff2. Similarly, the hydrogen H9 and H11 of the water molecule have the highest charge in the reference set, but are both smaller than H7, H8 and H10 in the hydroxyl groups in Rff1, whereas in Rff2 all hydrogen atoms have practically the same net atomic charge. The aluminum atom has an overestimated charge compared to the hydrogen for which the charge is already almost doubled. These aspects are similar to the results which are obtained with Joshi reactive force field. Rff1 and Rff2 are not improving the results of Joshi on the description of the Hirshfeld charges but maintain similar results.

The fact that both Rff1 and Rff2 overestimate the net atomic charge, might result in electrostatic interactions that become overestimated in the overall geometries. 

Energy errors

The energy data in the training sets are given a relatively important weight. These energies are relative between two or three systems and can be considered as reaction energies. Figure 8 shows the energy curve for the water desorption of the cluster Al(H2O)[Si(OH)3]3 resulting from relaxed coordinate scans. The irregularities in the curves are mostly due to the dissociation path, which was chosen, being closely to the Si(OH)3 groups generate hydrogen bonds which affects the energy curves. Both the Rff1 (red curve) and Rff2 (blue curve) reproduce well the black reference curve. It is to be noted that the desorption energy of this water molecule is influenced by the hydrogen bonds that are formed and broken upon the dissociation from the Al-center. This likely explains the differences between the reference data and those of Rff1 and Rff2 at the intermediate distances, as represented for 3.5 Å in section SV.3 of the Supplementary Information of Chapter 6, where hydrogen bonding plays an important role. The final desorption energy of the water molecule obtained with Rff1 (19.1 kcal mol -1 ) and Rff2 (22.0 kcal mol -1 ) are close to the reference value of 19.9 kcal mol -1 . In comparison, Joshi reactive force field is farer from the references data. The training set gives here a more noticeable improvement. Energies of the adsorption and desorption of water on the H-ZSM-5 external surfaces are also included in both training sets. The reference energies of hydration (from 1.7 to 2.1 H2O nm -2 ) and dehydration (from 1.7 to 1.3 H2O nm -2 ) of aluminated site no. 59 on cleavage 1 of (100), previously presented in Figure 6 in Chapter 3, orientation are equal to -16.1 and 27.9 kcal mol -1 respectively as presented in Table 4. Rff1 obtains for the same hydration and dehydration energies the values of -16.0 and 31.1 kcal mol -1 respectively, Rff1 represents very well the hydration and dehydration steps for this aluminated site no. 59. While Rff2 obtains -10.2 and 28.9 kcal mol -1 respectively. The dehydration is well reproduced by Rff2 but the hydration has an important difference of 6 kcal mol -1 compared to the reference data. Again, the improvement from Joshi results is noticeable. A second part of energy data is only implemented in Tr.2, but not in Tr.1. These energies have thus been used as a validation set for Rff1. The first set of supplementary energies in Tr.2 concerns the desorption of a water molecule from aluminated site no. 121 on cleavage 2 of H-ZSM-5 external surface cut along the (010) orientation. The reference desorption curve is represented by the black curve in Figure 9. The red curve represents the results obtained with Rff1 and the blue curve with Rff2. The equilibrium distance between the aluminum and the oxygen of the water molecule is around 2.04 Å for both force fields and overestimates the reference distance equal to 1.95 Å. Upon dissociation, the blue curve closely follows the black curve and the final desorption energy of 24.1 kcal mol -1 obtained with Rff2 is in good agreement with the reference data of 26.8 kcal mol -1 . Rff1 however underestimates this desorption energy (17.8 kcal mol -1 ), but was not specifically trained for it. However, it shows a radical improvement compared to Joshi force field which has a distorted representation of this desorption curve. Tr.2 also contains the dehydration energies of the surface named cleavage 6 with aluminated site no. 77 cut along the orientation (100) from the hydrated surface with 3.0 H2O nm -2 presented in Figure 1 a-b to the hydrated surface with 1.8 H2O nm -2 , which are all presented in Figure S17 section SVII of Supplementary Information of Chapter 3. The desorption energies are presented in 

The desorption energy of 3.0 to 2.8 H2O nm -2 is the most difficult energy to reproduce with a difference with the reference data of 6 kcal mol -1 for Rff2 and 13.5 kcal mol -1 for Rff1. For the other energies the differences with the reference data are below 3.3 kcal mol -1 for Rff2, and the order of the energies is similar to the reference data. However, Rff1 have also important differences with the reference data for the desorptions 2.4 to 2.2 H2O nm -2 and 2.0 to 1.8 H2O nm -2 . It can be presumed that the octahedral form of aluminum present at 3.0 H2O nm -2 is destabilized by Rff1 and Rff2. While the pentahedral and tetrahedral aluminum forms and the surface changes associated to the hydroxyl surface groups are better reproduced by Rff1 and Rff2. Finally, the energy of the AlIII form is well reproduced by Rff2 while Rff1 seems to overestimate its stability compared to the tetrahedral form. The results obtain with Joshi force field are worse than the ones obtained with Rff1 and Rff2. There is an important improvement of the force field against these energies. The detailed Al-(H2O) distances of these active sites optimized by DFT and reactive force fields Rff1, Rff2, and Joshi are given in section SV.4 of the Supplementary Information of Chapter 6. These geometries are very close to the reference geometries, with a maximum elongation of the distance of 0.2 Å made by Rff2 on all the surfaces except 3.0 H2O nm -2 , on which Rff1 that reflects the most the reference data while Rff2 and Joshi overestimate these distances going up to 0.4 Å. With the selected force field parameters optimized with the CMA-ES algorithm two different force fields are obtained that generally well reproduce the data, especially the geometrical features like bond distances and bond angles, from their respective training sets. Initial reactive force field of Joshi has similar performances on geometrical feature. Accurate reproduction of the hydration/dehydration reaction energies sometimes appears to be more difficult. However, there is a clear improvement compared to Joshi force field. We thus conclude that from an "optimization" viewpoint, the CMA-ES is sufficiently accurate. However, the quality and quantity of the data in Tr.1 and Tr.2 to allow the optimized force field to predict the real systems needs to be confirmed. We therefore will now apply Rff1 and Rff2 to our predefined validation set.

Performance of the two optimized force fields on the validation set

The two reactive force fields Rff1 and Rff2 are applied to the validation sets presented in paragraph 6.2.5.

Purely silicic surfaces and aluminated zeolite surfaces

The validation set is notably composed of purely silicic surfaces. The analysis of the errors on parameters at the external surface of silicalite are presented in Figure 10, the difference between reference data and the results obtained show very small differences. The maximum difference for distances is equal to 0.1 Å in absolute value, which is not significant. Similarly, the angle maximum difference is reasonable and tends to confirm that both Rff1 and Rff2, based on Joshi reactive force field, are very accurate for Si/O/H parameters for zeolite external surfaces. Similar results are obtained with Rff1 and Rff2 on the aluminated external surfaces of zeolite validation set. The maximum distance error in absolute value is equal to 0.15 Å and the maximum angle error in absolute value is equal to 28°. These errors are very reasonable, even if it is not an improvement of Joshi, and show that both Rff1 and Rff2 force fields can predictively describe silicic and aluminated external surfaces accurately. 

γ-alumina surfaces and edges

Next, we applied the two reactive force fields on γ-alumina and boehmite. The surface reorganizations are quantified and illustrated in Figure 12 where the bond distance and bond angle errors are plotted. Although the very large majority of the bond distances and bond angles have errors close to 0 Å respectively 0 degrees, some bond distances deviate up to 2.5 Å and these errors are analyzed in detail in the following paragraph. The γ-alumina edges are well-optimized with both Rff1 and Rff2. There are small geometrical differences between reference data and both reactive force fields, Rff1 and Rff2, which can be observed in section SVI.1 of the Supplementary Information of Chapter 6. The geometries of (100) γ-alumina surface which are included in the validation set only show a small modification of the bulk structure as observed in Figure 13. But the hydrated surface show more marked differences for both Rff1 and Rff2. The geometry of the γ-alumina (100) surface of 8.8 OH nm -2 shows a small surface deformation with Al-OH-Al bridges which are 20 to 25° above the surface and not parallel to the surface as in reference data. Which is accompanied by an increase in the distance between the hydroxyl group and another Al of the surface from 2.2 Å (reference data) to 2.8 Å (Rff1) or 2.9 Å (Rff2). The same deformation can be observed on the more hydrated surface with 17.1 OH nm -2 . For both surfaces, the distance between water molecules and surface aluminum is increased by Rff1 and Rff2; on 8.8 OH nm - 2 (100) surface from 2.0 Å to 2.2 Å (Rff1) or 3.6/3.4 Å (Rff2); on 17.1 OH nm -2 (100) surface out from 2.0 Å to 2.3 Å (Rff1) or 3.6/3.7 Å (Rff2). But the orientation of the water molecules in the geometries resulting from Rff1 indicate that the Al-OH2 bond is further stretched or that an interaction is maintained with the surface aluminum, see Figure 13. The water molecules in the optimized surfaces with Rff2 are completely reoriented and it seems that they are maintained at the surface only with hydrogen bond with the other surface groups.

The surface deformation of the (110) γ-alumina surface gets more pronounced, as can be seen from Figure 14. The dehydrated (110) surface with 0.0 OH nm -2 is strongly corrugated with Rff1 (corresponding to distance errors from 2.3 Å to 4.7 Å), while it is slightly disorganized with Rff2 with smaller errors for both bond distances and angles, as it is surrounded in black on the Figure . The hydrated surfaces 11.8 and 17.8 OH nm -2 undergo a reorganization of their surface groups, again with longer distances between the water molecules and aluminum of the surface: 2.0 Å (reference) and 2.2/2.3Å (Rff1) and 3.6/3.7/3.8 Å (Rff2). It can be seen clearly on Figure 14 for the surface (110) with 11.8 OH nm -2 , with the adapted representation it can be seen that the H2O molecule move off the aluminum atom of the structure with Rff1. The distance is event longer with Rff2, and the initial reactive force field of Joshi has even a longer distance, in addition of a disorganized bulk of the alumina. Furthermore, a reorientation of the water molecules is again observed with Rff2 and Joshi (molecule circled in orange in Figure 14) for the surface with 17.8 OH nm -2 . It can be observed that the initial reactive force field of Joshi is highly less relevant than Rff1 or Rff2 for (110) γ-alumina surfaces.

On the basis of the above-mentioned observations, it is seen that Rff2 reproduces correctly both the (100) and (110) dry surfaces, while Rff1 better reproduces the (partially) hydrated surfaces, although still substantial deviations are observed with respect to the reference data. 

Boehmite surfaces

The performance difference between Rff1 and Rff2 is also observed for the boehmite structure as can been seen from Figure 15 and Figure 16. For example, the number of bond distances with error around 0.7 Å is larger with Rff1 than with Rff2. The important angles errors are mainly due to rotation of the hydroxyl surface groups. In contrast to the hydrated γalumina surfaces, Rff1 performs worse, as compared to Rff2, for the hydrated (101) boehmite surface, where water desorption is seen between the sheets with Rff1. The reference structure is, however, better maintained with Rff2, where the Al-O distance is only slightly longer: 2.1 Å with respect to 1.9 Å (reference data). Chapter 6. 

Various alumino-silicate structures

Our validation set is also composed of relevant mixed alumino-silicate structures. Here, both Rff1 and Rff2 perform well, as can be seen from the small errors for the bond distances and bond angles Figure 17. The only significant error that could be highlighted is made by Rff2 on geometries of (100) cleavage 1 surface with 4 aluminated sites, where the most external surface site, again of the alumination of no. 59 site of cleavage 1 in (100) cut orientation, is distorted. These surface site are bridging Al-OH-Si groups and the covalent bond between aluminum and oxygen is elongated by 0.37 Å, as shown on Figure 18, This elongation is only observed for the groups at the external surface, while the geometry is better reproduced for such groups within the bulk structure. However, this elongation does not break the covalent Al-O bond in the external surface groups implemented in Tr.1 and Tr.2 (systems named H2, and H3) which are equivalent surface groups but implemented with only one aluminated site in the structure. 

Conclusion

Two force fields have been optimized with the objective to describe both zeolitic and binder models. Starting with two well-established force fields, 1,2 the CMAS-ES algorithm has been applied to train those force fields against two training sets and they were validated against a validation set containing representative structures.

To avoid that the optimization algorithm got trapped in a local minimum, several optimization runs were performed. The optimized force fields were classified by considering the total overall error, errors in bond distances and bond angles, net atomic charges and reaction energies.

The best force field (Rff1), issue from training set 1, and the best force field (Rff2) issue from training set 2 (which envelopes the data in training set 1, but is extended with data on the water desorption) have been applied to a common validation set.

It follows that Rff2 presents advantages in geometries representations. The resulting geometries of dehydrated γ-alumina and boehmite are closer to the reference data than Rff1 resulting ones. Yet, the reproduction of the properties of γ-alumina component is a decent performance with Rff1, for hydrated surfaces, while Rff2 could be used preferably for dehydrated surfaces. The geometry optimization of boehmite surfaces is clearly in favor of Rff2, which respect better the geometries and the chemistry between two sheets of boehmite. Furthermore, Rff1 and Rff2 are equivalent for the representation of H-ZSM-5 including: bulk, external surfaces, aluminated sites, interaction with monomers. The validation sets have confirmed our conclusions about the very satisfying performances of both reactive force fields to reproduce the structural properties of H-ZSM-5 and interactions of water with H-ZSM-5. Rff2 has a small advantage in describing the desorption curves and hydration/dehydration energies calculations. Even though this small benefit is not clearly expressed in the molecular dynamics simulation to determine the water desorption temperature.

At this moment it is difficult to conclude that either Rff1 or Rff2 is clearly superior to the other. Both reactive force fields may be used for H-ZSM-5 interactions in hydrated or dehydrated environment. Probably the best way to continue is to the apply both force fields in molecular dynamics simulations and carefully observe the structural changes of the zeolite and the reactivity between the zeolite and binder models. Once suspicious reactions or soliddeformations occur, these (elementary) reactions need to be recalculated with DFT to verify if they are indeed thermodynamically feasible. If not, they need to be added to the training set and the force field need parameters to be reoptimized. Using this iterative process, the force field parameters should convergence to values that adequately and precisely describe our systems.

characterizations are completed and revisited thanks to our computed spectroscopic data. The nanometer scale of the theoretical study of surface sites has allowed the access to a more detailed overview of the specificities of these sites. That is the reason why in some case it has been necessary to revisit the "classical" signal attributions made in literature. The key role of the nature of the hydroxyl groups (isolated, hydrogen-bond donor, or hydrogen-bond acceptor) have been highlighted for both FT-IR and 1 H NMR, even if the impact is not similar for both spectroscopy techniques. 1 H NMR signals of bridging Si-(OH)-Al groups and Al-(H2O) have a common interval which is not the case for FT-IR signals. In general, it has been concluded that the NMR signals are mainly useful for the quantification and proximity assessment while FT-IR appears to be more useful to identify the nature of the hydroxyl groups.

As a preliminary study of the interaction between zeolite and binders, the interaction between H-ZSM-5 with some small elements of binders (like cation or monomers) has been studied. In correlation with the experimental observation, the Na + cation has been revealed to be more attracted by the zeolite acid sites than by pure silica. It is also observed that alumina monomers have a stronger interaction with the zeolitic network than silica monomers and are more particularly attracted by the ZSM-5 framework aluminum-rich zones. This could eventually explain some pore blockage observed experimentally with alumina-based binders. The strong interaction between monomer and BAS compared to the interaction between monomer and LAS (of dehydrated surfaces) could also explain the importance of the presence of water during shaping.

These high-precision DFT data have generated, were then used to train the reactive empirical force field, ReaxFF, with the objective to describe larger and more representative atomistic zeolite/binder models that are too expensive for DFT calculations. The optimization of the reactive force field has been conducted with previously published force field as starting points. The reactive force fields have been trained with a large set of data composed of H-ZSM-5 aluminated surfaces geometries, atomistic partial charges, water desorption energies from some of these surfaces, models of monomer adsorption, and models of γ-alumina. The best obtained force fields have been applied to a validation set composed of new models of γalumina, models of boehmite, silicalite-1 surfaces (MFI type), and aluminated surfaces of H-ZSM-5. Finally, two reactive force fields have emerged that both seem to have the potential describe zeolite/binder interactions.

These two force fields need to be further tested and will applied to bigger systems of zeolite/binder interactions. The size of the binder could be progressively increased, from nanoparticles, to binder platelet, and finally a surface to surface contact. The reactive force fields which have been obtained can be tested on these future models and eventually reoptimized if some defaults are noticed in their applications.

In parallel, the external surface sites of H-ZSM-5 would deserve complement in their analysis. The reactivity of acid sites in the bulk and at the external surface of H-ZSM-5 could be studied as a parallel of the experimental results obtained in xylene isomerization to answer if the weak or middle acid sites have a catalytic activity. The mono or the bimolecular mechanisms which are proposed by the literature for these reactions could be boosted by one or the other sites. The diffusion of molecules is also an essential point that should be studied to analyze the limitations and the accessibility of the acid sites.

The defects which can be present in the zeolite structure, after dealumination for example, could also be studied to know more about their formation and their influence on the acidity of the bulk and of the external surface of zeolites.

Finally, the 27 Al NMR could be a good complement which can parallelized with the experimental data on ZSM-5. The surface energy variations are very low from one surface to the other, and mainly depends on the water coverage (water being in the form of Si-OH groups) (Figure S2). Chapter 3: Supplementary Information S8

SIII.2. (010) orientation

SIV. Morphology constructions and comparison with experiments 1

Gruene et al. performed (inter alia) TEM measurements for small monocrystalline silicalite-1 samples. 1 The reported dimensions were completed by other measurements (on the pictures, Figure S10), to allow a better comparison with our thermodynamic predictions (Figure 3). 

SV. Construction of surface model from the Si 33 precursor species

Similarities between the models obtained by cleavage of the bulk structure and that obtained by assemblies of Si 33 precursors are pointed out in Figure S11. Li et al. also used DFT calculations to investigate the most stable T sites positions on the ZSM-5 bulk. 3 The relative energies of the T-sites of the bulk for a ratio of Si/Al=95 has been constructed to be compared to their model (Figure S12). Both sets of data are rather similar, the energies are in a 20 kJ.mol -1 interval, so the difference of stabilization for this Si/Al is not significant. Both studies find that the T-sites in the sinusoidal and straight pore are among the most stable sites. But we disagree on the order of stability for the T-site in the intersection. However, the energy difference is so weak that the differences could be included in the uncertainty of the DFT methods we use. Table S3. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 1 along (100). The types of site are defined in Figure S13. The aluminum position is shown in Figure S14. The same aluminum name can appear for different proton position due to the four oxygen surrounding the aluminum which could be studied here.

Type of site Al position (kJ.mol -1)

Bridging Si-OH-Al (Type Table S4. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 6 along (100). The types of site are defined in Figure S13. The aluminum position is shown in Figure S14.

Type of site Al position (kJ.mol -1)

Bridging Si-OH-Al (Type Table S5. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 10 along (100). The types of site are defined in Figure S13. The aluminum position is shown in Figure S14.

Type of site Al position (kJ.mol -1)

Bridging Si-OH-Al (Type Table S6. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 2 along (010). The types of site are defined in Figure S13. The aluminum position is shown in Figure S14.

Type of site Al position (kJ.mol -1)

Bridging Si-OH-Al (Type Table S7. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 6 along (010). The types of site are defined in Figure S13. The aluminum position is shown in Figure S14.

Type of site Al position (kJ.mol -1)

Bridging Si-OH-Al (Type Table S8. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 10 along (010). The types of site are defined in Figure S13. The aluminum position is shown in Figure S14.

Type of site Al position (kJ.mol -1)

Bridging Si-OH-Al (Type Table S9. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 5 along (101). The types of site are defined in Figure S13. The aluminum position is shown in Figure S15.

Type of site Al position (kJ.mol -1)

Bridging Si-OH-Al (Type Table S10. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 6 along (101). The types of site are defined in Figure S13. The aluminum position is shown in Figure S15.

Type of site Al position (kJ.mol -1)

Bridging Si-OH-Al (Type Table S11. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 7 along (101). The types of site are defined in Figure S13. The aluminum position is shown in Figure S15.

Type of site Al position (kJ.mol -1)

Bridging Si-OH-Al (Type Table S12. Alumination energy (kJ.mol -1 ) for the slab model corresponding to cleavage 9 along (101). The types of site are defined in Figure S13. The aluminum position is shown in Figure S15. Table S13. Comparison of the nature and stability of the most stable sites in bulk aluminated structures, when exposed on the three considered dominant surface orientations. ) )

) ∑

with n the number of aluminated sites per unit cell, the energy of the surface with n aluminated sites, the similar but purely silicic surface and the alumination energy defined in Eq. 2 of the silicon number n, this value can differ depending on the position of the proton. Chapter 3: Supplementary Information

S29

The electronic adsorption or desorption energy of each water molecule was calculated according to Equation S1 and using the surface hydrated at 1.7 H 2 O.nm -2 .

Equation S1

Table S16. Structures (Schematic view) of the systems invoked in S2. The absolute and relative integrated peaks areas obtained are reported in Figure S7. Prior to 1 H MAS measurements, all samples were pretreated under secondary vacuum at 300°C for 10 hours and then sealed in a glass reactor. Relative peak intensity contributions obtained from deconvolution of 1 H MAS NMR spectra using DMFit. Note that these values have an estimated uncertainty of 10% and values below 5% are not precise. 2 The intensity of the peak at 0.9 ppm (probe background) was not taken into account in these calculations.

Spectral deconvolution indicates that Z-22-Big has 7.5 times more bridging SiOHAl groups than silanols, whereas in the case of Z-25-Small, there are only 0.8 bridging sites for one silanol group. Concerning AlOH and Al(H 2 O) species, Z-22-Big has 1.1 times more aluminols and Al(H 2 O) than Z-25-Small. Despite the close Si/Al ratio, Figure 2 indicates a much higher number of hydroxyl groups bonded to aluminum atoms (i.e., protons involved in bridging SiOHAl, AlOH and Al(H 2 O) groups) in Z-22-Big (6238 in a.u./g zeolite ) than in Z-25-Small (3284 in a.u./g zeolite ). This difference can be explained due to H-bond donors species (δ ( 1 H) > 5pm). Indeed, some of these protons might be attached to surface aluminum atoms, however their proportion is difficult to determine. This discrepancy may also arise from aluminum atoms that are not bonded to a hydroxyl, which is unlikely in the zeolite lattice, but possible in extra-framework positions. 

 Effect of proton proximity in the DFT models

The common Si/Al surface ratio in the models is 96. It was shown in ref. 1 that these models are relevant regardless of the differences in Si/Al ratios, in terms of stability. In Figure S9 the chemical shifts are reported for two protons of two aluminated sites with an increasing distance between them. One proton does not change its position between the different calculations (in the bulk model Figure S9; T5 site is aluminated and the proton is adsorbed on oxygen number 162; and in the external surface model Figure S10; Si59 external surface site is aluminated and the proton form a water molecule adsorbed on the aluminum; they are represented in blue in the Material Studio representation and on the graphics). Conversely, the position of the second one is changing (together with the position of the aluminum atom represented in purple in Figure S8 and S9), which changes the distance between the two protons. The aluminated sites have a bridging nature Si-(OH)-Al in the bulk. One observes that the proximity of the second proton has a minor impact on the value of the chemical shift of the fixed proton and the variable proton (less than 0.4 ppm), except for the first point for which the distance between the two hydrogen is under 3 Å). The same results are observed with calculations at the external surface of the zeolite, where the nature of the surface sites remain bridging Si-OH-Al. Here the fixed proton is part of a water molecule adsorbed on an aluminum while the nature of the changing second proton can vary. The fixed proton has a signal variation under 0.2 ppm and the changing one has a signal variation under 0.6 ppm which should be mainly due to changes in their environment. Table S3. Adsorption energies of the alumina and silica monomers in ZSM-5 bulk in kJ mol -1 .

# Key delta min max comment 2 2 14 0.029920 3.0000 6.5362 # H:14 EEM chi 2 2 15 0.043817 6.2079 12.0000 # H:15 EEM eta 2 3 14 0.005297 7.9703 10.0000 # O:14 EEM chi 2 3 15 0.020404 6.9585 10.0000 # O:15 EEM eta 2 13 1 0.003583 1.0000 3.5550 # Al:1 R(sigma) 2 13 4 0.004067 1.9671 4.0000 # Al:4 R(VdW) 2 13 5 0.000898 0.1430 0.5000 # Al:5 E(VdW) 2 13 6 0.005856 0.2000 1.0121 # Al:6 EEM Gamma 2 13 7 0.026836 -3.0000 1.0000 # Al:7 R(pi) 2 13 9 0.026395 8.0000 12.0397 # Al:9 Alpha(VdW) 2 13 10 0.147131 1.6831 20.0000 # Al:10 Gamma VdW shld 2 13 12 0.005000 0.0000 0.5076 # Al:12 p(ovun5) 2 13 13 0.005000 15.0000 17.0151 # Al:13 p_xel2 (ereax) 2 13 14 0.033420 -3.0000 2.5794 # Al:14 EEM chi 2 13 
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 2 Figure 2. Main applications of zeolites18 

Figure 3 .

 3 Figure 3. Brønsted acid sites in zeolites a) Al-OH-Si ; b) Al-OH ; c) Si-OH ; d) Al-(H2O)24,25 

Figure 4 .

 4 Figure 4. Lewis acid sites in zeolites a) Tri-coordinated Al ; b) aluminum oxides extra framework ; c) compensating cation 24

Figure 5 .

 5 Figure 5. Favorable adsorption configurations of multibranched C21 hydrocarbons molecules on ZSM-22. 51
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Figure 7 .

 7 Figure 7. Measurements of the pyramidal-shaped crystal studied showing the indexed faces.63 

Figure 8 .

 8 Figure 8. Coffin particle of ZSM-5, surrounded by analcime and alpha-quartz. Scale -bar = 10μm.63 
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 1 most in favor of the 3 component model as presented in Figure9b. But the presence of multiples default induces interrogation about the reliability of this model.

Figure 9 .

 9 Figure 9. Schematic representation of MFI zeolite crystallography: (a) pore organization in roundedboat crystals; (b) the 2-and 3-component models for coffin-shaped crystals.72 

Figure 14 .

 14 Figure 14. Crystallographic structure of the admitted most common H-ZSM-5 crystals as 3components crystals with components of the same orientation (black and blue) and 90° rotated components (red): (A) gable view; (B) roof view (adapted image from 91 ); (C) Fluorescence location of a DAMPI type probe (small) in zeolite MFI crystals in the two possible orientation of zeolite crystals.90 

Figure 15 .

 15 Figure 15. a) Fluorescence micrographs of ZSM-5 crystals taken during template removal 92 ; b)Fluorescence intensity profiles of H-ZSM-5 crystal during MTO reaction at 660K.93 

Figure 16 .

 16 Figure 16. Confocal microscopic imaging of furfuryl alcohol condensation catalysed by individual ZSM-5 zeolite crystals. (A) Fluorescence intensity (false color) in ZSM-5 crystals after 10 min, 16 h and 50 days of reaction with corresponding optical transmission image (gray scale). (B) Multicolorimaging of reaction products from furfuryl alcohol in ZSM-5 after prolonged exposure: blue channel, 488 nm excitation and emission from 505 to 560 nm; green channel. 543 nm excitation and emission from 560 to 660 nm; red channel, 633 nm excitation and emission higher than 660 nm. The different colors refer to different furfuryl alcohol oligomers; the longer the oligomer, the more red-shifted its emission spectrum.95 

Figure 17 .

 17 Figure 17. Conventional crystalline cell of ZSM-5, the positions of oxygen atoms are represented in red, the positions of the silica are in yellow. The blue atoms represent the 12 non-equivalent positions of silica atoms named from T1 to T12.

Figure 18 .

 18 Figure 18. FT-IR spectra of ZSM-5 steamed for 25h of the O-H stretching region between 3500 and 3800 cm -1 (A) and in the pyridine region between 1700 and 1400 cm -1 (B). Spectra after dehydration treatment at 500°C (A,a), after desorption of pyridine at 150°C (B,a), 250°C (A,b) (B,b), 350°C (B,c), 450°C (A,c) (B,d) and 550°C (A,d) (B,e). Each spectrum is shown on a normalized absorbance scale. B and L stand for Brønsted and Lewis site, respectively.98 

Figure 19 .

 19 Figure 19. Typical sequence of interactive tasks followed in a catalyst development program. 109

Figure 20 .

 20 Figure 20. Physicochemical properties of the two series of ZSM-5-containing SiO2 -and Al2O3-bound extrudates under investigation. 112

Figure 21 .

 21 Figure 21. Characterization data of the zeolite granules and their powder constituents. 122

Figure 22 .

 22 Figure 22. Infrared spectra in the hydroxyl stretching region (a) of conventional (C) and mesoporous (M) ZSM-5 powders (P) and granules (G) (80% of zeolite and 20% of attapulgite) 122 (b) of hierarchical ZSM-5 (Si/Al=40) shaped with silica (blue) and attapulgite (green) with a ratio 1:1; clear lines physical mixture of zeolite and binder, thick lines crushed extrudates of zeolite and binder. 112

Figure 24 .

 24 They deconvolute the Al(IV) signal into 3 components: Al(IV)a which are attributed to the aluminum of the zeolite framework, Al(IV)b assigned to the aluminum close to the framework defects of the zeolite and Al(IV)c which are associated to the extra framework aluminum. The results show a decreasing Al(IV)a peak and an increase of the Al(IV)b peak with the shaping. According to the author these results are the proof of the NaY dealumination with shaping and of a migration of the Al from the zeolite framework to the extra framework sites close to the defects of the framework. Chapter 1.

Figure 25 .

 25 Figure 25. MTO test: conversion versus time at 450°C, P=1bar and PPH=9.5gmethanol.gzeolite -1 .h -1 . 112

Figure 26 .

 26 Figure 26. Effects of binders on ZSM-5 (Left) binder as alumina for n-hexane cracking at 538°C in He 111,124 (Right) effect in the DTO reaction on the conversion at t=0(X) and the product yields (Y) at 350°C for pph=0.4gzeolite.h.molc -1 . 125

Figure 27 .

 27 Figure 27. Relative energy (in kcal/mol) with respect to the most stable distribution in Al-ZSM-5 (Left) with Si/Al=95 (Right) with Si/Al=23. T-sites at channel intersections are plotted in blue and orange square and circles correspond to T-sites within the sinusoidal and the straight channels respectively. Some T-sites are indicated by numbers.47 

Figure 28 .

 28 Figure 28. Two-dimensional 27 Al MQM;AS NMR spectrum (B0=22.3T, 𝝊 𝑹 =30.0kHz) of ZSM-5 sample with summed projections in both dimensions. The right-hand side illustrates 1D slices taken out at the resonances of the distinct tetrahedral sites along with their deconvolution. The dominating site for each slice is shown in red. The deconvolution of the F2 projection employs the distinct Al(IV) resonances identified in the 1D slices from the contour plot. The dashed line represents pure chemical shift.40 

Figure 29 .

 29 Figure29. Calculated vibrational patterns of some in-plane normal modes of free and adsorbed pyridine on 12TOH within the ion-pair complex in the 1400-1700 cm -1 spectral region. Numbers indicate the calculated and mean observed frequencies and frequency shifts. The scale for the arrows is arbitrary but common to all the normal modes. Only a part of the 12TOH of faujasite is shown.143 

Figure 31 .

 31 Figure 31. Schematic view of the slabs employed for the simulation of the (001) termination of BEA (polymorph A), cleavage 1 and cleavage 2, side views perpendicular to the y (left) and x axes (right).25 

Figure 32 .

 32 Figure 32. Alumination energy (substitution of one Si by an Al-H pair) of the various sites investigated in the bulk and at the external surface of zeolite Beta (both cleavages). Left: structure of the site obtained after alumination.25 

Figure 33 .

 33 Figure33. Thermodynamic diagram that depicts the evolution of the OH coverage and the nature of external surface groups for BEA.25 

  163 

Figure 34 .

 34 Figure 34. TEM image and schematic of idealized structure of self-pillared single-unit-cell thick zeolite layers prepared by repetitive branching. 161,162

Figure 35 .

 35 Figure 35. Pure-silica slabs formed by two (a) and three (b) pentasil layers; the black lines denote the supercell box. The silanols hydrogen atoms are oriented towards their nearest silanols groups. The silicon atoms are located at the interception of the grey sticks and the framework oxygen were eliminated for a better view. The silanols oxygen are represented with dark grey balls and the hydrogens with light pink balls. 134

Figure 36 .

 36 Figure 36. Stages of construction for clay-zeolite composite system. (Top left) A five-layer particle constructed from 11x9x5 units cells of smectite, where each clay stack is rotated 60°. (Top right) Unit cell of the all-siliceous zeolite ZSM-5-silicalite. (Bottom left) Silicalite unit cells are stacked in a shell to create a housing that can accommodate the clay particles with room for a thin layer of water across the clay-zeolite interface. (Bottom right) The trimmed clay particle placed in the silicalite housing with water placed on a lattice throughout the clay calcium interlayer and clay-silicalite interface. 166

Figure 37 .

 37 Figure 37. Selected views of the clay particle in silicalite housing after annealing at T = 500 K and reequilibration at T = 300 K. Color scheme: aluminum, gray; clay silicon, dark green; zeolite silicon, tan; oxygen, red; hydrogen, white; calcium, light spheres. (Left) Surface of clay (left) interacting with silicalite (right). (Right) Exchangeable calcium ions which have diffused into the clay-zeolite interface after being expelled from the calcium interlayer during a transition from bilayer to monolayer hydration.
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 24 𝑯 𝑒𝑙 𝜓 𝑒𝑙 = 𝐸 𝑒𝑙 𝜓 𝑒𝑙Equation 𝑻 ̂+ 𝑽 ̂𝑒𝑥𝑡 + 𝑽 ̂𝑒𝑒

  𝐸 𝑒𝑙 [𝜌(𝑟)] = 𝑇 𝑆 [𝜓 𝑖 (𝑟)] + 𝐸 𝑒𝑥𝑡 [𝜌(𝑟)] + 𝐸 𝐻 [𝜌(𝑟)] + 𝐸 𝑥𝑐 [𝜌(𝑟)]Equation 14
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 1 Figure 1.Jacob's ladder of density-functional approximations (after Perdew).4 
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 2 ∆ 𝑟 𝐻 𝑜 (𝑇) = ∑ 𝑎 𝑖 𝐻 𝑖,𝑚 𝑜 𝑖 (𝑇) ∆ 𝑟 𝑆 𝑜 (𝑇) = ∑ 𝑎 𝑖 𝑆 𝑖,𝑚 𝑜 𝑖 (𝑇) ∆ 𝑟 𝐺 𝑜 (𝑇) = ∑ 𝑎 𝑖 𝐺 𝑖,𝑚 𝑜 𝑖 (𝑇) = ∑ 𝑎 𝑖 [𝐻 𝑖,𝑚 𝑜 (𝑇) -𝑇𝑆 𝑖,𝑚 𝑜 (𝑇)] 𝑖 Equation 39

Figure 2 .

 2 Figure 2. Interatomic distance dependency of the carbon-carbon bond order.22 

Figure 1 .

 1 Figure 1. (a) Conventional crystalline cell of ZSM-5,the Oxygen atoms are represented in red and the silicon atoms in yellow. The blue atoms represent the 12 nonequivalent silicon atoms denoted T1-T12. (b) Si 33 entity identified as the precursor of MFI nanoslabs surrounding TPAOH as SDA, 41 (c) Formation of nanoslabs by the assembly of the Si 33 elementary units, 40 (d) Schematic representation of rounded-boat (top) and coffin-shaped (bottom) crystals,60 (e) Relationship between the crystallographic abc axes and the morphological xyz axes for coffin-shaped crystals,59 (f) TEM of MFI nanosheets.28 Reprinted from refs 28,40-41,59-60. with permission from The Royal Society of Chemistry, American Chemical Society (Copyright 1999 and 2008), Wiley (Copyright 2001), Nature (Copyright 2009).

  Figure 1. (a) Conventional crystalline cell of ZSM-5,the Oxygen atoms are represented in red and the silicon atoms in yellow. The blue atoms represent the 12 nonequivalent silicon atoms denoted T1-T12. (b) Si 33 entity identified as the precursor of MFI nanoslabs surrounding TPAOH as SDA, 41 (c) Formation of nanoslabs by the assembly of the Si 33 elementary units, 40 (d) Schematic representation of rounded-boat (top) and coffin-shaped (bottom) crystals,60 (e) Relationship between the crystallographic abc axes and the morphological xyz axes for coffin-shaped crystals,59 (f) TEM of MFI nanosheets.28 Reprinted from refs 28,40-41,59-60. with permission from The Royal Society of Chemistry, American Chemical Society (Copyright 1999 and 2008), Wiley (Copyright 2001), Nature (Copyright 2009).

Figure 2 .

 2 Figure 2. Stability diagrams (top) and most surface models (side and top views) for the siliceous (a) (100), (b) (010), and (c) (101) surface orientations. The numbers in the diagrams correspond to the thermodynamically most stable heights for the cleavages (in section SI in the Supporting Information of Chapter 3 for details). The typical surface groups that are present at the surface cleavage are depicted at the bottom of the figure; they are underlined with the colors used in the stability diagrams to show under which conditions these groups are present.

Figure 3 .

 3 Figure 3. Equilibrium morphology of silicalite-1 and ZSM-5 crystals predicted by a Gibbs-Curie-Wulff approach, from the surface free energies calculated at 400 K and 1 bar, considering the (100), (010), and (101) orientations: (a, b): most stable morphology predicted by the bulk cleavage approach;(c, d): approximation of the morphology predicted upon construction of the surface models with the Si 33 precursor building block approach (see also Figure4). (a) and (d) are projections along specific axes.

  Figure 3. Equilibrium morphology of silicalite-1 and ZSM-5 crystals predicted by a Gibbs-Curie-Wulff approach, from the surface free energies calculated at 400 K and 1 bar, considering the (100), (010), and (101) orientations: (a, b): most stable morphology predicted by the bulk cleavage approach;(c, d): approximation of the morphology predicted upon construction of the surface models with the Si 33 precursor building block approach (see also Figure4). (a) and (d) are projections along specific axes.

Figure 4 .

 4 Figure 4. (a) Si 33 precursor species constructed in the spirit of Kirshhock et al. 41 from the optimized bulk MFI structure, (b) Lateral view of the structure of a nanoslab, exhibiting (100) surfaces, constructed in the spirit of ref 40. The nature of the equivalent cleavages along the (100) surface is depicted. Stacking of two nanoslabs along the a axis, making cleavage no. 1 (c) or no. 2 (d) being solely exposed. Note that the structure of the isolated nanoslabs was not relaxed. The color code is the same as in Figure 2.

Figure 5 .

 5 Figure 5. Alumination energy along the various considered cleavages and in the bulk of ZSM-5 for the large variety of considered aluminated sites. On the right, the site corresponding to the lowest alumination energy for a given kind of site is shown.

Figure 6 .

 6 Figure 6. Surface hydration thermodynamic diagram for two types of Al-(H 2 O) sites belonging to the cleavage 1 of the(100) surface of ZSM-5: (a) site no. 59 and (b) site no. 75. The terminology of the surface sites is given in Figure S14.

Figure 7 .

 7 Figure 7. Dehydration of Al-(H 2 O)(OH) n groups (exemplified in the case of n = 0) depending on the presence of a nanopore (b) or a siloxane bridge (c) below the Al atom, while bridging OH groups at the pore mouth (a) are stable upon dehydration.

  , C. Demaret, D. Wisser, B. Harbuzaru, A. Méthivier, E. Guillon, D. Benedis, A. Gomez, T. de Bruin, M. Rivallan, L. Catita, A. Lesage, C. Chizallet).

Figure 1 .

 1 Figure 1. Environment and terminology of the various hydroxyl groups modeled by DFT in this work. (a) bridging Si-(OH)-Al group, known to be present in the bulk and at the external surface, with various possible second neighbors. (b) water molecules adsorbed at surface aluminum, at the external surface, 26-27 with possible Al-OH neighbors. (c) Silanols. (d) Silanol-Al. 28-29 (e) Mononuclear model extra-framework species, hosted in the zeolite porosity. (f) Dehydration of a Al-(H2O) site giving a AlIII close to a silanol, that then forms a 2MR upon Si-(OH)-Al bridge closure.

  ) are called Silanol-Al. They are called hydrogenbond donor when the O-H•••O non-covalent bond is smaller than 2.5 Å.Monomeric extra-framework species represented in Figure1-e were modeled (one monomer per simulation cell): Al(OH)3H2O as alumina monomer and Si(OH)4 (orthosilicic acid) as silica monomer. These monomers are studied in interaction with the bulk zeolite, and Chapter 4.

Figure 2 .

 2 Figure 2. Examples of sites modeled by DFT calculations : (a) 2MR formed upon dehydration of the Si87 site of the (100) surface cleavage 1, (b) EFAl at the (100) surface of ZSM-5, after deprotonation of a close Al-(H2O) site, (c) EFAl at the (100) surface of ZSM-5, after formation of a O-Al covalent bond with a surface AlIV atom (d) EFSi at the (100) surface of ZSM-5, after formation of a O-Al covalent bond with a surface AlIV atom. Red: oxygen, purple: aluminum, yellow: silicon, white: hydrogen.

Figure 3 .

 3 Figure 3. (a), (b) SEM and (c) TEM pictures of the Z-25-Small crystals. (d) SEM image of the Z-22-Big crystals.

Figure 4 .

 4 Figure 4. IR spectra of (a)-(c) Z-25-Small, (b)-(d) Z-22-Big, in the O-H stretching region (a)-(b), and in combination band plus bending zone (c)-(d). All spectra are acquired under secondary vacuum.

Figure 5 .

 5 Figure 5. (a) IR spectra before (top) and after Fourier self-deconvolution (bottom) of the two samples activated at 573 K, and their difference. (b) Revised assignment of the IR spectra, from DFT calculations. (c) Harmonic O-H stretching frequencies calculated by DFT for a set of sites. The average for each family is also given. Symbols corresponding to isolated OH groups are circled in black.

Figure 6 .

 6 Figure 6. Evolution of the intensity of the different contribution observed in the hydroxyl region for a) Z-25-Small and b) Z-22-Big as function of the activation temperature.

Figure 7 .

 7 Figure 7. (a) 1 H MAS NMR spectra normalized to the mass of the sample of Z-22-Big and Z-25-Small after activation at 573 K. (b) Simplified assignment proposed in the present work on the basis of DFT calculations. 1 H NMR DFT calculated chemical shifts of: (c) Al-OH, Al-H2O, Bridging Si-(OH)-Al, and 2MR sites, (d) Silanol-Al and silanols. For (c), symbols corresponding to isolated Al-OH and Al-(H2O) are circled in black, and the numbers correspond to the terminology reported in Figure 1. Hydrogen-bond donor OH groups are fully excluded from the diagrams.

  Si-OH Acceptor with bridging or Al-(H 2 O) Isolated Acceptor with other Si-OH Acceptor with bridging or Al-(H 2 O)

Figure 8 .

 8 Figure 8. Two-dimensional 1 H SQ-DQ NMR spectra (a) Z-25-Small and (b) Z-22-Big after activation at 300°C.

Figure 8 -

 8 Figure 8-a shows the two-dimensional 1 H correlation spectrum obtained for Z-25-Small. Three autocorrelation peaks along the diagonal of the spectrum are observed. A first one appears at 1.8 ppm (SQ) (3.6 ppm in DQ). We assigned this signal to isolated silanols and H-bond acceptor Silanol-Al (with donor SiOH). This indicates spatial proximity between

Figure 9 .

 9 Figure 9. Simplified representation of the proximities observed by 1 H SQ-DQ NMR, for the sites that are specific to the external surface, as assigned by DFT. Extra-framework species are omitted for the sake of clarity, as well as bridging OH groups. AC: autocorrelation, CC: cross-correlation. AC with groups of the same nature are omitted (except within the isolated Al-(H2O)).
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Figure 1 :

 1 Figure 1: a) Pyridine; b) 2,6-ditertbutylpyridine; Adsorption modes on acid sites: c) formation of hydrogen bond (BAS); d) protonation of the probe molecule (BAS); e) formation of a N-Al bond (LAS) in an anti-position with respect to the bridging OH group.

Figure 2 .

 2 Figure 2. Adsorption energy of pyridine on BAS depending on the surrounding environment and the surface site in the H-ZSM-5 bulk, and on three external surfaces cut along (100) (cleavage 1 and cleavage 6) and (010) orientations (cleavage 2). Left: the pyridine adsorption value is decomposed into the dispersive (orange) and the non-dispersive (grey) parts of the energy in kJ mol -1 . Right: Desorption temperature in K calculated with thermodynamic characteristics of pyridine for a partial pyridine pressure Ppyr=10 -4 bar. Bottom: Schematic representation of pyridine position against its immediate surrounding and the nature of the initial aluminated surface site.

Figure 3 .

 3 Figure 3. Most stable adsorption modes of 2,6-ditertbutylyridine: a) in H-ZSM-5 bulk on T5 aluminated site; b) at the external surface cleavage 1 cut along (100) on Si59 aluminated site (equivalent of T5).

Figure 4 .

 4 Figure 4. Adsorption energy of pyridine depending on the surrounding environment and the surface site in the H-ZSM-5 bulk, and on three external surfaces cut along (100) (cleavage 1 and cleavage 6) and (010) (cleavage 2) orientations. Left: the pyridine adsorption value is decomposed into the dispersive (orange) and the non-dispersive (grey) parts of the energy in kJ mol -1 . Right: Desorption temperature in K calculated with thermodynamic characteristics of pyridine for a partial pyridine pressure Ppyr=10 -4 bar. Bottom: Schematic representation of pyridine position against its immediate surrounding and the nature of the initial aluminated surface site.

Figure 5 .

 5 Figure 5. IR spectra of H-ZSM-5 crystals activated at 300 °C (named Z-25 in C. Demaret PhD work 1 ) and IR spectra of pyridine thermodesorption on this crystals (Z-25_x°C where x is the temperature desorption). Z-25 correspond to Z-25-Small of Chapter 4.

Figure 6 .

 6 Figure 6. IR spectra of H-ZSM-5 crystals (named Z-25 in C. Demaret PhD work 1 ); a) activated at 300 °C before and after contact with pyridine at ambient temperature; b) IR spectra of pyridine thermodesorption on this crystal (Z-25_x°C where x is the temperature desorption). Z-25 correspond to Z-25-Small of chapter 4.

Figure 7 .

 7 Figure 7. Two extreme scenarios for the Na + /H + exchange between ZSM-5 crystal and silica binders.1 

Chapter 5 .

 5 ZSM-5 models with an aluminated site and 𝑁𝑎 -𝐴𝑙 -𝑍𝑆𝑀5 the same model with the compensation proton replaced with a Na + cation. Three different models of binder are used for calculation the exchange energy. The first binder model is a model extracted from the study of Tielens et al. of the hydroxylated surface of amorphous silica, 13 with the following cell dimensions: a = 12.7745 Å, b = 17.6362 Å and c = 25.1732 Å. This model is similar to an amorphous slab along a and b axes and is presented in Figure 8 a. The sodium cation is introduced in the model instead of an proton. The two other models presented in Figure 8 b-c are γ-Al2O3 models developed at IFPEN which are slabs along a and b axes also presented in the same figure: alumina cut along the (110) orientation (a = 16.0670 Å, b = 16.7790 Å and c = 23.0000) and alumina cut along the (100) orientation (a = 11.1308 Å, b = 16.7682 Å and c = 28.0000) respectively. 14-16 Tielens' model has also been tested with one aluminated site presented in Figure 9 c. The ZSM-5 models used for the sodium exchange are the previous bulk model (with T5 as the silicon site substituted) and the surface model with the site no. 59 substituted presented in Figure 9 a-b.

Figure 8 .

 8 Figure 8. Binder models used for our calculations (a) Tielens' model 13 of amorphous silica, (d) exchanged with sodium in the present work. Digne's model of γ-Alumina (110) with 3 sodium (b) and 4 sodium (e)16 and (100) (c)14 surface, exchanged with sodium (f).

Figure 9 .

 9 Figure 9. Aluminated surface models used for our calculations (a) aluminated H-ZSM-5 bulk, (d) proton exchanged with sodium; (b) aluminated site no. 59 on cleavage 1 of (100) orientation, (e) proton exchanged with sodium; (c)Tielens' model of amorphous silica with aluminated site, (f) proton exchanged with sodium.

3 Zeolite

 3 𝐴𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑆𝑖𝑙𝑖𝑐𝑎 > 𝑍𝑒𝑜𝑙𝑖𝑡𝑒 𝐵𝑢𝑙𝑘 > 𝑍𝑒𝑜𝑙𝑖𝑡𝑒 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 > 𝐴𝑙𝑢𝑚𝑖𝑛𝑎 100 > 𝑆𝑖𝑙𝑖𝑐𝑎 > 𝐴𝑙𝑢𝑚𝑖𝑛𝑎 110Equation

Figure 10 :

 10 Figure 10: Schematic representation of monomers of binders (Left) Alumina monomer (Right) Silica monomer.

Figure 11 .

 11 Figure 11. Adsorption energies of alumina and silica monomers in kJ mol -1 in the bulk of ZSM-5. The interaction between monomers and zeolite are given by acronyms: Cov. B. = covalent bond, h.B. = hydrogen bond, p.t. = proton transfer, the detailed energies are given in TableS3in section SIII.1 of the Supplementary Information of Chapter 5.

FTable 5 .

 5 -250 -230 -210 -190 -170 -150 -130 -110 -90 -70 -50 -30 -10 Δ ads U monomer (kJ mol -1 ) On Al site: Cov. B. and p.t. Cov. B. h.B. and p.t. hAlumina and silica monomer adsorption representations in bulk of ZSM-5 depending on the nature of the monomer, the adsorption site and the bond formed. (a) Ball and stick representation of the monomer and the adsorption site (b) Schematic representation of the adsorption, atom originally from the zeolite network are represented in red, atoms originally from monomer are represented in black.

Figure 12 .

 12 Figure 12. Adsorption energies of alumina and silica monomers in kJ mol -1 at external surface of H-ZSM-5 (aluminated and purely silicic surfaces). The interaction between monomers and zeolite are given by acronyms: Cov. B. = covalent bond, h.B. = hydrogen bond, p.t. = proton transfer.

-

  250 -230 -210 -190 -170 -150 -130 -110 -90 -70 -50 -30 -10 Δ ads U monomer (kJ mol -1 ) On Al site: Cov. B. h.B. and p.t. h.B. On Si site: Cov. B h.B.

  The parameter set of Joshi et al. or the parameter set of Pitman et al. have numerous activated parameters to adapt it to our systems. Activated parameters include both covalent and non-covalent bond interactions between Al-O, O-H, and bond angle parameters for Al-O-H, Al-O-O, Al-O-Al, O-Al-O, Al-Al-O, and Al-O-Si. The reader is referred to section SI.4. of the Supplementary Information of Chapter 6 through the reprography of the input "params" file for further details.

Figure 1

 1 Figure 1 Supplementary structures from the Tr.2; a-b) Octahedral structure of the aluminated site number 77 with 3.0 H2O nm -2 at the external surface; c) Aluminated site number 121 on cleavage 2 of (010) orientation.

Figure 2 :

 2 Figure 2: Preliminary tests of the reactive force fields of Pitman et al., 1 Joshi et al. 2,5 and of Bai et al. 3 as compared to the DFT optimized structure of ZSM-5 external surface (cleavage 1 along (100)). (Left) Representation in ball and stick of the external surface model with the distinction on the straight pores by numbers 1 and 2 (Right) Table of the error with respect to the DFT data of the pores size depending on the modeling method used.

  The temperature of desorption depends on the water pressure as shown in the thermodynamic diagram (Figure6ain Chapter 6), and the temperature desorption of this surface must be under 1000 K to approach a realistic model.

6. 3 . 4 .Figure 4 .

 344 Figure 4. Error distribution of distances a) and angles b) obtained with the reactive force fields Rff1, Rff2, and Joshi's compared to the reference data obtained with DFT.

Figure 5 .

 5 Figure 5. Results of geometry optimization of (100) γ-alumina surface of 12.9 OH nm -2 calculated by DFT, Rff1, Rff2, and Joshi reactive force field.

Figure 6 .

 6 Figure 6. Results of geometry optimization of alumina monomer Al(OH)3(H2O) adsorbed on T5 aluminated site in bulk and aluminated site no. 50 at the external surface of cleavage 1 of (100) orientation with the most adsorption mode revealed in Chapter 5, hydrogen bonds and proton transfer, calculated by DFT, Rff1, Rff2, and Joshi reactive force field.

Figure 7 .

 7 Figure 7. Hirshfeld charge distribution in alumina monomer calculated with the reference method DFT, with our two reactive force fields Rff1 and Rff2, and with Joshi's reactive force field.

Figure 8 .

 8 Figure 8. Energy desorption curve of the water molecule adsorbed on alumina and silicon cluster Al(H2O)[Si(OH)3]3 relative to the energy of the most stable adsorption position of water; calculated by DFT (black curve), Rff1 (red), Rff2 (blue), Joshi reactive force field (green).

Figure 9 .

 9 Figure 9. Desorption energy curve of water molecule adsorbed on (relative to the energy of the most stable adsorption position of water) aluminated site number 121 on cleavage 2 of (010) orientation; calculated by DFT (black), Rff1 (red), Rff2 (blue), and Joshi's reactive force field (green).

Figure 10 .

 10 Figure 10. Error distribution of distances a) and angles b) obtained with the reactive force fields Rff1, Rff2, and Joshi compared to the reference data obtained with DFT on silicalite validation set.

Figure 11 .

 11 Figure 11. Error distribution of distances a) and angles b) obtained with the reactive force fields Rff1 and Rff2 compared to the reference data obtained with DFT on aluminated zeolite surface validation set.

Figure 12 .

 12 Figure 12. Error distribution of distances a) and angles b) obtained with the reactive force fields Rff1 and Rff2 compared to the reference data obtained with DFT on γ-alumina validation set.

Figure 13 .

 13 Figure 13. Geometry optimizations of (100) γ-alumina surfaces with different hydration level; with the reference method (DFT) and with the two developed reactive force fields of this study Rff1 and Rff2.

Figure 14 .

 14 Figure 14. Geometry optimizations of (110) γ-alumina surfaces with different hydration level; with the reference method (DFT) and with the two developed reactive force fields of this study Rff1 and Rff2.

Figure 15 .

 15 Figure 15. Error distribution of distances a) and angles b) obtained with the reactive force fields Rff1 and Rff2 compared to the reference data obtained with (DFT) on boehmite validation set.

Figure 16 .

 16 Figure 16. Geometry optimizations of (001), (010), and (101) boehmite surfaces with the reference method (DFT) and with the two developed reactive force fields of this study Rff1 and Rff2.

Figure 17 .

 17 Figure 17. Error distribution of distances a) and angles b) obtained with the reactive force fields Rff1 and Rff2 compared to the reference data obtained with (DFT) on aluminosilicate geometries validation set.

Figure 18 .

 18 Figure 18. Geometry of the 4Alz system composed of four aluminated sites including three Al-OH-Si bridging groups at the most external surface and one deeper in the structure optimized with a) DFT and b) Rff2

Figure S2 .

 S2 Figure S2. Side views of the simulation cells for the (a) (100), (b) (010) and (c) (101) surface orientations, at various cleavages.

Figure S3 .Figure S6 .

 S3S6 Figure S3. Evolution of the surface energy calculated at 0K function of the water coverage on each surface termination.

Figure S7 .

 S7 Figure S7. Evolution of the surface free energy as a function of the temperature for a water pressure of 1 bar, for all cleavage heights investigated in the (010) orientation, including those that do not appear in the final thermodynamic diagram (Figure 2 in the manuscript).

Figure S8 .SIII. 4 .

 S84 Figure S8. Evolution of the surface free energy as a function of the temperature for a water pressure of 1 bar, for all cleavage heights investigated in the (101) orientation, including those that do not appear in the final thermodynamic diagram (Figure 2 in the manuscript).

Figure S10 .

 S10 Figure S10. (a) TEM images of silicalite-1 crystals from ref. 1 , (b) zoom on the particle analyzed for the measurements of the dimensions along the hexagonal projection. The colored dimensions were deduced from measurements on the screen. In red: longer dimension and blue: shorter dimension.

Figure S11 .

 S11 Figure S11. (a) Cleavage n°1 (top) and n°2 (bottom) for the (100) orientation, built by bulk cleavage. The Si atoms of the elementary Si 33 units are emphasized in blue and grey for better visualization. (b) Analogy between the lateral view of a portion of the type 1 double nanoslab (top) and cleavage n°2 of the (010) surface (bottom). (c) approximate analogy between one of the lateral surface of the type 1 double nanoslab (top) and cleavage n°9 of the (101) surface (bottom).

SVI. 1 .

 1 Alumination of the bulk sites

Figure S12 . 3 SVI. 2 .Figure S13 .

 S1232S13 Figure S12. Relative alumination energies (kJ.mol -1 ) of the different T-sites of the ZSM-5 bulk for Si/Al=95. T-sites at channel intersections are plotted in blue, whereas red and orange symbols correspond to T-sites within the sinusoidal and the straight channels respectively. T-sites are indicated by numbers corresponding the IZA attribution. Squares correspond to the results obtained in the present study whereas triangles correspond to the study of Li et al.3 

Figure S14 .Figure S15 .

 S14S15 Figure S14. Top views of the most important surface cleavages, showing the numbering of the silicon atoms, on the (a) (100) and (b) (010) orientations.

  -OH-Si / 1' Al-OH-Si / 1 Al-OH-Si-OH / 1'' Al-OH-Si-OH / 1

Chapter 3 :

 3 Figure S16. Surface of the initial surface for hydration and dehydration with 1.7 H 2 O.nm -2 (Left) Top view (Right) Side view. This surface exhibits 7 Si-OH groups and one Al-H 2 O. The two pairs of Si-OH groups are close neighbors and form at the surface a HO-Si-O-Si-OH bridges.

Figure S17 .

 S17 Figure S17. Surface hydration thermodynamic diagram for Al-(H 2 O) site n°77 belonging to the cleavage 6 of (100) surface of ZSM-5

  Structures (Schematic view, top view and side view) of the systems invoked in Figure6-a in the manuscript.

Figure 6

 6 Structures (Schematic view) of the systems invoked in FigureS17.

S31

  

1 H

 1 NMR spectral deconvolution was done using DMFit as illustrated in FigureS6. The 1 H chemical shifts obtained through spectral deconvolution gathered in Table

Figure S6 .

 S6 Figure S6. Deconvolution of spectral components of 1 H MAS NMR spectra using DMFit (in blue : experimental spectrum; in red -best fitted model). For both samples, peaks were fitted using Lorentzian curves. Despite the use of the 1 H DEPTH sequence, a very large and weak signal can be observed around 0.9 ppm, which can be attributed to probe background signal. The intensity, width and position of this signal were kept constant for spectral deconvolution in both cases.

Figure S7.

  Figure S7.Relative peak intensity contributions obtained from deconvolution of 1 H MAS NMR spectra using DMFit. Note that these values have an estimated uncertainty of 10% and values below 5% are not precise.2 The intensity of the peak at 0.9 ppm (probe background) was not taken into account in these calculations.

Figure S8 .

 S8 Figure S8. Projection along F1 dimension of 1H SQ-DQ spectra for the Z-25-Small sample, at a position of (a) 7.6 ppm, (b) 5.5 ppm in F1.

Figure S9 .

 S9 Figure S9. Chemical shift of protons depending on the distance between them in the bulk of H-ZSM-5. The blue dots represent a proton which does not change its position whereas the purple is not attached to the same oxygen atom.

Figure S10 .

 S10 Figure S10. Chemical shift of protons depending on the distance between them at the external surface of H-ZSM-5. The blue dots represent a proton which does not change its position whereas the purple is not attached to the same oxygen atom.

SI. 1 .

 1 Pyridine adsorption on Brønsted Acid SitesTableS1. Complementary details about adsorption mode of pyridine on BAS depending on the surrounding environment and the surface site in the H-ZSM-5 bulk, and on three external surfaces cut along (100) (cleavage 1 and cleavage 6) and (010) orientations (cleavage 2) presented in Figure2of Chapter 5.

Figure S1 .

 S1 Figure S1. Pyridine adsorption energy (kJ.mol -1 ) on the different Brønsted acid sites of H-ZSM-5: Bulk (purple)bridging Al-OH-Si; 0 (red)bridging Al-OH-Si in open micropores; 1 (green) -H 2 O adsorbed on aluminum; 2 (orange) -H 2 O adsorbed on aluminum with one hydroxyl group; 3 (blue) -H 2 O adsorbed on aluminum with two hydroxyl groups. 1, 2, 3 are at the outermost surface.

SI. 2 .

 2 Figure S2. BAS concentration obtained with adsorption/desorption of pyridine at different temperatures (from C. Demaret PhD work) 1 . Z-22 and Z-25 correspond to Z-22-Big and Z-25-Small of chapter 4.

Figure S3 .

 S3 Figure S3. LAS concentration obtained with adsorption/desorption of pyridine at different temperatures (from C. Demaret PhD work) 1 . Z-22 and Z-25 correspond to Z-22-Big and Z-25-Small of chapter 4.

25 SV. 4 .

 254 15 0.014258 5.4061 8.0000 # Al:15 EEM eta 2 13 19 0.109217 67.5458 90.0000 # Al:19 HeatForm term 2 13 20 1.179671 15.0000 137.9671 # Al:20 p_boc4 part 2 13 21 0.000860 0.1000 0.4000 # Al:21 p_boc3 part 2 13 25 0.193396 -30.0000 -3.8430 # Al:25 p_ovun2 2 13 26 0.015000 0.0000 3.0000 # Al:26 p_val3 3 9 1 1.223076 102.0000 224.3076 # b%HO:1 E(Sigma) 3 9 4 0.004971 -0.9126 -0.4155 # b%HO:4 p_be1 3 9 8 0.006393 0.3607 1.0000 # b%HO:8 p_ovun1 3 9 9 0.038900 0.5000 5.0050 # b%HO:9 p_be2 3 9 13 0.001343 -0.1788 -0.0445 # b%HO:13 Water molecule desorption on aluminated site no. 77 on cleavage 6 of (100) orientation

SVI.

  Figure S5. Results of geometry optimization of (110)-(100) γ-alumina edges with 0, 3, and 6 water molecules calculated by DFT, Rff1, Rff2, and Joshi reactive force field.

  

  

  

  

  

Table 1 .

 1 .Brønsted 

		ZSM-5	ZSM-5-si	ZSM-5-bo	ZSM-5-ka	ZSM-5-at
	CB (µmol/gzeolite)	212	50	96	190	113

acid sites concentration (CB) of a ZSM-5 zeolite shaped with different binder: silica (si), boehmite (bo), attapugite (at) and kaolin (ka).

112 

Table 2 .

 2 

		at	ZSM-5	ZSM-5-at	ZSM-5	ZSM-5-at
	Si/Al	-	15	15	140	140
	CB (µmol/gzeolite)	0	304	189	36	24

Table 2 .

 2 Brønsted acid sites concentration (CB) of two ZSM-5 with different Si/Al ratio shaped or not with attapulgite binder.112 
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Table 1 .

 1 Surface Energies γ surf (mJ m -2 ) at 400 K and P(H 2 O) = 1 bar of Purely Silicic Cleavages (CLV) for the (100), (010), and (101) Surface Orientations and the Same Cleavages for Similar Aluminum Contents.

			(100)	(010)	(101)	(101)
			CLV1	CLV2	CLV6	CLV9
	purely silicic	γ surf	12.7	13.1	14.2	17.4
	aluminated	Al nm -2	0.37	0.38	0.41	0.41
	surface	γ surf	11.0	11.5	12.8	14.7

T(K) 0.9 H 2 O/nm² 0.6 H 2 O/nm² 2 2 2 2.8 H 2 O/nm² 2.1 H 2 O/nm² 1.7 H 2 O/nm² 1.3 H 2 O/nm² + 2H 2 O 2 2 + H 2 O -H 2 O -H 2 O -H 2 O

  

Table 2 .

 2 Dehydration Temperature T des at P(H 2 O)=10 -4 bar for Various Al-(H 2 O) Surface Sites. See Figures S14 and S15 for the terminology of the sites. The shortest non covalent Al---O bond length d(Al---O) between the Al of Al-(H 2 O) and the closest siloxane bridge underneath (if any), before desorption, is also given, as well as the number of hydrogen bond N LH (2.5Å cutoff) between the water molecule and neighboring OH groups before desorption and the coordination state of aluminum after water desorption.

Table 3 .

 3 Brønsted Acidity As Measured by the Pyridine Adsorption on a Selected Number of Protonic Sites of the (

Table 4 .

 4 Lewis Acidity Measured by Adsorption of Pyridine on Selected Al Sites of the (

	Sites (number)	Bulk	57		69		79			89	91			59					75	
									+													
																			-			
	Nature of the reaction		Si	O H	Al	N	Si	N O H	Al	-	O	H O	Al O	H	O	N	O	H O	O Al	O Or	H	N	+
	ΔadsUpy (kJ mol -1 )	-213	-180		-185		-184			-167	-215			-150					-122	
	ΔdispUpy (kJ mol -1 )	-69	-73		-45		-88			-51	-91			-78					-47	
	Δnon_dispUpy (kJ mol -1 )	-144	-107		-140		-96			-116	-124			-72					-75	
	Tdes-py (K)	638	549		562		560			513	645			465					385	
	Structure of																					
	adsorbed																					
	pyridinium																					

Table 1 .

 1 Physical-chemical properties of the zeolite powders.

	Sample		Z-22-Big	Z-25-Small
	Na (ppm) a		209	230
	Si/Al global (mol/mol) b	21.6 +/-4.5	24.7 +/-5.5
	Si/Al (mol/mol) c	surface	18.7 +/-1.3	22.0 +/-1.3
	Crystal size (nm) d	2000 x 1000 x 400	40 x 40 x 40
	Vmicro (cm 3 /g) e		0.177	0.159
	Vtotal (cm 3 /g) e		0.210	0.360
	SBET (m 2 /g) e		410	410
	Sext (m 2 /g) e		5	46
	Sext (m 2 /g) f		4	88
	a determined by AAS (atomic absorption spectrometry)	
	b determined by XRF (X Ray Fluorescence)	

c determined by XPS (X-ray Photoelectron Spectroscopy) d determined by SEM (Scanning Electron Microscopy) e determined by nitrogen sorption analyses f estimated from the crystal size (SEM)

Sub-family and average 1 H chemical shift per category (ppm)

  

																	Chapter 4.
	Type	Total																
	of	average																
	site	(ppm)																
	Si-(OH)-Al	4.20	(1'): 3.98		(1''): 4.30					(1)-surface: 4.12		(1)-bulk: 4.25	2MR: 4.55
	Al-(H2O)	3.46	HO HO H	EFAl 3.34 Al O H OH	:	EFAl-isolated: 3.88	HO	O	: 3.07 (4) Al O O H	H	O	: 3.31 (3) O Al O H	O H	(3)-isolated: 3.76	H 2 O HO	: 3.37 (5) O Al	H O	H
				EFAl							(1')					(5)
	Al-OH	0.86	HO HO H	Al O	H O	H	EFAl-isolated: 0.43	O O	O	Si	O H	Al	O O H O	(1')-isolated: 0.93	H 2 O HO	O Al	O H
				: 1.36							: 1.24					: 1.02

Table 1 .

 1 summarizes the final (best) total error for each RUN and each force field. Minimal value of the objective function obtained for 15 similar runs with the initial reactive force fields of Pitman et al. and Joshi et al. at the end of 48h CPU calculation on 4 nodes. Optimization of Joshi's reactive force field with Tr.1 in RUN no.7 presented in Table 1

	RUN	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15
	Pitman et	3220	2656	2392	2255	3573	1889	1389	1375	1586	1054	4334	6669	4624	6038	7107
	al.	6	2	3	5	0	7	2	0	5	1	5	4	3	0	6
	Joshi et al.	7452 7828 7051 6008 8791 6324 5682 5483 4417 6594	1959 6	1389 3	8919	2771 8	1405 5

Table 2 .

 2 Reactive force fields characteristics from Tr.1 and initial reactive force field of Joshi et al. after a start and a restart: minimal value of the objective function, total number of iterations, and desorption temperature obtained with MD.

Table 3 .

 3 Reactive force fields characteristics from Tr.2 and initial reactive force field of Joshi et al. after a start and a restart: minimal value of the objective function, total number of iterations, and desorption temperature obtained with MD.

Table 4 .

 4 Hydration and dehydration energies (kcal mol -1 ) of aluminated site no. 59 obtained with DFT (reference data) and with reactive force fields Rff1, Rff2, and Joshi's.

Table 5 .

 5 As expected Rff2 yields better results than Rff1.

		DFT	Rff1	Rff2	Joshi
	Dehydration	27.9	31.1	28.9	16.3
	Hydration	-16.1	-16.0	-10.2	0.4

Table 5 .

 5 Water desorption energies in kcal mol -1 from no. 77 aluminated site, on the surface named cleavage 6 cut along (100) orientation, from the hydrated surface with 3.0 H2O nm -2 to the hydrated surface with 1.8 H2O nm -2 obtained with DFT (reference data) and with reactive force fields Rff1, Rff2, and form Joshi et al.

		DFT	Rff1	Rff2	Joshi	Reaction
	3.0 to 2.8 H 2 O nm -2 16.7	3.2	10.7	-95.6
	2.8 to 2.6 H 2 O nm -2	6.1	7.3	4.2	-3.8
	2.6 to 2.4 H 2 O nm -2	12.9	9.7	10.5	-1.4
	2.4 to 2.2 H 2 O nm -2	24	18.6	27.3	30.9
	2.2 to 2.0 H 2 O nm -2	39.1	40.3	41.4	70.1
	2.0 to 1.8 H 2 O nm -2	37.8	26.9	35.5	51.3

Table S1 .

 S1 Surface free energies at 0 K for cleavages (CLV) along different surfaces: (100), (010) and (101). The most stable terminations according to the thermodynamic analysis are reported in bold.

	(100)	θ H2O (nm -2 )	γ surf (J.m -2 )	(010)	θ H2O (nm -2 )	γ surf (J.m -2 )	(101)	θ H2O (nm -2 )	γ surf (J.m -2 )
	CLV1	1.50	0.037	CLV1	3.01	0.0239	CLV1	2,92	0.0001
	CLV2	3.00	-0.001	CLV2	1.50	0.0412	CLV2	2.71	0.0257
	CLV3	4.11	-0.064	CLV3	4.51	-0.1091	CLV3	3.54	-0.0438
	CLV4	2.25	0.031	CLV4	2.26	0.0469	CLV4	3.75	-0.0735
	CLV5	3.37	-0.052	CLV5	3.76	-0.0680	CLV5	1.88	0.0241
	CLV6	4.11	-0.111	CLV6	4.51	-0.1258	CLV6	1.88	0.0178
	CLV8	2.25	0.012	CLV8	2.26	0.0414	CLV7	3.75	-0.1412
	CLV10	3.37	-0.098	CLV10	3.76	-0.1237	CLV8	3.54	-0.0841
	CLV6/3	4.11	-0.109	CLV6/3	4.51	-0.1105	CLV9	2.71	-0.0252
	CLV8/4	2.25	0.025	CLV8/4	2.26	0.0521			
	CLV10/5	3.37	-0.069	CLV10/5	3.76	-0.0820			
	CLV6/3 correction dipolaire	4.11	-0.109						
	CLV8/4 correction dipolaire	2.25	0.025						
	CLV10/5 correction dipolaire	3.37	-0.069						

Table S2 .

 S2 Alumination energies (kJ.mol -1 ) for bulk sites of the ZSM-5 T-sites. The terminology of the sites follows the one of IZA. Color code: Sinusoïdal chanel ; Straight chanel ; Intersection.

	Al position O position	(kJ.mol -1)	Al position O position	(kJ.mol -1 )
	T1	O1	-22	T7	O16	-18
	T1	O2	-24	T7	O18	-13
	T1	O3	-26	T7	O11	-29
	T1	O4	-11	T7	O17	-34
	T2	O2	-22	T8	O17	-40
	T2	O6	-32	T8	O19	-33
	T2	O5	-27	T8	O6	-31
	T2	O7	-31	T8	O20	-17
	T3	O10	-44	T9	O15	-23
	T3	O5	-26	T9	O21	-20
	T3	O8	-29	T9	O19	-27
	T3	O9	-9	T9	O22	-8
	T4	O12	-28	T10	O24	-37
	T4	O11	-37	T10	O3	-22
	T4	O4	-19	T10	O23	-20
	T4	O9	-8	T10	O22	-25
	T5	O1	-18	T11	O16	-26
	T5	O13	-28	T11	O25	-24
	T5	O12	-13	T11	O14	-18
	T5	O14	-19	T11	O24	-34
	T6	O13	-24	T12	O25	-34
	T6	O15	-14	T12	O8	-29
	T6	O10	-26	T12	O26	-23
	T6	O7	-18	T12	O20	-27

Most stable T- sites in the bulk (kJ.mol - 1 ) in the bulk Rank among (100) most stable surface sites (cleavage 1) / Nature of the site Rank among (010) most stable surface sites (cleavage 2) / Nature of the site Rank among (101) most stable surface sites (cleavage 6) / Nature of the site
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	T3	-44	9 / Al-OH-Si	13 / Al-OH-Si-OH	7 / Al-(H 2 O)(OH) 6 / Al-H 2 O
	T8	-40	7 / Al-OH-Si-OH	8 / Al-OH-Si-OH	8 / Al-OH-Si
	T4	-37	10 / Al-OH-Si-OH	7 / Al-OH-Si	26 / Al-OH-Si
	T10	-37	8 / Al-OH-Si-OH	2 / Al-H 2 O	18 / Al-OH-Si-OH
					S25

Table S14 .

 S14 Alumination energies obtained by decreasing the surface Si/Al ratio.* The surface Si/Al ratio is defined for the surface layer which depth corresponds to one bulk unit.

+ H 2 O -H 2 O -H 2 O -H 2 O 2.8 H 2 O/nm² 2.6 H 2 O/nm² 2.4 H 2 O/nm² 2.2 H 2 O/nm² 2.0 H 2 O/nm² 1.8 H 2 O/nm²

  

	+ H 2 O	
	2	1
		2
		2

Table S2 .

 S2 1 H chemical shifts obtained from 1 H MAS NMR spectral deconvolution using DMFit for Z-22-Big and Z-25-Small samples.

	OH group	Z-22-Big δ ( 1 H) / ppm	Z-25-Small δ ( 1 H) /

ppm H-bond acceptor μ 1 / μ 2 -Al- OH

  

	1.3	1.4

Isolated SiOH, H-bond acceptor Silanol-Al (with other SiOH)

  

			Chapter 4: Supplementary Information
		1.9	1.8
		-	2.1
	Al-(H 2 O) with one donor H,		
	most hydrogen-bond acceptor silanols and μ 2 -Al-	2.6	2.7
	OH		
	Bridging Si-(OH)-Al and isolated Al-(H 2 O)	4.1	4.1
	H-bond donors	5.1	4.9
			S39

SII. Exchange energy of sodium Model Exchange cation Energy (eV)

  

			-834.56
		Na +	-834.64 -834.48
	Aluminated and hydroxylated		-834.21
	Tielens' model 2 of silica		-834.33
		H +	-834.93 -834.28
			-834.22
			-2306.05
			-2306.94
		Na +	-2306.12
			-2306.85
	ZSM-5 bulk		-2306.93
			-2306.03
		H +	-2306.13 -2306.98
			-2306.04
			-4722.89
			-4722.98
		Na +	-4723.20
	ZSM-5 external surface cleavage 1 (100) site no. 59 substituted		-4723.11 -4723.11 -4723.57
		H +	-4723.16 -4723.10
			-4723.37
	Alumina (100)	Na + H +	-1206.48 -1206.96
			-831.20
			-831.43
	Hydroxylated Tielens' model 2 of silica	Na +	-831.43 -831.38 -831.68
			-831.53
		H +	-832.34
	Alumina (110)	Na + H +	-1396.20 -1397.41

Table S2 .

 S2 Energies of the different model with sodium cation and proton. For one cation adsorbed on a model various position are explored and the most stable of these position are underlined (in blue for sodium positions and in yellow for hydrogen positions).
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	SIII.
	S47

Monomer adsorption SIII.1. Monomer adsorption in bulk
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					-83
					-79
					-87
					-78
	Monomer Zeolite site	Bond Covalent Covalent	Proton transfer Site name Yes No G A Yes H	-85 -194 -101 -109 -198 -151 -140 -148	(kJ mol -1)
			No	B	-111 -120
	Al	Hydrogen bond	No	I	-167 -186 -182 -192 -154 -138 -139 -130
					-219 -75
			Yes	C J	-148 -81
					-166 -78
	Al				-149 -76
					-191 -75
	Si	Hydrogen bond			-238 -106 -72 -74
					-131 -76
					-90 -75
					-117 -62
			No	D	-106 -72
	Si	Hydrogen bond	No	K	-85 -106 -71 -72
					-114 -75
					-85 -70
					-95 -77
		Covalent	No	E	-105 -77 -86 -77
					-92 -77
	Al				-88 -80
					-99 -77
					-80
					-89
					-81
					-88
					-78
					-89
					-80
					-93
					-79
	Si				-91 -70
		Hydrogen bond	No	F	-74 -88
					-85
					-81
					-66
					-82
					-96
					-85
					-76
					-81
					-80
					-86
					-76
					-89
					-79
						S48

Table S1 .

 S1 Water to aluminum distances obtained on aluminated site no. 77, on the surface named cleavage 6 cut along (100) orientation, from the hydrated surface with 3.0 H 2 O nm -2 to the hydrated surface with 1.8 H 2 O nm -2 obtained with DFT (reference data) and with reactive force fields Rff1, Rff2, and Joshi's.

		DFT	Rff1	Rff2	Joshi	Stucture of the acid site
		1.96	2.10	2.21	2.15
	3.0 H 2 O nm -2	1.91	2.09	2.33	2.22
		2.10	2.10	2.23	2.14
	2.8 H 2 O nm -2	1.96 2.10	2.06 2.02	2.10 2.12	2.09 2.08
	2.6 H 2 O nm -2	1.96 2.09	2.04 2.02	2.12 2.13	2.09 2.09
	2.4 H 2 O nm -2	1.87	2.03	1.98	2.04
	2.2 H 2 O nm -2	1.91	2.00	1.98	1.98

2.0 H 2 O nm -2 1.91 2.02 2.00 1.94
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Chapter 4. Spectroscopic Expression of the External Surface Sites of H-ZSM-5

During these three years of PhD, a theoretical study has been undertaken on the structure and acidity of the external surface of H-ZSM-5, and its interaction with binder models, to better understand the shaping mechanism at the nanometer scale.

The present study has been conducted at two different levels of theory method: periodic Density Functional Theory calculations have been performed in first place to study physical chemical properties of H-ZSM-5 bulk and external surfaces with a high accuracy on relatively small (up to hundreds of atoms). Secondly these data were used to parametrize an empirical reactive force field to be able to simulate larger and more representative H-ZSM-5/binder models. nanometer scale.

For this purpose, we also have relied on experimental data provided by the PhD work of Coralie Demaret (2016-2019) which is a detailed study of zeolite shaping with silica and alumina binder in different operating conditions to be able to evaluate their impact on physical and chemical zeolite properties.

The study of external surfaces of H-ZSM-5 has resulted into a purely computational article published in ACS Catalysis entitled: "Environment, Stability, and Acidity of External Surface Sites of Silicalite-1 and ZSM-5 Micro and Nano Slabs, Sheets, and Crystals" (doi: 10.1021/acscatal.9b05103 and written by L. Treps, A. Gomez, T. de Bruin, and C. Chizallet). Thanks to this study, detailed models of external surfaces of silicalite-1 and H-ZSM-5 zeolites have been obtained for relevant orientations ((100), (010), and (101)). Combining the thermodynamic study of these surfaces and crystal growth approaches (Si33 building block, or microscopy pictures of H-ZSM-5 crystals), it has been shown that the formation of the zeolites surfaces is not purely thermodynamically driven, but that kinetic aspects also play a key role. A detailed description of H-ZSM-5 acid site is also provided, stating for their localization in the zeolite network, their strength, their stability, and their behavior in hydrated or dehydrated environment.

In the bulk and at the pore mouth of zeolite, the bridging groups Al-OH-Si have been shown to be the strongest Brønsted acid sites (BAS) which can be found on H-ZSM-5. At the outermost surface, the Al(OH)nH2O groups are the most stable surface sites which induces that they only behave as mild BAS. But the desorption of the water molecule upon heating reveals surface aluminums which behave like strong Lewis acid sites (LAS). In classical condition of temperature and pressure of reactions (water partial pressure of 10 -4 and temperature between 500 and 700 K), it has been highlighted that all these acid sites are coexisting on H-ZSM-5 surface. These results provide a complementary understanding of former experimental data.

In addition to this analysis, a second article close to be submitted has been written with the contribution of spectroscopy groups, and is entitled: "Spectroscopic Expression of the External Surface Sites of H-ZSM-5" (written by L. 

SI. Variation of the cleavage height for each surface orientation

For each investigated cleavage direction, a set of cleavage height was studied as illustrated in Figure S1. For the (100) surface orientation, cleavage 1 and 2 can generate a cell with a fractional thickness of 2 bulk units (see section SII) with symmetric surfaces. The others are nonsymmetric for the same fractional thickness, it generates a cell with two different surfaces with the following association: 3/6, 4/8 and 5/10. To generate a symmetric cell with these last cleavages, the thickness was set smaller than 2. Figure S2 depicts side views of most important cleavages for each surface orientations.

The surface energies generated by the two methods are almost the same (Table S1) but the symmetric cell allows to calculate the individual surface energies. There is no substantial difference in energy when a dipolar correction is added (Table S1), so that such corrections were not applied in the following. For the (010) orientation, the same kind of approach led to asymmetric slabs in the 6/3, 8/4 and 10/5 cases. For the (101) surface orientation, the thickness is limited to a single cell for cleavage 1, because in this orientation the lateral dimensions of the cell are larger than for the two other surface orientations. The other cleavages are made symmetric by adjusting the thickness.

SII. Convergence of the calculated properties as a function of the slab thickness

The choice of the thickness of the slab model employed throughout the study is made thanks to a set of simulations for several thickness presented in Figure S4. The dimensions of the pores are measured at the surface and in the layer (Figures S4 andS5).

The dimensions of the pore in the middle of the cell should be as similar as possible as that of the bulk. A thickness of 2 bulk units in the a direction is a satisfactory compromise between accuracy and computational cost. 

Figure S3

. 27 Al NMR spectra of the two hydrated zeolite samples. Table S1. 1 H NMR DFT calculated average chemical shifts of silanols classified according to their neighborhood with other silanols. 

S5. Correlation between IR and NMR computational data

Figure S11. Correlation between computed proton chemical shifts and O-H vibration frequency for the same OH groups. The colour code is the same as in Figures 5 and7. S4. Alumina and silica monomer adsorption representations in bulk of ZSM-5 depending on the nature of the monomer, the adsorption site and the bond formed. (a) Ball and stick representation of the most stable monomer and the adsorption site (b) Adsorption energies of the alumina and silica monomers in ZSM-5 bulk in kJ mol -1 , the position corresponding to the ball and stick view is underlined (c) On these structures, the adsorption reaction is a condensation reaction, the adsorption energy is calculated using Equation 1.

SIII.2. Monomer adsorption at the external surface

Equation 1

Chapter 5: Supplementary Information

SI. Inputs for ReaxFF optimization with CMA-ES optimizer

SI.1. Starting force fields

Considering the large amount of data contained in reactive force field files, these files are directly supplied as supplementary material under the names Joshi_ffield, Pitman_ffield and Bai_ffield for Joshi's, Pitman's and Bai's reactive force fields respectively. For the optimization of a random initial guess using Tr.1, the MAXIT criteria used for the geometry optimizations is tested. The convergence of the objective function is observed for MAXIT values from 1000 to 25 in Figure S1. It is enhanced that the MAXIT 25 allows to do faster iteration which conduct to a lower objective function compared to higher MAXIT values for a given number of CPU cores.

SI.2. Cma-es.run for CMA-ES optimizers

SI.4. Params for CMA-ES optimizers

Pitman's params

Joshi's params

SII. Inputs for Validation Sets with CMA-ES optimizer

Considering the large amount of data contained in input files, these files are directly supplied as supplementary material under the names geox, and trainsetx.in (with x = name of the validation set). The validation set are named as following: alumina (validation set with γalumina structures), boehmite (validation set with boehmite structures), silicalite (validation set with purely silicic external surface of H-ZSM-5), alsurf (validation set with one aluminated site at the external surface of H-ZSM-5), and mix (validation set with aluminated amorphous silica, pseudo-normal model, and four aluminated sites at the external surface of H-ZSM-5).

SIII. Analysis of H-ZSM-5 pores' area

Considering the large amount of data contained in POSCAR, this file is directly supplied as supplementary material under the name of POSCAR_clv1_100.

SIV. Rff1 and Rff2 compositions

SIV.1. Rff1

Considering the large amount of data contained in reactive force field files, this file is directly supplied as supplementary material under the names Rff1_ffield.

SIV.2. Rff2

Considering the large amount of data contained in reactive force field files, this file is directly supplied as supplementary material under the names Rff2_ffield. The hydrated surface of (110) γ-alumina with 3.0, and 8.9 OH nm -2 do not present water molecules adsorbed on the surface contrary to the one with 14.8 OH nm -2 which possess height water molecules adsorbed on its surface. 

DFT Rff1

Rff2 Joshi