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General Introduction

Nowadays solid acid catalysts have a widespread application field for example in refining, petrochemistry 1 , environmental protection 2,3 , medicine 4,5 for the synthesis of bio-fuels and bio-chemicals 6,7 and in the field of adsorption 8 , inter alia. Among these catalysts, zeolites which are crystalline alumino-silicate microporous materials, have drawn a strong attention since their first use as adsorbents for industrial separation and purification which is mainly due to their intrinsic and post-synthetic characteristics. Their strong acidity, among others resulting from Lewis-and Brønsted-acid sites, linked with their thermal robustness and well manageable pore sizes make them suitable candidates for industry reactions such as fluid catalytic cracking, hydrocracking, isomerisation and alkylation of various hydrocarbon molecules 9 . Historically, the first synthetically made zeolite appeared in the late 1940s 10 and the introduction of high-silica zeolites, containing an increased Si/Al ratio, 20 years later revolutionized the field of application of these porous materials 11 . The major topic in zeolite synthesis lies within the tailoring of the shape size and the connectivity of intra-framework channels. However confinement effects 12 and diffusion limitations impose severe constraints on the reactants, intermediates and products. For instance, the selectivity in hydrocracking may be directly influenced by confinement effects 13 . Generally rate limiting steps are classified according to reactant/transition state/product shape selectivity 14 . Thus, to account for these selectivities and to avoid side effects (e.g. overcracking) nowadays developments in zeolite catalysis engineering attempt to design efficient and selective solids for the targeted reactions.

One solution is the use of ordered mesostructured solids such as MCM-41 (Mobil Composition of Matter-41), one of the most known ordered mesoporous silica, developed in the early 1990's by Mobil Oil Company (now Exxon Mobil). Contrasting with zeolites, these materials have larger pores and well manageable pore size distributions [15][16][17] . MCM-41 displays an hexagonal arrangement of mesopores of around 2 -6.5 nm 18,19 and for their synthesis supramolecular ionic surfactants, e.g. alkyltrimethylammonium halides, called structure directing agents (SDA) are used. Since the mesoporous siliceous structures do not exhibit the desired Brønsted acid site, they need to be subjected to postsynthetic functionalisations, so called "grafting" 20 with aluminium isopropoxide in n-hexane 21 for example. However, the acidity of aluminium-doped MCM-41 is globally closer to amorphous silica-alumina 22 . Additionally, since these materials are thermically and hydrothermically less stable 15 (Al is easily removable from the framework) than zeolites, they are less suitable in processes such as fluid catalytic cracking or hydrocracking.

With that respect, "hierarchical zeolites" 23 have opened new perspectives because they show improved catalytic performances compared to non-treated ones, e.g. for Mordenite, Zeolite Y and ZSM-5 24 . There are two possibilities leading to these hierarchical zeolites: either the template or the non-template method 23,25 . Where the first one lies in an ab initio tailoring of the shape size and connectivity within a zeolite by bulky templating agents during crystallization 26 , the second method uses already synthesized zeolites followed by dealumination [27][28][29] and/or desilication [30][31][32][33] to create intracrystalline mesopores. The dealumination is performed by steaming and/or acid leaching 34,35 . Although thermal treatment is sufficient to create local defect domains in zeolites, steaming combined with acid leaching is preferred in most cases since it makes the Si and Al debris more labile (extraframework speciesextraframework aluminum EFAL and silicon EFSI -and amorphous silica-alumina) within the pores enhancing the diffusion properties of the catalysts. The second demetallation (desilication) consists in selectively removing the silicon from the framework by dint of aqueous basic conditions [36][37][38] .

One remaining delicate problem is the characterization of extraframework species [39][40][41][42][43] within the cavities and the newly formed mesopores as well as the nature of the resulting acid sites. To elucidate this problem one has to understand the mechanism of formation of such extraframework species and their mobility taking place during the dealumination and desilication steps as well as the accurate description of both crystalline and local amorphous phases.

In the present research program, we propose to use ab initio molecular modelling to address those questions at the molecular scale. This tool brought some new concepts in the past decades for the investigation of heterogeneous catalysts, in particular in the field of crystalline zeolites 44,45 . We use both periodic Density Functional Theory calculations and hybrid approaches (QM/QM), to calculate reaction pathways for demetallation reactions, starting from perfect zeolitic frameworks models, adding reacting water molecules sequentially. To the best of our knowledge, this ambitious task was undertaken by one other research team only, Swang and collaborators 46,47 , who very recently addressed dealumination and desilication of Chabazite. They proposed original reactions pathways, with the drawback of presenting very high activation energies. Our aim is to get molecular insights for several zeolitic frameworks (FAU, MFI, MOR, CHA) to obtain general concepts applicable to zeolites of industrial interest, trying to find more plausible reaction routes, hopefully with lower activation barriers.

Chapter I is devoted to a detailed analysis of the state of the art based on the existing experimental and computational literature. From this analysis, the work program is presented. Chapter II deals with the methods chosen. The following chapters are devoted to the results obtained in the course of this PhD work. We focused first and in depth on the dealumination reaction, whereas results regarding desilication of zeolitic frameworks are only preliminary. Chapter III reports the results obtained regarding the initiation of dealumination, which is the first Al-O bond breaking. Chapter IV generalizes this approach for the full EFAL extraction. Chapter V presents preliminary results obtained regarding desilication and mixed dealumination/desilication pathways of zeolites.

CHAPTER I : Bibliography and Scope of the Thesis 1. Introduction

Zeolites are widely used heterogeneous catalysts in the field of chemistry and refining. 1,2 These microporous and crystalline aluminosilicates exhibit a strong Brønsted acidity making them attractive for processes such as hydrocracking and fluid catalytic cracking. However, micropores can induce diffusion limitations and confinement 3 effects resulting in the formation of undesired side products. For instance, the selectivity in hydrocracking may be directly influenced by confinement effects 4 . One solution is the use of ordered mesostructured solids such as MCM-41 (Mobil Composition of Matter-41), one of the most known ordered mesoporous silica, developed in the early 1990's by Mobil Oil Company (now Exxon Mobil). Contrasting with zeolites, these materials have larger pores and well manageable pore size distributions [5][6][7] . MCM-41 displays an hexagonal arrangement of mesopores of around 2 -6.5 nm 8,9 and for their synthesis supramolecular ionic surfactants, e.g. alkyltrimethylammonium halides, called structure directing agents (SDA) are used. Since the mesoporous siliceous structures do not exhibit the desired Brønsted acid site, they need to be subjected to postsynthetic functionalisations, so called "grafting" 10 with aluminium isopropoxide in nhexane 11 for example. However, the acidity of aluminium-doped MCM-41 is globally closer to amorphous silica-alumina 12 . Additionally, since these materials are thermically and hydrothermically less stable 5 (Al is easily removable from the framework) than zeolites, they are less suitable in processes such as fluid catalytic cracking or hydrocracking.

With that respect, "hierarchical zeolites" 13 have opened new perspectives because they show improved catalytic performances compared to non-treated ones, e.g. for Mordenite, Zeolite Y and ZSM-5 14 . There are two possibilities leading to these hierarchical zeolites: either the template or the non-template method 13,15 . Where the first one lies in an ab initio tailoring of the shape size and connectivity within a zeolite by bulky templating agents during crystallization 16 , the second method uses already synthesized zeolites followed by dealumination [17][18][19] and/or desilication [20][21][22][23] to create intracrystalline mesopores. The dealumination is performed by steaming and/or acid leaching 24,25 . Although thermal treatment is sufficient to create local defect domains in zeolites, steaming combined with acid leaching is preferred in most cases since it makes the Si and Al debris more labile (extraframework speciesextraframework aluminum EFAL and silicon EFSI -and amorphous silica-alumina) within the pores enhancing the diffusion properties of the catalysts. The second demetallation (desilication) consists in selectively removing the silicon from the framework by dint of aqueous basic conditions [26][27][28] . One remaining delicate problem is the characterization of extraframework species [29][30][31][32][33] within the cavities and the newly formed mesopores as well as the nature of the resulting acid sites.

Several reviews already focused on the synthesis of aluminium-containing mesostructural materials 34 , the generation, characterization and impact of mesopores in zeolites 35,36 , and the enhanced utilization of hierarchical zeolites in catalysis 13,37 . Despite significant achievements in the control of synthetic procedures and the mesoscale knowledge of the porous structure after demetallation, the previous reviews did not address the nanometriceven molecularscale's origins of the demetallation mechanisms, and of the improved performances of the resulting solids. Consistently, the present review article aims at analyzing published works attempting to elucidate the possible atomistic scale mechanisms for the dealumination and desilication by dint of experimental techniques and emerging computational chemistry methods. The impact on the resulting properties of zeolites must rather be viewed as a highlight into non exhaustive examples.

In the present review, Mordenite, Faujasite, ZSM-5 and Chabazite (Figure I-1) were chosen as model systems due to their large application mainly in oil refinery (e.g. Fluid catalytic cracking and Hydrocracking) and their large application field as shape-selective compounds catalyzing reactions such as isomerisation, alkylation and cracking. Some of their important feature will be detailed in section 2. Then, section 3 will focus on these postsynthetic modified zeolites from the point of view of synthesis and resulting features known at a molecular scale. We will address the dealumination/desilication processes and the formed species under given treatment conditions. Then, mechanistic approaches on the dealumination/desilication reactions available from both experimental and theoretical data will be presented in section 4. Some challenges open for future studies will then be suggested. Note that, although the recent outcomes of zeolite demetallation has shown, that a combination of dealumination and desilication paths is the key to obtain inter alia well manageable pore sizes as well as enhanced catalytic characteristics compared to non-treated zeolites 23 , we treat the two pathways separately. This is due to the fact that we focus on the mechanistic approaches of the dealumination and desilication at the molecular scale. At this scale, each step has to be decoupled, and studied independently, or consecutively (to mimic the synthetic procedure). In particular, at the single site scale, one would like to better understand which bonds are formed or broken for each relevant step. So we chose to present dealumination and desilication separately.

Zeolites: general feature and structures relevant to this work

Zeolites belong to a species-rich family of chemically very complex alumino-silicates. Their framework structures are built of corner-connected AlO 4 and SiO 4 tetrahedra. The empiric Löwenstein rule postulates that no Al-O-Al bond can exist within zeolites due to the unfavourable interaction of the aluminate tetrahedra. Formally these solids consist of a pure silicon dioxide structure wherein more or less randomly Si 4+ ions are substituted by Al 3+ ions leading to a negative overall framework charge which in nature is compensated by alkali-or earth-alkali ions (e.g. Na + , K + ; Mg 2+ ) leading to different crystal structures [38][39][40] . The so formed micro pores which have a opening cavities ranging from 0.3 to 1 nm are able to take up small molecules, such as hydrocarbons or water. The negative charge of the tetrahedral unit can also be compensated by a proton giving rise to a so called Brønsted acid site. There are two different ways to replace the cation by a proton: either by direct metallic cation exchange in an acid aqueous solution 41 if the zeolites structure allows it (aluminium rich zeolites are not stable in acid aqueous solutions) or by indirect exchange in an aqueous ammonium rich solution followed by a thermal decomposition 42 (e.g. 400 to 600 °C) of the ammonium into a proton and ammonia. The quantity of the acid sites within a zeolite is therefore characterised by the level of aluminium and its Si/Al ratio 43 .

In order to maintain the zeolites acidity and stability towards harsh reaction conditions (e. g. in the fluid catalytic cracking process), and to reduce mass transfer limitations as found in conventional zeolites, a new class of zeolites conquer this field. These 'hierarchical zeolites' 13 show improved catalytic performance compared to non-treated ones, e.g. for Mordenite, Zeolite Y and ZSM-5 14 . There are two possibilities leading to these hierarchical zeolites: either the template or the non-template method 13,15 . Where the first one lies in an ab initio tailoring of the shape size and connectivity within a zeolite by bulky templating agents during crystallization 16 , the second method uses already synthesized zeolites followed by dealumination [17][18][19] and/or desilication [20][21][22][23] to create intracrystalline mesopores. The dealumination is performed by steaming and/or acid leaching 24,25 . Although thermal treatment is sufficient to create local defect domains in zeolites, steaming combined with acid leaching is preferred in most cases since it can mobilise the Si and Al debris (extraframework species and amorphous silica-alumina) within the pores enhancing the diffusion behaviour of the catalysts. The second demetallation (desilication) consists in selectively removing the silicon from the framework by dint of aqueous basic conditions [26][27][28] .

The delicate problem that is still left, is the description of extraframework species [29][30][31][32][33] within the cavities and the newly formed mesopores as well as the nature of the resulting acid sites. To elucidate this problem one has to understand the mechanism of formation of such extraframework species and their mobility taking place during the dealumination and desilication steps as well as the accurate description of both crystalline and local amorphous phases.

The catalytic activity and selectivity of a zeolite is governed by multiple and complex factors such as the acidity, i.e. mainly the Brønsted acid sites, the porosity and the chemical composition especially within the voids and cavities. As a very common feature of many silicon-rich zeolites one has found a high number of crystallographic distinguishable T sites. Moreover it is not fully clear if there are T sites which are occupied preferentially by Al or if the distribution occurs statistically and whether the Si/Al ratio, determined by the synthesis parameters, e.g. Si/Al ratio of the starting gel and heating time among others, affects this occupancy. Lu et al. reported that the Al distribution for MOR zeolites with a Si/Al ratio of more than 10 is strongly dependent upon the Si/Al ratio 44 . The localization of Brønsted acid sites is also important for the molecular point of view. In order to describe and correlate experimental observations to theoretical data it is primordial to know which sites are affected by the dealumination and desilication. In the following we will focus on four zeolites with high interest for the present study 45 .

Mordenite

The sodium form of Mordenite was first synthesised by Barrer in 1948 46 . One can obtain a high silica form by introducing SDAs during the thermal synthesis. In its pure silica state, the conventional orthorhombic cell (average space group C mcm ) contains 24 silicon atoms and 48 oxygen atoms (Figure I-1, a.1)). It encloses 16 T 1 , 16 T 2 , 8 T 3 and 8 T 4 sites. These T sites, for natural zeolites 38 , can be randomly occupied by Al atoms, although showing preferential locations 47 . The main channel is located parallel to the crystallographic axis [001] (Figure I-1, a.2)) and consists of a 12 membered ring (12MRc) with dimensions of about 6.7 x 7.0 Å and a smaller second channel surrounded by an 8MRc distorted to an ellipse (2.6 x 5.7 Å). These two channels are linked by pores formed of (i) more circular 8MRb (3.4 x 4.8 Å) and (ii) 5MR. They are called "side pockets" and allow diffusion of only small molecules since they can be only entered from the main channel but are not connected to adjacent channels. Taking as an example the structure of Mordenite along the [001] direction. In Figure I-2 one can see some possibilities for tetrahedral Si 4+ /Al 3+ substitutions and, in that context, 4 of the 14 positions of placing an hydrogen atom as charge compensating species at an oxygen atom in the neighbouring of an aluminium atom. The Brønsted acid sites are located either in the main channels or in the side pockets. Moreover, they induce a distortion of the tetrahedral site, according to DFT calculations 49,50 . Despite this large number of different acid sites, Bodart et al. showed the preferential occupancy of Al at the T 3 and T 4 site within the side pockets and main channel respectively 51 . Hence, they concluded that the preferential tetrahedral position are the four membered rings within the mordenite crystal. This has also been found by Alberti 47 . His analysis gave the following T site occupancy in percent: T 1 :18; T 2 :10; T 3 :43; T 4 :29. Moreover, via adsorption-desorption analyses and making the assumption that H-sites are preferentially localised in such a manner that they are accessible to molecules, Alberti et al. 47 and Zholobenko et al. 52 stated that with high probability the OH sites are located on O 2 and O 7 in the 12 membered ring pointing towards the cavity and on O 9 being located in the 8 membered ring. A recent and detailed study 53 andc) and in the side pockets d) (extracted from ref. 54 ).

Faujasite

Synthetically manufactured Zeolite Y and Zeolite X have the same crystal structure as the faujasite mineral. They only differ in their Si/Al ratio, zeolite X having ratios between 1 and 1.5 whereas the Si/Al ratio of Y ranges from 1.5 to 3 or even above. Additionally low silica zeolite X (LSX) has been reported in literature [60][61][62] ). This gives rise to a so called supercage α, with a diameter of about 13 Å. The supercages are linked together with openings having a diameter of 7.4 Å. Four crystallographic different oxygen atoms are located in the structure: (i) oxygen 1 and 4 point into the supercage, (ii) oxygen 2 into the sodalite cage and (iii) and oxygen 3 into the hexagonal prism. Moreover, there are several occupation sites for extraframework cationic positions.

By dint of IR spectroscopy two bands, corresponding to hydroxyl stretching modes at the Brønsted acid sites, can be observed for zeolite Y. The first band, i.e. a HF band, at 3643 cm -1 is assigned to the hydroxyl groups pointing into the supercage. These protons are located at O 1 . On the other hand, the protons at O 2 and O 3 evoke a LF band at 3547 cm -1 being located in the sodalite cage. The band at 3742 cm -1 is attributed to terminal silanol groups 63 . A detailed and accurate description of the proton positions in deuterated zeolite Y (D-Y) containing water and completely dehydrated D-Y and hydrogenated zeolite Y (H-Y) using high resolution neutron powder diffraction was reported by Czjzek et al. 64 . They found and confirmed existing data 65 that the preferred proton positions are located near the O 1 and O 3 framework oxygen atoms and the highest occupation of protons for a given sample, i.e. Na 3 H 53 Al 56 Si 136 O 384 (Si/Al = 2.4) was to be found near O 1 . Moreover, the occupation order they found was O 1 > O 3 > O 2 and no protons located at oxygen O 4 in all their three samples. The widely used 1 H MAS NMR characterization technique to analyze the Brønsted acid sites reveals the following results for HY 66 : (i) terminal Si-OH groups at δ = 1.8 -2.3 ppm, (ii) acidic protons pointing towards the supercages at δ = 3.8 -4.4 ppm (increases to 4.4 ppm with increasing Si/Al ratio and remains constant for Si/Al > 10 ppm ), (iii) acidic protons within the sodalite cages at δ = 5.2 ppm, (iv) ammonium ionsif still present after synthesisat δ = 6.5 -7.0 ppm and (v) hydroxyl groups of extra-framework aluminium (EFAL) at δ = 2.6 -3.6 ppm. Moreover, by dint of 1 H MAS NMR, van Santen et al 67 ., using NH 3 as a probe molecule, could show, that ammonium ions in the sodalite cages are observed at δ = 6.5 and δ = 8.1 ppm corresponding to the sites II' and I'; respectively. At low NH 3 concentrations the proton exchange between an ammonium ion and an acid site in other cavities is slow. On the other hand, at high concentrations the proton jump 68 can be fast resulting in an smaller chemical shift than δ = 8.1 ppm.

ZSM-5 (MFI framework)

The ZSM-5 zeolite which structural type corresponds to MFI, i.e. Mordenite Framework Inverted, was discovered in the end of 1960 by the Mobil Oil company and has the given chemical composition: Na 2 O Al 2 O 3 2nSiO 2 xH 2 O with n higher or equal six but also can attend values up to 1000, which corresponds to the nearly pure silica form, then called silicalite-1, and the aluminium atoms can be viewed as impurity.

The unit cell (Figure I-1, c.1)) contains 96 T sites (T = Si or Al) and 196 O sites as well as charge compensating ions depending on the Si/Al ratio, ranging from 12, i.e. ZSM-5, up to infinity 69 . ZSM-5 consists of interconnected cylindrical channels containing openings between 5.1 and 5.6 Å of two different types (Figure I-1, c.2)): (i) linear 10MR with pore openings of 5.3 x 5.6 Å as well as (ii) sinusoidal 10MR with openings of 5.1 x 5.5 Å. Their intersections form quasi spherical voids with a diameter of 8.0 to 9.0 Å. A step in the direction of determining the aluminium occupancy on the active T sites, which is a major task in zeolite science was recently evaluated by van Bokhoven et al. using X-ray standing waves (XSW) as an evaluation method, in particular for ZSM-5 70 . By dint of XSW one can determine simultaneously the framework atom at the T site and the extraframework species in zeolites, i.e. the structure of the crystallite and the interfaces. The simulated aluminium distribution ρ(r) in ZSM-5, containing 12 non-equivalent T sites within the unit cell, along the three axes x, y and z, shows an equal occupancy of the T 6 , T 7 and T 10 , T 11 sites. Nevertheless, despite these findings, it still remains open how the protons are placed around the T sites. One has to keep in mind the complexity of the XSW method inasmuch synchrotron radiation has to be used in order to obtain these fine and precise information. Hence, this technique still remains limited in terms of an everyday use and the problem of finding the residual acid sides is not simplified and thus remains a matter of debate.

However, there are a few studies using IR (associated to microcalorimetric and electron spin resonance investigations 71 or temperature-programmed desorption studies 72 ) indicating three different adsorption peaks. The one at 3600 cm -1 corresponds to sites most probably located at the channel intersection (responsible for the adsorption of NH 3 in the highly energetic γ state: desorption activation energy = 165 kJ/mol) whereas weaker IR bands are observed at 3720-3740 cm -1 (terminal silanols on the surface of the zeolite) and a smaller shoulder at 3665 cm -1 which was assigned to a ≡Si-OH adjacent to a trigonally coordinated Al.

Chabazite

The zeolitic Chabazite structure possess a wide range of composition on Si/Al and on the content of cations (Ca, Mg, K, Ba, Sr) within the cavities. The most common and not in nature available acidic aluminosilicate structure is SSZ-13 with an Si/Al ratio of 14 and was patented in 1985 by Chevron for its use in the methanol-to-olefin process which has a widespread application nowadays [73][74][75] .

The three dimensional structure consists of 4 and 6MR, where the double six-rings, i.e. hexagonal prisms, are linked together via the four-rings. Hence, at each apex of the rhombohedral unit cell a hexagonal prism can be found where their interconnection leads to the so called chabazite cage. These cages (7.3 Å x 12 Å) are connected by smaller 8MR (3.8 Å x 3.8 Å) and thus allow only the diffusion of small molecules in and out of the pores giving rise to so called product shape selectivity 76 . The pure silica unit cell (Figure I-1, d.1)) contains 12T sites (T = Si or Al) and 24 oxygen atoms but due to its high symmetry only one inequivalent T site where Si can be replaced by an Al atom. Moreover, there are four crystallographic different oxygen atoms belonging to the following ring types (Figure I-1, d.2)): (i) oxygen 1, as part of the 4MR bridging between the two 6MR and points towards the chabazite cage, (ii) oxygen 2 is part of the hexagonal prism as well as of the 8MR connecting the chabazite cages, (iii) oxygen 3 is located in the 4MR linking the hexagonal prisms as well as part of the hexagonal prism pointing slightly towards the 6MR and (iv) oxygen 4 belonging to a 4MR of the hexagonal prism and pointing in the opening of the 8MR.

In a recent and very detailed study by the aid of FTIR and CO as a probe molecule Bordiga et al. were able to identify two families of OH-groups 77 . The LF band at 3584 cm -1 can be attributed to the proton sited at O3 where its lower stretching mode can be assigned to a slight interaction with the 6MR of the hexagonal prism. Hence, this "confined" proton is the only one belonging to this family. O1, O2 and O4 on the other hand are members of the HF family with a stretching frequency of 3616 cm -1 since they all point into the 8MR ring openings connecting the chabazite cages.

The experimental characterization of Brønsted acid sites in the four chosen zeolites shows that some non-ideal (Si-OH-Al) sites can be present at the surface (external silanols) or within the pores (EFAL, silanol nests), all resulting from synthesis or crystallisation conditions. This is the illustration of the presence of defects within the crystalline solids, which is very hard to avoid. Hence, a better knowledge on the structure and formation mechanisms of these defects is required to understand the physico-chemical behaviour of such materials. The next section introduces and presents extraframework species created during various treatment conditions and the resulting structural defects accompanying it.

Post-synthetic modified zeolites: synthesis methods and resulting properties

Experimental synthesis methods

Dealumination

The atomistic Si/Al framework ratio of zeolites is an important factor impacting the zeolites properties such as thermal and hydrothermal stability, concentration and strength of Brønsted acid sites, catalytic activity and selectivity. It is obvious that with an increased Si/Al ratio the concentration of acid sites diminishes. Zeolites containing a low aluminium concentration are in general thermally and chemically more stable, which is especially desired when used in the fluid catalytic cracking process as acid catalysts. In general, the framework Si/Al ratio of zeolites prepared by direct synthesis is restricted to certain limits. As an example, FAU zeolite cannot be directly, i.e. in an economically reasonable time, synthesized with a Si/Al ratio higher than 3. Thus, to obtain high silica zeolite Y, i.e. ultrastable zeolite Y (USY), one has to treat the synthesized parental zeolite by dealumination methods.

Barrer and Makki are the first researchers who reported this post-synthetic treatment of zeolites in the early 1960s 78 . Then, McDaniel and Maher reported a method to increase the thermal stability of zeolite Y were in the late 1970's 79 . Their so called "ultra-stabilisation" process consists of two major steps, i) a nearly complete removal of sodium ions by ammonium exchange with discontinuous heating and ii) a conversion of the obtained zeolite by heat treatment at T > 800 °C to obtain a faujasite being resistant to temperatures up to 1000 °C. However, the tribute for the description of the mechanism goes to Kerr 80 who showed that the water formed during the thermal dehydroxylation of the hydrogenated form of the zeolite plays a major role in the ultra-stabilisation. Though, if hydrogenated zeolite Y reacts with water at higher temperatures an immense hydrolysis of the framework aluminium occurs resulting in the collapse of the framework since too many Si-O-Al bonds are broken resulting in the formation of hydroxyl nests and EFAL. But, if the reaction with water is done simultaneously with the deamination, a crystalline and mesoporous solid is obtained. It is assumed that hydroxylated aluminium, Al(OH) 3 , as an intermediate can react with other acid sites resulting in the creation of new cationic forms within the zeolite. This Al(OH) 3 can react further, giving rise to Al(OH) 2+ and Al 3+ ions 81 .

In general, the dealumination protocols which can be seen in the literature more often are led: -in vapour phase, either by thermal treatment, possibly with water vapour (steaming) 24 -in solution, by acid leaching or hydrothermal treatment 82 Note that true substitution reactions between the framework aluminium and the dealumination agent can also be aimed at (re-silication by SiCl 4 for example 83 ). This last mentioned point is out of the scope of the present review and will not be expatiated in what follows.

However, dealumination of the framework can sometimes lead to the loss of the structure. Acidic low-silica zeolites are unstable upon thermal treatment (e.g. ion exchange with 0.1 M ammonium nitrate for 1 h under reflux, washed with deionised water, calcination for 5h at 550 °C24 ) and even mild hydrothermal treatments (e.g. varying temperatures (500 -700 °C) under variant water vapor pressures 84 ) cause the loss of crystallinity 85 .

Desilication

Already in the late 1980s, Aouali et al. discussed the silicon removal from zeolite Y by dint of alkaline solutions at different pH levels at 80 °C86 . Principally, the desilication process of zeolitic framework should follow the same pattern as the dealumination, i.e., in the same type of lattice defects and mesopore formation. Compared to the strong efforts made over the last five decades in analyzing the dealumination and re-alumination of zeolites, the desilication attracted only in recent years more and more attention as a post-synthetic way to introduce mesoporosity within zeolites [20][21][22][87][88][89][90][91] . The main difference in this method compared to the dealumination lies in the leaching method by alkaline solutions.

Variations of a large set of parameters during the alkaline treatment were investigated: nature of the base (e.g. NaOH or Na 2 CO 3 ), pH, presence of organic additives to better control the propagation of desilication 23,92 . Generally, a zeolite framework contains more silicon than aluminium and hence it would be easier to create an interconnected network of micro-and mesopores upon silicon removal. Within this context, Groen et al. 93 showed an optimal aluminium-assisted mesopore formation for MFI type zeolites upon desilication in alkaline medium. They found an optimal Si/Al ratio of ~20-50 where mesopores in the range of 5-20 nm are generated (Figure I-3a)). Above this ratio the aluminium atoms prevent a Si extraction, resulting in a limited mesopore formation, whereas for very high Si/Al ratios an excessive Si dissolution occurs displaying large meso-and macropores within the zeolite's structure.

A very recent study by Pérez-Ramirez et. al. stresses the importance of additional post-synthetic treatment steps 94 . Without these steps hierarchical MFI type zeolites for instance, can only be obtained by NaOH treatment for Si/Al ratios of 25-50. For Si/Al ratios of 10-20 and additional step of HCl washing is necessary whereas for Si/Al ratios of 100-∞ the addition of PDAs to the alkaline solution is used to guarantee also in these ranges of Si/Al ratios well manageable mesopores without dissolution of the zeolite crystal or obtaining limited mesopore formation. Combining this knowledge with that of preferred dealumination conditions, a global strategy for generating hierarchical zeolites, depending on the Si/Al ratio and the structure of the zeolites was established, summarized in 93 ). b) Overview of postsynthetic approaches (green) allowing to turn and conventional zeolite (red) with its given features (blue), such as Si/Al ratio and micropore dimensionalities, into a hierarchical one (extracted from 23 ).

Note also that a Na 2 CO 3 (0.5 M) treatment of a ZSM-5 zeolite during 16 h under reflux resulted in an excessive and uncontrolled dissolution of the crystals interior part only 95 . The authors have attributed this observation to the presence of an aluminium gradient -aluminum zoning -throughout the entire crystal. This underlines the need for a nearly homogeneous distribution of Al atoms in the framework to control desilication processes. Nevertheless, the aluminium content within the zeolite seems to play a major role in the desilication process. Čižmek et. al. discovered a preferential silicon removal in ZSM-5 upon treatment in 5 M NaOH 96 which was about 1000 times higher than this of aluminium and moreover, the overall dissolution rate increased with increasing framework aluminium content.

Impact on the framework crystallinity

Dealumination

A common practice in studying synthetic and post-synthetic modifications introduced within zeolites is by estimating the degree of crystallinity, also referred to as X-ray crystallinity. This parameter serves as a descriptor of zeolitic structure in the overall sample and is usually evaluated using X-ray powder diffraction patterns and comparing them to diffractogamms of a reference zeolite. Van Niekerk et al. 97 found that by dint of nitric acid, the degree of dealumination and the number of extraframework species remaining within the zeolites cavities was strongly influenced by the size of the crystal and that dealumination is linked to a partial loss of its crystallinity. However, it is also obvious that aluminium-rich zeolites, upon dealumination, form high lattice defects concentrations resulting in a lower stability of the crystal structure. Faujasite type zeolites displayed a complete structural collapse upon treatment with mineral acids and a similar behaviour was to be observed for Na-mordenite 83 . Ha et al. showed that for MOR containing different Si/Al ratio the unit cell parameters are not equal 98 . Furthermore they used different types of pretreatment, i.e. heating at 500 °C with varying time and vapour conditions to favour the dealumination and to obtain different Si/Al ratios. Zeolites containing fewer framework Al atoms per unit cell show a slight contraction in each cell parameter (maximum of 0.2 Å for the b-axis) compared to low Si/Al ratio zeolites.

One has to keep in mind that zeolites contain charge compensating cations such as sodium. Thus this influences the unit cell parameters too, as the cations are located in the cavities and voids of a zeolite. Hence, the unit cell parameters are very sensitive on the framework Al content and slightly sensitive to the counter ions residing within the voids 99 . Hong et al. used different zeolite types under thermal treatment to favour dealumination but without acid leaching. They observed that the residual EFAL within the pores do not lead to a unit cell dilatation. By contrast, the removal of framework Al reflects itself in a slight contraction of the unit cell parameters 100 . A more detailed study with a broader spectrum of dealuminated mordenites containing different Si/Al ratios, was shown by Olsson et al. where they could correlate each cell parameter change to this ratio 99 . As a general outline one can say that a and c axes are the less affected upon dealumination. From a Si/Al ratio 1 to 7 the maximum change is approximately 0.1 and 0.06 Å for a and c, respectively. On the other hand in the same Si/Al range the cell parameter b shows a variation of about 0.2 Å. By dint of X-ray diffraction data of Olsson et al. and the plots of the lattice parameters versus Al/(unit cell) a strongly non-linear behaviour has been found. On the basis of structural projections in the respective directions they could find that the Al atoms on T 3 and T 4 (see Figure I-1) are being removed only with difficulty and often linked to structural collapse of the mordenite framework.

Desilication

Aouali et al. 86 analysed the structural evolution of dealuminated faujasite Y amongst others using basic solutions. The removal of silicon from the zeolites framework up to pH = 12 and at moderate temperatures resulted in an increase of the unit cell parameters since the framework Si/Al ratio is decreased (explainable by the reinsertion of EFAL into the framework). Moreover, for one zeolitic sample they found a new phase, which they identified as sillimanite (Al 2 SiO 5 ) and which coexists besides the damaged parental zeolite. According to their findings, i.e., diffraction patterns of the sample, an assumption for the formation of sillimanite is the origin of amorphous silica present in the parental zeolite. According to the findings of Mao et al. 101 for the zeolites Na-Y, Na-X and ZSM-5 and after removing silicon atoms from the framework no drastic changes occurred concerning the structure and the degree of crystallinity. Other studies using alkaline treatment at varying concentrations, temperature and reaction time upon different zeolites (ZSM-5, ZSM-12, Beta, hierarchical Y, USY, MOR), could generally confirm these findings 22,26,27,[102][103][104] . Additionally, an overall increase of the surface area with accompanying mesopore formation has been found indicating a migration of extraframework species to the exterior surface and an internal migration of T atoms (T: Si, Al) filling up the vacancies and hence being the cause of intrazeolite mesopore formation. However, XRD analyses and unit cell volume measurements demonstrate no drastic changes compared to the parental zeolite. Additionally, from microporosity measurements, they observed a slight micropore narrowing and the appearance of a secondary pore system, which they assigned to the result of a healing process (Si migration from framework positions) occurring after desilication. It is assumed with high probability that lattice vacancies created during the desilication could be filled up in the same way and under similar conditions as those created by dealumination (T-jump mechanism 105,106 ). Hence, a re-crystallisation of the desilicated and partially amorphized zeolite to a product with well-ordered crystal structure and nano pores is apparently effected by water vapour. This water vapour is a product of the dehydroxylation of hydroxyl nest, re-condensing and leading to a local re-crystallisation.

Mesopore formation and enhanced zeolite features

The well-defined pore sizes and geometries make hierarchical zeolites resistant towards harsh reaction conditions and suitable for many catalytic reactions. Although both methods, i.e. desilication and dealumination are easy in mechanical handling and are known to enhance molecular transport properties, not much is known about the location, distribution and size of the obtained intrazeolite mesopores.

Dealumination

Karwacki et al. used the combination of focus ion beam (FIB) and scanning electron microscopy (SEM) to characterise coffin-shaped ZSM-5 crystals by determining the type of mesopores obtained by steaming reactions (length, width, morphology) 107 . From previous studies 108 they found for the ZSM-5 parental crystal straight and sinusoidal channels open towards the crystal exterior and parallel to the crystal surface. The steamed ZSM-5 probe shows significant changes in the crystal structure resulting in the formation of vast areas of mesopores. One can observe a non-uniform distribution upon the steam treated ZSM-5. The tip region of the crystal (region A, cf. Figure I-4) contains a smaller number of formed mesopores than the side and middle regions, B and C respectively, which leads to the conclusion that the sinusoidal pores are more affected by dealumination than the straight channels. Upon dealumination the entire crystal volume displays a mesopore generation. Moreover the diameter and amount of the generated pores showed a significant dependency on the location over the entire crystal region. The average diameters in the regions A, B and C (Figure I-4) are 6.2, 8.2 and 8.0 nm respectively and a statistical analysis of steamed crystals showed that region A contains about 23% of the overall mesopores, whereas the other 40% and 37% are located in regions B and C, respectively. Moreover, they could find that nearly all mesopore sizes over the entire crystal do not exceed 10 nm in diameter. It is difficult to manage the chemical composition level of zeolites as a function of the position in the crystallite, but numerous studies have shown that depending on the synthesis procedure, Al sometimes accumulates in distinct zones within a crystal 95,109 . Thus, the zeolites susceptibility towards steaming is strongly correlated with the Al and Si gradient within the crystal making it difficult to exactly analyse and understand the formation and orientation of mesopores in ZSM-5. Karwacki et al. 107 very recently revealed by dint of focused ion beam (FIB) and scanning electron microscopy (SEM) tomography, that the formation of mesopores highly depends on their orientation and the internal structure of the crystal. This means:

 interior straight channels are more resistant to dealumination than the sinusoidal ones  extraction of steam-formed EFAL is more hindered within the straight channels than in the sinusoidal ones, leading to a varying pore size distribution over the entire crystal.

Van Donk et. al. performed uptake experiments of acid leached Pt/H-Mordenite and compared its activity to untreated Pt/H-Mordenite on the hydroisomerisation of n-hexane 110 . Their findings show that hydroisomerisation activity for the dealuminated sample is four times higher than the untreated one which is in on one hand assigned to the shorter intracrystalline diffusion path length resulting from the mesopores and on the other hand due to the improved intrinsic activity of the acid sites since the extraframework aluminium debris are removed from the pores. The same observation, i.e. a higher activity and selectivity of hydroisomerisation of n-hexane upon acid leaching was made by Tromp and co-workers 111 . Almutairi et. al. 112 analysed the influence of different steaming conditions on the physicochemical properties (XRD analyses, 27 Al MAS NMR, Ar adsorption and IR spectroscopy) and catalytic activities (propane and methanol conversion reactions) of H-ZSM-5 zeolite. Their findings demonstrate that mild steaming conditions did not result in Al removal and that more severe conditions were needed to decrease the Al framework content. Although the steaming treatment did not result in a significant mesopore formation, IR spectroscopic measurements show a structural damage of the outer region of the zeolite crystal leading to an increased BAS accessibility. Moreover, they found that the BAS concentration determines the catalytic property of the methanol conversion. Parent and mildly steamed samples displayed a higher rate of deactivation because of consecutive reactions leading to the creation of coke, deactivating the catalyst. Severely steamed zeolites on the other hand increase the amount of methanol converted per BAS. The same enhanced catalytic activity of more severely steamed H-ZSM-5 compared to parent zeolites was found by Sheng et. al. 113 for ethanol dehydration to ethylene. Mesoporous catalysts contained less coke deposition than its microporous counterpart.

Desilication

The first publication highlighting desilication and thus mesopore formation in ZSM-5 zeolites using basic aqueous conditions was in 2000 from Ogura et al. 114 and subsequent studies by Groen et al. 20,21,93,115 confirmed that controlled desilication leads to intracrystralline mesopore formation. By analyzing synthesis parameters such as time, stirring speed, temperature but also intrinsic material specific ones like Si/Al ratio, crystal size and different framework type, they could find that framework aluminium determines zeolites properties after alkaline treatment 115 . Hence, the framework aluminium concentration has an important role as pore-directing agent in post-synthetic treatments 21 . The desilication displays the same pattern concerning the bimodal or multimodal pore structure as the dealumination. A typical mesopore size within ZSM-5 after desilication in aqueous basic medium is around 10 nm 20 . Interestingly, the existence of framework Al atoms in different T site positions that are more or less susceptible to basic conditions and the occurrence of re-alumination may be explanations for the influence of Al onto the desilication process and hence the mesopore formation 21 . The presence of EFAL (obtained by steaming methods) within the cavities, inhibits the Si extraction and the accompanied mesopore formation. This can be explained by the re-alumination process of the EFAL occurring during alkaline treatment 115 . Thus, the term desilication is not strictly correct: indeed even though silicon is preferentially removed in alkaline solutions, aluminium is also re-introduced in the framework raising the question: does the framework and the Al distribution or re-introduced aluminium play a role in the mesopore formation? Recently, Pérez-Ramirez et al. showed that the formation of mesopores is influenced by the addition of pore directing agents (PDA), i.e., adding tetraalkylammonium cations to the alkaline medium 89,116 . This yielded in, e.g. better preserved micropore volume and a smaller mesopore size of 5 nm instead of 10 nm. Considering the formation of mesopores in zeolites, MFI, mordenite, BEA and ferrierite are very susceptible to desilication 20 . Upon this method, time and temperature play an important role in tailoring the mesopore size and so the porous volume. Very recently Holm et al. examined in a very detailed study, employing FT-IR using CO and collidine as probe molecules, a series of desilicated H-ZSM-5 catalysts 117 showing a selective mechanism for the mesopore formation since the framework dissolution preferentially takes place at defect sites (i.e. internal silanols). Additionally an improved catalytic activity towards the methanol-to-gasoline reaction due to the aforementioned posterior introduced mesopores 118 have been demonstrated. In the same context of accessibility of mesopores by dint of various alkylpyridines probe molecules, Pérez-Ramirez et al. could derive an accessibility index (ACI) from IR-spectroscopy of alkylpyridines to quantify the accessibility of enhanced acid sites in mesopore containing zeolites 119 . Their findings show that the higher the mesopores surface area of ZSM-5, the higher the ACI indicating that also Lutidine and Collidine can enter the zeolite pores contrary to non-treated counterparts. Moreover, these hierarchical ZSM-5 zeolites display improved catalytic activity in shape selective xylene isomerisation 120 and methanol to olefin reaction 121 compared to purely microporous ones 122 .

Groen et al. found an intermediate Si/

Al ratio, which is situated in the optimal molar Si/Al range (25-50) leading to an optimal mesopore formation with pore sizes centered around 10 nm 115 . At lower framework Si/Al ratios the high amount of framework Al inhibits the extraction of Si and nearly no mesopores are created. Moreover, the presence of EFAL species, as a result of steaming treatments, inhibits the Si extraction and the related mesopore formation, since a reinsertion of hydrolysed EFAL occurs during NaOH treatment. Additionally, Groen et al. could show that in alkaline medium treated zeolites, MOR and MFI, displayed a significant mesopore formation by dint of adsorption studies and tunnel electron microscopy 20,21 . As the MFI framework exhibits relatively large interconnected pores this leads to a relatively good transport of hydroxyl ions within the channels for the hydrolysis of Si-O-Si bonds and the consequently formed extraframework species are better eliminated through the pores. On the contrary, MOR requires more severe treatment conditions resulting in a partial deformation and dissolution of the outer crystal surface but leading to the creation of larger mesopores compared to MFI. Moreover, van Laak et al. showed for mordenite that a sequential acid and alkaline treatment 123 was the most effective approach to obtain mesoporous mordenite, where the mesopore formation started close to the external surface and propagated towards the centre. Additionally an increased activity for the liquid-phase alkylation of benzene was found, mainly attributed to the larger intra-crystalline mesopores but also to the Si/Al ratio at higher porosities.

For both dealumination and desilication processes, some characterizations were reported in this part for the species obtained, the mesopores formed and the enhanced catalytic activity and selectivity. Some rules were established for the optimization of extra-framework species formation. However, the molecular mechanisms of the complex transformations involved are far from being clear by now. A better knowledge is thus still required in this field to provide rational tools for a better control of such treatments.

Structural defects and extraframework species

Different types of bulk defects are usually encountered within zeolites, e.g. structural defects, due to the lack of a chemical bond between two vicinal TO 4 tetrahedra resulting in the formation of T-OH groups, structural defects occurring by reason of missing T atoms with formation of hydroxyl nests. These bulk defects affect in a large extent the properties such as ion exchange, adsorption and catalytic properties. To analyse these defects, either in assynthesized or post synthetically modified zeolites, one uses high resolution solid state NMR spectroscopy of 29 Si, 1 H and 27 Al and FT-IR spectroscopy. Moreover, due to these treatments extraframework species are generated such as extraframework aluminium (EFAL) and extraframework silicon (EFSI) simultaneously the zeolitic structure evolves and hydroxyl nests, especially silanol nests are created. These silanol nests, surrounding vacant tetrahedral sites are stabilised by a network of hydrogen bonds 117 : every Si-OH group is bonded via a hydrogen bond to an oxygen atom of a neighbouring OH group. Since the nature and changes of these species are of great importance for the understanding of the catalytic process of hierarchical zeolites 13 , there lies a great interest in studying them.

Extraframework aluminium (EFAL)

A variety of different experimental techniques were applied to analyse and characterize the local environment of Al, such as 27 Al magic angle spinning (MAS)-NMR 124 , X-ray absorption spectra (XAS), X-ray powder diffraction (XRPD) 125 and X-ray absorption near-edge spectroscopy (XANES) 126 , and the evaluation of hydroxyl bands in IR-spectra.

Chen et al. 124 analyzed the Al coordination in dealuminated mordenite, amorphous silicaalumina and alumina materials (serving as a reference) by dint of a high resolution 27 Al MAS and MQ MAS NMR. Figure I-5 indicates the location of the signals for differentially coordinated aluminium species, (i.e. penta-coordination (PentAl), tetrahedrally coordinated (TetrAl), octahedrally coordinated (OctAl) (polymeric oxo-hydroxo-Al cations 127 ) and distorted tetrahedra coordination (DTetrAl), under certain conditions (mentioned in the subheading of Figure I-5). Signals in a 1D 27 Al MAS NMR spectrum at 55 and 0 ppm correspond to the framework tetrahedrally and octahedrally coordinated Al species, respectively. These octahedral Al species were also found in activated faujasite Y 128 and in mesostructured materials such as aluminated MCM-41 5 and are believed to be the result of the hydrolysis of framework Al-O in defect sites. These defect sites are more susceptible for the initial step towards the degradation 128 and EFAL formation. Besides, for the tetrahedral and octahedral Al peak of calcinated H-MOR, the 27 Al MQ MAS NMR spectra shows the existence of a signal of distorted tetrahedral and penta-coordinated Al to which one can assign a crystalline character (due to a strong quadrupolar effect with narrow distribution of the chemical shift). The distorted tetrahedral Al species can be regarded as a transitory state from the crystalline framework to the amorphous silica-alumina state during the dealumination 124 . Additionally, these amorphous silica-alumina debris are suspected to contribute to the higher Brønsted acidity in dealuminated zeolite Y 129 . By ammonium gas treatmenton the calcinated sampleonly the octahedral Al species disappeared, hence distorted tetrahedral, tetrahedral and penta-coordinated Al are not affected. On the other hand, in the spectrum of the calcinated sample under ammonia-water treatment, only the signal for the tetrahedral and distorted tetrahedral Al remain. One should keep in mind, that the presence of tetrahedrally (approx. 55 ppm) and distorted tetrahedrally Al (approx. 20 ppm) does not necessarily mean, that the corresponding species are part of the framework since basic conditions can transform penta-coordinated and octahedral Al to tetrahedral ones. All these findings indicate a very complicated interplay between framework and non-framework species occurring during the dealumination.

The dealumination of mordenite with acids, such as HCl and HNO 3 , was monitored by 27 Al and 29 Si MAS NMR by Bodart et al. 51 and compared with other dealumination treatments, like steaming and SiCl 4 treatment. They found, that in the beginning of the process, the extraction of aluminium generates four silanol groups per extracted Al atom (analysis via the 29 Si NMR signal and infrared spectroscopy) but a further dealumination lead to a structural reorganization as they showed, by the decreasing amount of defects. As reported from literature, the X-ray near-edge spectra of aluminium oxide compounds display distinct characteristics for four-, five-and six-coordinated aluminium species. By dint of in situ low-energy extended X-ray adsorption fine structure (EXAFS), van Bokhoven et al. showed a transformation of tetrahedrally coordinated aluminium to an octahedrally coordinated species for H-Y and H-Beta at room temperature and in He saturated with water 130 which has also been observed in an 27 Al MAS NMR spectra for H-Y 128 . The coordination and location of EFAL species however appears to be condition dependent. Indeed, a change in the aluminium coordination at different stages of the chemical treatment is observed by van Bokhoven et al. in zeolites H-Mordenite and H-Beta by dint of XANES 126 : for temperatures higher than 675 K a small amount of tetra-coordinated Al in Hzeolites is converted in a three coordinated species, being stable after cooling to room temperature; the amount depends on the zeolite under study (no appearance for steamed Beta) and the steaming treatment the zeolites was exposed to. Moreover, an exposure to water or air at room temperature leads to the removal of this species and simultaneously an octahedrally coordinated Al appears. This octahedral species connected to the framework is unstable at temperatures higher than 395 K, where it readopts tetrahedral coordination. This would suggest either:

(i) the EFAL species loses part of their coordination sphere under increase of temperature, down to Al III (breaking/elongation of the weakest bond being Al...OH-Si at very high temperatures) (ii)

the EFAL generated at room temperature is integrated back in the framework at high temperature, and that one of the four Al-O bond is more sensitive than the others to a further increase of the temperature Figure I-7 shows that the more severe the treatment is, i.e. the higher the temperature, the more three-coordinated Al is formed. These observations are in very good agreement with the fact that defect formation is favoured at higher temperature. This could be thought to be optimal conditions leading to the formation of EFAL. Moreover, to go into much more details, Agostini et. al. analysed in situ the dealumination of NH 4 -Y zeolite during steaming reactions by dint of XRPD and XAS 125 . They found that only a small fraction of Al 3+ leaves the framework during heating up to nearly 900 K whereas during the cooling phase, from 500 to 450 K, an increased water absorption within the pores is observed, leading to a significant structural collapse and a migration of Al 3+ to extraframework positions. This suggests that an optimal temperature exists for the removal of aluminium atoms from the framework, whereas a too-high temperature removes water from the porosity, which seems to be of great importance in the mobility of aluminium species.

Extraframework Silicon (EFSI)

Additionally to the extraframework aluminium species, Stockenhuber and Lercher found another species within dealuminated Y-type zeolites. This silica rich species is mainly located on the outside of the zeolite channels and extraframework aluminium and silicon species (called EFSI by analogy with EFAL) are in a long-range interaction with OH groups of the zeolite framework 131 . Later, from 29 Si MAS NMR analyses Lutz et al. 132 identified them as extraframework siliceous admixtures (X-ray amorphous aluminosilicates and silica gel) and experimentally for the first time Dimitrijevic et al. even found the growth of kaolinite (and probably metakaolinite) and amorphous silica gel, by dint of XRD analyses 29 .

In a 29 Si MAS NMR spectra of different parental NaY samples with framework silicon Si(nAl) of different building units (n = 0 -4) the range of the chemical shifts is from -84 to -108 ppm and one can assign them as followed (values extracted from 133 ): i) δSi(0Al) ~ -108 ppm, ii) δSi(1Al) ~ -98 to -104 ppm, iii) δSi(2Al) ~ -95 ppm, iv) δSi(3Al) ~ -88 ppm, v) δSi(4Al) ~ -84 ppm. After steaming the peak positions are shifted to higher values and the ones for Si(4Al), Si(3Al) and Si(2Al) decrease whereas the ones for Si(1Al) and Si(0Al) increase explaining the formation of silanol nest left behind by the extraction of framework aluminium. The appearance of two shoulders [first: between -80 and -90 ppm (Si(4Al)); second: about -112 ppm (Si(0Al))] corresponding to an internal change of the framework structure attributed to the formation of extraframework siliceous species.

All the aforementioned examples for EFAL and EFSI formation were obtained upon dealumination treatments. For the desilication and the further analysis of extra-framework species only few papers exist in the literature. Mainly the works of Lutz et al. must be cited here 32,134 . Their results of parental, steamed and leached zeolite Y by different demetallation procedures 32 show that EFAL formation occurs only during steam treatment (26.1 [AlO 2 ] units composed of 8.3 [AlO 2 ] units as monomers and 17.8 [AlO 2 ] units as polymers) and not upon acid leaching. However, upon steaming and acid treatment a fraction of 9.5 polymeric [SiO 2 ] units are detected and this fraction nearly doubles upon alkaline or combined acid-base treatment. In a very recent publication 134 they showed that EFAL species and Q 2 and Q 3 EFSI as well as silicon-rich parts of the zeolite framework are transformed into X-ray amorphous aluminosilicates in all KOH treated USY samples.

Mechanistic approaches of defect formation in zeolites

Mechanism of Marcilly for dealumination

All the aforementioned microscopic studies resulting from dealumination and desilication, i.e. post-synthetical treatment, are preliminary steps to a microscopic analysis and to the understanding of the mechanism of mesopore formation. Figure I-8 shows in a schematic way the main phenomena occurring during dealumination, which is the synthesis of a large set of studies. We will call this mechanism as "the mechanism of Marcilly" 1 referring to the name of the IFPEN researcher who proposed it earlier. The first step is the Al removal from its framework positions leaving atomic gaps and silanol nests behind. Since the Al distribution over the entire crystal is assumed to be randomly, but as a consequence of the Löwenstein's rule, this first step does not create the desired mesopores, but rather atomic gaps. With the second step Marcilly proposed that the Si atoms, coming from amorphous silicaalumina debris created during zeolites synthesis or more probably from small zones where the crystal structure has been partially degraded, as a result of the dealumination, tend to migrate and refill the atomic gaps.

The extracted Al atoms are not necessarily removed from the zeolite cavities but remain within the micropores/mesopores as, for instance, cations (Al 3+ , AlO + ) and neutral or charged, to a certain degree polymerized, hydroxyaluminates (Al(OH) 2+ , Al(OH) 2 + AlOOH, Al(OH) 3 ) 135 . Moreover, it was shown that this Al(OH) 3 can react further, giving rise to Al(OH) 2+ and Al 3+ ions 81 which interact with Brønsted acid sites resulting in an enhanced acidity. Additionally to the extraframework aluminium species framework vacancies and mesopores are generated. Per extracted aluminium atom a hydroxyl nest is created and as postulated by Barrer and Makki 78 , four OH groups saturate the four Si atoms previously connected to the aluminium. Moreover, this hydroxyl nest is stabilised by a network of hydrogen atoms as revealed by e.g. IR spectroscopic data 117 (υ(Si-OH H-bonded ~ 3460 cm -1 ). As mentioned above, this mechanism underlines the structural collapse upon excessive aluminium extraction from the zeolite framework. These OH-groups are chemically similar to those found in silica gel and results show that the left behind vacancies are refilled by Si atoms obtained after calcination 136,137 . Additionally, it was found that a spatial proximity between Brønsted and Lewis acid sites which lead to a synergistic effect in increasing the Brønsted acid strength of dealuminated zeolites [138][139][140][141] . This observation of an enhanced Brønsted acid sites was also reported by Yu et al. 81 for the hydrogenated form of mordenite and ZSM-5. However, there is still no clear experimental evidence of the step-by-step mechanism leading to the EFAL formation and of the precise structure of the remaining EFAL 30,31,33 

Desilication

By means of alkaline treatment a selective extraction of silicon from the zeolite framework has proven to be an effective and simple post-synthetic treatment to introduce mesopores in zeolitic systems. Very recently Holm et al. 117 showed via FT-IR analyses (using CO and collidine as probe molecules) for a series of NaOH desilicated H-ZSM-5 zeolites that desilication preferentially takes place at defective sites within the crystallite. Their study showed clear evidence that defect sites are depicted by internal Si-OH sites, i.e. silanol nests, that are removed upon NaOH treatment. Moreover, a simultaneous increase in the concentration of free, external Si-OH sites could be observed indicating a selective dissolution of the framework preferentially occurring at defective sites (silanol nests) in the crystal. Additionally to the mesopore formation strong Lewis acid sites were observed, possibly resulting from dislodged framework aluminium. The FT-IR spectra in Figure 8 correspond to three treated and non-treated zeolites, being parental H-ZSM-5 and desilicated H-ZSM-5 treated with 0.05M NaOH and 0.20M NaOH. In the first spectrum for parental H-ZSM-5 one can assign the following bands: i) 3746 cm -1 : isolated Si-OH groups located on the external surface of the zeolite ii) 3728 cm -1 : slightly perturbed Si-OH sites mainly located inside the zeolite iii) 3692 cm -1 : same as ii) but with stronger perturbation iv) 3613 cm -1 : strong Al-O(H)-Si Brønsted acid sites v) 3460 cm -1 : internal silanol nests in strong interaction by strong hydrogen bonds, around a vacant T site As seen from Figure I-9, an increase of the NaOH concentration causes a drastic increase of the band for isolated Si-OH groups and a simultaneous decrease of the band for silanol nests. On the other hand, the Brønsted acid sites remain mainly unaffected and a band for extra lattice Al-OH groups appears, indicating the creation of EFAL species even upon NaOH treatment and not necessarily only during steam treatment. This is a first and important step towards the understanding of the mechanism for the mesopore formation upon desilication. Based on their findings, they proposed a mechanism of such mesopore formation (Figure I-10) but only at a mesoscopic scale, without any insights from the atomistic point of view. Additionally to the fact that local defect sites initiate the mesopore formation upon desilication, Groen et al. show that for H-ZSM-5 the framework Si/Al ratio plays a major role in this process 93 . They found an optimum range for the Si/Al ratio of 25-50. For zeolites containing a higher amount of Al (lower Si/Al ratio) the framework aluminium prevents a Si extraction resulting in a limited mesopore formation whereas lower Al concentrations (higher Si/Al ratio) lead to an excessive Si dissolution characterized by large mesopores or even macropores to the point of a major loss of crystallinity (Figure 2-a). Treatment of the zeolites in an alkaline medium for a longer time and higher concentrations evidently results in an higher degree of Si removal but at the same time, due to the increased Si/Al ratio the acidic strength of the Brønsted sites nearly remains unchanged which could be confirmed by 27 Al MAS NMR, indicating that most of the aluminium atoms remain tetrahedrally coordinated 20,89 . Nevertheless, this is only a sufficient but not necessary condition, as it cannot be excluded that part of EFAL species can be composed of Al IV . 

Mesopores inaccessible to collidine

Computational approaches of defective zeolites

Considering the previous analysis of the experimental literature, one still misses experimental data (an particularly in situ approaches) to reveal the atomic structure rearrangement occurring during the dealumination/desilication processes. To address this problem and to be able to give an insight view on the mechanism, some early theoretical calculations have been used to describe both, the structure and catalytic properties of zeolites in presence of extraframework aluminium models. This theoretical approach was made possible thanks to the recent progress of density functional theory (DFT) approaches 142 which enable to address a rather large diversity of systems nowadays 143 . This trend may certainly take an even larger part in the near future.

Ab initio calculations on EFAL species and their formation

Ruiz and co-workers examined the transformation of tetrahedral to octahedral aluminium complexes (Figure I-11) by dint of Hartree-Fock and second order Moller-Plesset perturbation theory 33 but without taking into account the zeolitic framework, i.e. gas phase calculations on Al clusters. Their results showed that for neutral complexes the stable coordination numbers are 4 and 5, and the stability of the aluminium clusters are dependent on the net charge of the complex but do not require large energies for the transformation. Bhering et al. used cluster DFT calculations on zeolite Faujasite to analyse the structure and coordination of some EFAL species (e.g. Al 3+ , Al(OH) 2 + , Al(OH) 3 ) 135 . They could show, that monovalent cations prefer a bi-coordination with framework oxygen atoms near the framework aluminium whereas for di-and tri-valent cations tetra-coordination is preferred. These are all pieces of a puzzle, aiming at a molecular scale explanation of the mechanism of Marcilly. However, all studies employ this mechanism as a basis concept and try to explain their findings based on Marcilly's proposition without ever being revisited. That is why from this molecular scale only few data is known from literature, especially by using DFT calculations with periodic systems. Benco However, a more abundant analysis on the formation of positively charged intermediates and polymeric EFAL species has to be done, i.e. the consideration of more than one water molecule taking place during the bond breaking and EFAL formation. Hence, only few fundamental understanding concerning the hydrolysis reaction is reported in the literature, although the broad application of dealumination/desilication treatments and the associated irreversible deactivation of zeolites. By this latter term, one understands the steam induced regeneration of zeolite catalysts, leading to a slow degradation.

Ab initio simulation of the step-by-step hydrolysis pathways

Quite recently Lisboa and co-workers 31 studied the formation of two EFAL species, i.e. Al(OH) 3 (H 2 O) 2 and Al(OH) 3 using DFT calculations on cluster models of H-ZSM-5. They also found different EFAL species during the process of dealumination, namely pentacoordinated ones with one, two, three and four bonds to the framework and hexa-coordinated with two bonds to the framework. However, their results assemble diatomic bonding energies and minimal energy structures of the EFAL species within the cluster, but no complete reaction path, i.e. activation and reaction energies, is reported A more recent study using periodic DFT including the complete crystal structure) reaction and activation energies and giving a first insight in the dealumination and desilication mechanism is reported by Malola and co-workers 145 . For their investigation they used Hchabazite as zeolitic system and simulated the subsequent additions of four water molecules in order to give birth to a silanol nest and a more stable EFAL Al(OH) 3 H 2 O, compared to Al(OH) 3 . They used the same approach to create an extraframework silicon species, Si(OH) 4 . Although silicon removal is experimentally carried out in basic aqueous solutions, the authors have preferentially chosen water molecules to extract the Si atom to analyse the degradation of the zeolite during the MTO process. Figure I-13 shows the reaction path and the corresponding hydrolysis steps for the dealumination and desilication respectively. The main features of the proposed mechanisms are the following:  only the minimal number of water molecules needed to create the silanol nest, namely four, is invoked as the reactant.  the mechanisms comprise hydrolysis steps except for the first two steps.

After the first step, being a water adsorption on the proton of a Brønsted site, a vicinal disilanol (Si V species) are formed with a relatively high activation energy E A =170 kJ/mol for the desilication, and E A =190 kJ/mol for the dealumination, which may be at the origin of the strong energy cost of this first step, due to the strain in the 2MR cycle of the vicinal silanols. In the second step, performed without any addition of water, the authors proposed an inversion of the molecular environment around this species leading to the first Al-O-Si bridge breaking Again, the energetic cost for this reaction is high with E A =240 kJ/mol for the desilication and E A =260 kJ/mol for the dealumination. Subsequent hydrolysis steps (the rate limiting step is for both, dealumination and desilication, the first bond break) by the addition of one water molecule at each step finally creates the EFAL and the silanol nest (dealumination), this holds true for the desilication path as well. Concerning the dealumination, the entire pathway is quasi athermic with quite elevated activation barriers. Only the last step is favourable from the thermodynamic point of view. A more drastic effect concerning the activation barriers and thermodynamics is revealed for the case of the desilication where the formation of each intermediate is thermodynamically very unfavourable and separated by elevated activation energies. In the same context of dealumination/desilication of aluminosilicates Fjemerstad et al. 147 compared the mechanisms of the desilication within SAPO-34 (silicoaluminophosphates) and the dealumination within SSZ-13. Also here and for both cases, their proposed first step is a water adsorption on the Brønsted proton with an afterwards formation of a vicinal disilanol. As in the previous work, very high activation barriers of about 200 kJ/mol for the first Al-O (SSZ-13) and Si-O (SAPO-34) bond break are found.

Challenging perspectives in the field of molecular simulation for dealumination/desilication

Thus these theoretical insights in the field of dealumination/desilication of microporous zeolites are preliminary pieces of the puzzle and still a major open question remains open:

 why certain T sites or why certain zeolite frameworks are more susceptible to the demetallation ?  what is the most probable mechanism of such a post-synthetic initiation step ?  what are the structural and acidic properties of the extra-framework species obtained from demetallation, and of the surface of the remaining zeolite walls ?  is the very first demetallation step kinetically determining for the formation of pores at a the mesoscale, or is it linked with the demetallation propagation mechanism?

The first two aspects, i.e. the "local" ones, can be reasonably treated by DFT calculations for the case of dealumination in steam, as undertaken by Malola et al. 145 . Regarding the very high barriers obtained for each step of Al removal, perspectives are still open in the finding preferred mechanisms for Al-O bond breaking. Considering the effect of water pressure will also require the investigation of the presence of several water molecules at the same time, rather than a step-by-step approach as undertaken by Malola et al. 145 . Considering the desilication, a realistic simulation appears by far more complex, as this process is systematically performed in alkaline aqueous solution. In this respect, the study of Malola et al., performed in the same spirit as for dealumination (with individual water molecules added step-by-step), provides some preliminary insights, although the chemical process is certainly more complex due to collective effects of an assembly of water molecules, and to the presence of counter ions, i.e. Na + , coming from the alkaline solution. Hence, taking into account at the same time the dynamics of water molecules as well as the effects of ions is a hurdle. Force-Field simulation tools could be more pragmatic for such a goal, but the breaking and formation of bonds are to be modelled accurately, which is not well rendered by usual force-fields. Reactive force-fields on the other hand could be thought of, but a careful benchmarking on DFT data has to be performed first. It should be stressed that no DFT results are currently available on the demetallation reactions regarding zeolite frameworks of high industrial interests such as MOR, FAU or MFI. This is an urgent need in the field.

Concerning the mesoscale approach applied to the propagation of demetallation leading to the formation of mesopores, an explicit quantum simulation by itself is clearly out of the scope of current state-of-the-art periodic DFT, due to the huge cell sizes required (several thousands of atoms). It should be combined to statistic approaches better designed to answer part of the questions raised by mesopore formation. For instance, Kinetic Monte Carlo (KMC) calculations were undertaken by Ban et al. 148 assuming arbitrary rate constants for aluminium removal, silicon migration and self-healing, according to a simplified Marcilly's mechanism. Such an approach could be refined by including relevant barriers for each step of the reaction, possibly estimated by DFT on smaller but relevant simulation cells. Thus, the combination of KMC parameterized with sufficient DFT data may enable to overcome the multi-scale problem and provide a complete dynamic understanding of the formation of mesopores and possible extra-framework species accumulation. However, for that purpose, we still need first to build a rather exhaustive DFT database on the relevant elementary steps, which remains a long term and challenging objective.

Conclusions of the bibliographic study

Zeolites are acid catalysts which find a widespread application especially in petrochemistry and refining. Compared to their mesostructured counterparts, with posterior introduced acidic functionality, zeolites induce severe mass-transfer limitations due to their intrinsic micropores. Hence, for some targeted processes (such as hydrocracking), undesired secondary reactions occur, e.g. overcracking which leads to lighter hydrocarbon molecules. Therefore a great interest lies in overcoming this phenomenon by means of post-synthetically introduced mesopores. The chemical treatments are either base or acid leaching and/or thermal treatments which evoke the desilication or dealumination, resulting in:

1. introducing mesopores: post-synthetically introduced mesopores overcome masstransfer limitations leading to the class of mesoporous materials, called "hierarchical zeolites" 13 2. stabilizing the zeolites structure: zeolites exhibiting a low Si/Al ratio, e.g. FAU Y, are unstable and display a loss of the catalytic activity during their lifetime; this occurs mainly as a result of Al atoms leaving their T sites and becoming extraframework species.

Such "hierarchical zeolites" exhibit improved molecular diffusion properties and confinement effect resulting from their larger mesopores. These secondary pore systems were analysed by a large set of techniques at the mesoscale. Some general rules regarding the mesopore generation, as a function of the reaction parameters, zeolite structure and chemical composition, were obtained. Moreover, "hierarchical zeolites", show a nearly unaffected Brønsted acidity or sometimes even an augmentation, due to Lewis-Brønsted-synergism [138][139][140][141] . This results from the fact that upon the dealumination process extraframework species leave the framework but still remain in close proximity to the Brønsted acid sites. However, the nature and the mechanism of formation of such EFAL and EFSI species are still a matter of debate although extensive experimental and theoretical studies provide an insight to this cationic (e.g. Al 3+ , AlO + ), neutral or charged, to a certain degree polymerized, hydroxyaluminates (e.g. Al(OH) 2+ , Al(OH) 2 + AlOOH, Al(OH) 3 ) or silicate ions. Challenges still exist in the definition at the molecular scale of these extra-framework species, their degree of oligomerization, the environment of Al and Si atoms, and the resulting acidity.

Mesopores and to a certain extend the extraframework species can be described by experimental and theoretical studies, however very few is known on the mechanisms leading to their formation. Does there exist a template mechanism transposable to zeolitic frameworks and thus predicting their formation? For this, DFT calculations are a powerful tool. To date, available mechanistic data either do not include a complete reaction profile 31 or if they do so 145 , the involved reaction barriers are very unfavourable. Thus, a more detailed analysis, e.g. varying zeolite structures and different reaction possibilities, especially for the initiation of an Al-O/Si-O bond, are missing. Taking into account the dynamics of water molecules as well as the effects of ions, as for instance for the desilication, which is done in alkaline solutions, will also be required in the future. Mesoscale approaches like Kinetic Monte Carlo calculations could also be a good way to get information about mesopore generation, thanks to relevant barriers for bond breaking calculated with DFT approaches.

The aim of the present chapter was to analyze the current state of the art in the understanding of the mechanism of mesopore formation and the extraframework species. It appears, however, that mechanistic studies of both dealumination and desilication remain scarce in the literature, resulting in a limited knowledge at the atomic scale of the origin of the effect of various operating parameters. Hence, this is still an open question to provide a more precise description of the dealumination/desilication pathways at a molecular scale as well as an accurate description of the reconstructed zeolitic framework and amorphous phase (extraframework species). This molecular scale understanding is mandatory to better control simultaneously the evolution of the intrinsic acidity of the framework and its mesoporosity. In the near future, we suspect that this scientific challenge will attract an increasing attention and will be at the core of a great number of forthcoming investigations combining state of the art theoretical approaches and cutting edge in operando experimental techniques.

Research program

Our goal is thus to unravel the more "local" aspects of the wider challenges evoked in section 4.3.3., which is the first step for a better understanding of the complex reaction network occurring during dealumination and desilication. The underlying questions are : (i) why certain T sites or why certain zeolite frameworks are more susceptible to the demetallation ? (ii) what is the most probable mechanism of such a post-synthetic initiation step ? For time constraint reasons, we focused first on dealumination reactions, desilication being treated in a preliminary manner only. Our methodology based on first-principles calculations is quite similar to the one of Swang et al. 145,147 Note that their first work was published after the launching of our research project, which illustrates the topical nature of the present research project, by choosing a periodic representation of the solids under study, calculating the reactivity of water molecules step by step, by identifying stable intermediates and accurate transition states. However, we will improve and expand this approach by: -Considering several relevant zeolitic frameworks, so as to try to identify general trends rationalizing the behavior of each T site. Motivated by the amount of work (mainly experimental) available and the potential interest for industrial applications, we chose four zeolitic frameworks to be the object of this local investigation: FAU, MFI, MOR and CHA. Considering almost isolated Brønsted acid sites is required in a first step, so as to avoid any interaction between them, which would be problematic to deduce general concept. Thus, high Si/Al ratios will be considered.

-Looking at each step (first water addition and dissociation, then second water addition and dissociation, etc.) for as many mechanistic alternative as possible. Molecular adsorption of water on specific sites of the zeolite will be compared with dissociation reactions of water on M-O bond (M = Al, Si), possibly accompanied by M-O bond breaking.

-Performing systematic DFT + D calculations ("D" means adding corrections for long range interactions, which are poorly taken into account in standard DFT), contrary to pure DFT approaches in the work of Swang et al. In particular, this will be important if confinement effect plays an important role in the stabilization of certain hydrolysis intermediates or products.

-Looking for validations of the quantitative data found by a hybrid approach, namely QM/QM, the core of the reactive system being treated at the MP2 level, whereas the periodic background is treated at the DFT+D level. The approach implemented by Sauer and Tuma in the QMPOT code will be used 58,149,150 within the framework of a collaboration between IFPEN and Humboldt University Berlin

The results will be discussed in terms of relative reactivity of T sites, mechanistic issues, and compared to the few atomic scale data available in the experimental literature in the field.

Theoretical Background 1.Schrödinger Equation

In order to obtain the energy of an polyatomic system one would have to solve, the non-relativistic time-independent Schrödinger equation:
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Where the total Hamiltonian, i.e. for a system of N electrons and M nuclei, consists of the operator for the electrons kinetic energy ˆe T , for the kinetic energy of the nuclei ˆn T , the one for describing the electrostatic electron-electron interaction ˆee V , the electrostatic nucleus-nucleus interaction ˆnn

V and the electrostatic nucleus-electron interaction ˆne
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given in atomic units. In the above shown equations A M and A Z stand for the mass and charge of a nucleus, respectively. As the exact Schrödinger equation of a many-body system can neither analytically nor numerically be solved, one has to apply approximations. The most fundamental one is the Born-Oppenheimer approximation. The idea in this approach lies in the separation of electron and nucleus motion by using the fact that nuclei, due to their higher mass, move much slower than electrons. This approximation makes the assumption that the kinetic energy and electrostatic repulsion term of the nuclei in the total Hamiltonian can be seen as constant, hence resulting in an electronic Hamiltonian describing the motion of N electrons in an external field ext V of M fixed point charges

ˆˆˆ   elec e ee ne H T V V Eq. II-8
where the solution to this electronic Hamiltonian is the electronic wave function
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It describes the electron motion explicitly and the nuclear coordinates parametrically, i.e. for a given nuclei configuration  el is a different function of the electron coordinates. Hence, the total energy tot E is then the sum of electronic energy elec E and the constant term for the nuclear repulsion In what follows, we consider only the electronic Hamiltonians and wave functions and thus can drop the subscript "elec". Since the wave function  for its own is not an observable a physical interpretation can only be made by the square of the wave function, i.e.
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This fact is also known as the Pauli exclusion principle (two electrons cannot be in the same state). A last point to mention which results from the physical interpretation of the wave function is that the integral over all variables equals one:
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By this normalized wave function it ensured that the probability of finding the N electrons anywhere in space is one. An exact solution to the Schrödinger equation for a polyeletronic molecule does not exist and hence one tries to systematically approach the wave function for the ground state 0  by an iterative scheme, according to the variational principle. This principle states that the energy, i.e. the expectation value of the Hamilton operator for any arbitrary trial wave function calculated via
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is always an upper bound to the true ground state energy 0 E . Thus, once N and ext V (determined by A Z and A R ) are known the Hamiltonian can be constructed. Applying the Ritz method, but not only, one is able to approach the ground state wave function which in turn gives access to all other observables of the system.

The Hartree-Fock Approximation: a solution for the Schrödinger Equation

Since it is impossible to evaluate all possible N-electron wave functions one needs to find an approximation to the exact wave function. The Hartree-Fock (HF) approximation consists in describing the N-electron wave function by an antisymmetrized product of Nelectron wave functions
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. This product is called a Slater Determinant and has the following representation:

            1 1 0 1 2 1 , ,..., !       i k N SD i N k N x x x x x N x x
Eq. II-15

A simple Hartree product, being an uncorrelated wave function, i.e. a product of spin orbitals
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with the Kronecker delta ij  which equals 1 for ij  , it is said that the spin orbitals are orthonormal, and 0 for ij
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Nevertheless, a Slater determinant representing the true N-electron wave function is also a drastic approximation, but however a more convenient approach than a simple Hartree product. In the HF scheme the
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are varied under the constraint that they rest orthonormal and the energy of a Slater determinant is minimal. Expanding the determinant for the various parts of the Hamiltonian results in the HF energy given by 1
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describing the contribution resulting from the kinetic energy of the electrons and the electronnucleus attraction and with
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where the first term is called the Coulomb integral and the second exchange integral. The only variational freedom in this approximation is the choice of the orbitals. By the constraint that during energy minimisation the   ii x  must remain orthonormal one obtains the HF equations for a single particle which aims in finding the most apt spin orbitals for which HF E is minimal ˆi
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These N equations are eigenvalue equations where the Lagrangian multipliers i  are the eigenvalues of the Fock operator and represent orbital energies. As mentioned above, the Fock operator is an effective one-electron operator given by the following definition
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The first two terms are the kinetic energy of the electrons and the energy due to the nucleus-electron attraction, with
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HF Vi being the HF potential. This potential represents the average repulsive potential seen by electron i in the field of the remaining N-1 electrons.

Hence, the two-electron operator 1 
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Herein the Coulomb operator Ĵ is
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and describes the potential that one electron at position 1

x experiences due to the average charge distribution of another electron in the spin orbital j  . This operator and its resulting potential are called local, because it depends only on j  at the given position 1

x . Whereas the second term, i.e. the exchange contribution to the HF potential is described by the exchange operator K defined by
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The result of K operating on the spin orbital  

1 i x 
depends not only on the value of i  on all points space but is also related to 2

x . Hence, it is said the exchange potential is non-local. Moreover, as the spin orbitals are orthonormal the exchange potential contribution exists only for electrons with identical spin, integrands of electrons with antiparallel spin would result in zero. The double summation given in equation II-21 allows terms such as ij  which means that the Coulomb interaction of equation II-23 describes the interaction of the charge distribution of one electron with itself. However, the exchange part accounts for this selfinteraction. As the HF operator depends via the HF potential on its own spin orbitals one has to solve the problem iteratively by a technique called the self-consistent field (SCF).

Post Hartree-Fock methods: Electron correlation

As seen in the preceding section Slater determinants SD  are approximations to the real wave function and thus according to the variational principle one always gets the HF energy which is higher than the exact ground state energy 0 E (within the Born-Oppenheimer approximation and without taking relativistic effects into account). According to Löwdin 1 , 1959, the difference between these two energies is called the correlation energy
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and is a measure for the error introduced by the HF approximation. The major part of the electron correlation results from the instantaneous repulsion of the electrons which is not described by the HF potential. Herein the electron-electron repulsion is treated in an average manner resulting in a too large term and yielding an energy HF E which is above 0 E .This short range effect is called dynamical correlation since it is related to the movements of the distinct electrons whereas the second part, i.e. the static correlation, of HF corr E is due to the fact that one Slater determinant is not a good approximation to the real ground state wave function since there are other nearly degenerated Slater determinants describing the ground state. To overcome these problems several so called post HF methods exist.

Configuration Interaction

The principle of the configuration interaction (CI) is in such a way different form HF that the system's wave function is described by more than one Slater determinant. The Slater determinant which is also used for HF calculations is called ground state or HF-determinant. All other determinants are sorted the way in how many orbitals they differ from the HFdeterminant. They are called single, double, triple, etc. excited determinants. A linear combination of these determinants gives the CI-wave function of the system: 0 , , ... Herein a, b, c are the occupied molecular orbitals, whereas r, s, t are called unoccupied or virtual orbitals. By variation of the coefficients a and if every possible determinant is taken into account, one speaks of a full-CI calculation, leading to the full-CI wave function of the system. However, a full-CI calculation is from the computational point of view only feasible for small molecules with small basis sets (see later for the definition of the basis set). For larger systems and basis sets the CI space is limited, leading to a so called truncated CI method. The most popular approach takes only determinants to a certain excitation level into account, e.g. single excitations (CIS), single and double excitations (CISD) or single, double and triple excitations (CISDT). This truncated CI method is still variational, so that the calculated energy gets smaller, the more determinants are taken into account. Both, the CI coefficients and those of the HF orbital expansion are varied to get the energy of the ground state. Therefore the multi-configurational self-consistent field (MCSCF) approach is used.
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Møller and Plesset perturbation theory

One of the computationally less demanding approach to account for the correlation energy is via the perturbation theory presented by Møller and Plesset 2 . The starting point is the HF wave function and energy to which a perturbation A is applied. The total Hamiltonian of the system can then be written as the sum of the HF Hamiltonian and a perturbation. However, the approach makes only sense, if the perturbation is smaller than the exact Hamiltonian. with 01   . This theory allows to evaluate the energy and the wave function at the n th order, where the 0 th order is the HF energy and wave function, E 0 and 0  respectively. With this new Hamiltonian the eigenvalue problem becomes
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with known eigenfunctions and eigenvalues of 0 H ,
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The eigenfunctions and eigenvalues can now be expanded in a Taylor series,
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The main idea is now, that the undisturbed Hamiltonian is given by the HF theory and the small perturbation comes from the electron-correlation, hence the difference between the true ground state and the HF energy.
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The zeroth order energy is the expectation value of 0 Ĥ with the zeroth order wave function, i.e. the Slater determinants. The true ground state energy in zeroth order ( 0 0 E ) is the sum of the eigenvalues and hence does not correspond to the HF energy. This is obtained in first order and hence the HF ground state energy can be written as
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The correction to the true ground state energy in second order is
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and contains the interactions of the HF ground state with all excited HF determinants   0  m . An evaluation of the MP2 energy is expensive. First of all, the HF problem has to be solved, i.e. the diagonalisation of the Fock-Matrix, calculated in an atomic orbital basis. The dimension of this matrix M is given by the number of basis-functions used. An MP2 evaluation of the energy covers about 80-90% of the correlation-energy, whereas MP4 covers 95-98%, but both with a very high expenditure of time (MP2 scales N 5 , and MP4 N 6 , with N being the number of basis functions). However, instead of determining the system's wave function in order to obtain the ground state energy, a computationally less demanding ab initio theory exists, providing a computationally easier way to evaluate the electron correlation. This method is referred to as density functional theory (DFT).

Density-Functional Theory 1.4.1. The Hohenberg-Kohn theorem

The density-functional theory (DFT) is based on the groundbreaking first theorem by Hohenberg and Kohn 3 which proofs that the ground state energy of an electronic system with N electrons is a functional of the electronic density: Hence, with a given known density ()  r it is possible to establish the Hamilton operator, solve the Schrödinger equation and determine the system's wave function and energy eigenvalues and lastly all the properties of the system. Therefore, and compared to the HF theory, only three (or four, if spin is included) variables are needed to describe an N-electron system. As mentioned in the preceding chapter, within the Born-Oppenheimer approximation, the electrons are moving in an electrostatic field of fixed nuclei. As a consequence, the kinetic energy of the nuclei equals zero and the nuclei-nuclei repulsion can be expressed by a constant. With this approximation, the electronic energy can therefore be written as a functional of the electron density: is a universal functional of  , i.e. system independent, as it does not depend on the nuclei coordinates or the nuclear charges
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If

   HK F would be known, the electronic Schrödinger equation could be solved exactly and thus the exact energy of the ground state for every system could be calculated. However, there exists no exact form of

   HK F
and one has to use approximations. The second theorem of Hohenberg and Kohn is of fundamental importance since they were able to prove that the variational principle holds also true for

   HK F and thus for    E .
According to the variation principle the energy of an assumed trial density  trial is always a higher value than the exact ground state energy 0 E which can only be obtained if the exact ground state density is inserted in equation II-39.
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Kohn-Sham equations

The aim of DFT is hence to minimize the energy by varying  trial and in contrast to the HF theory, where the wave function is varied. Another important approach in DFT is the one introduced by Kohn and Sham. They suggested the introduction of orbitals, so called Kohn-Sham Orbitals, to obtain a better description of the kinetic energy of the system 4 
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The term    S T can be evaluated exactly, using a Slater determinant build up by a set of molecular orbitals
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In analogy to HF theory the electron-electron repulsion can be written as
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which is by definition the exchange and correlation energy of an interacting system. The combination of equation II-40 and II-44 leads to the Kohn-Sham energy expression
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Eq. II-46

Unlikely to the HF scheme the orbitals in the Kohn-Sham scheme play an indirect role and are only introduced to construct the electronic density. Hence, for most applications the basis set requirements are less severe than wave function based approaches. Considering the wave function for N non-interacting electrons in N Kohn-Sham orbitals (KS)  i , the orbitals obey the following equations, which are similar to those seen in the HF approach:
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where the Kohn-Sham operator is defined as follows:

  2 1 ˆ2      KS s f r Eq. II-48
resulting in the Kohn-Sham equations
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Eq. II-49

The exchange-correlation potential    XC r is given by the functionals derivative describing the fact that every electron tries to maximize the attraction to the nuclei and to minimize the repulsion from the other electrons:

          XC XC E r r
Eq. II-50

Functionals

Since the exact exchange-correlation energy functional is not known explicitly, approximations have to be used. For this purpose there are four widely used approaches.

a) Local density approximation (LDA)

In the LDA approach the local density is treated as a uniform electron gas. Herein it is assumed that the density varies very slowly. If the electron density of electrons with different spins, i.e.  -spin and  -spin are not identical, the LDA approach is replaced by the Local spin density approximation (LSDA). In this case, the total electron density can be written as the sum of the electron densities with  -spin (   ) and  -spin (   ):

,          LSDA XC XC E e dr
Eq. II-51

However, the LDA and LSDA are identical for closed-shell systems. Although the exchange-correlation functional for the LSDA is based on a strong approximation, it is of major importance for DFT, since it is the only functional where the form of the exchange-and correlation-energy is exactly known. Unfortunately, due to the rapidly varying electron densities in molecules, the LSDA approach cannot be employed for many chemical problems, e.g. thermochemical data are insufficiently reproduced. Electron correlation is overestimated and electron exchange is underestimated. That is why LSDA overestimates bonding energies.

b) Generalized gradient approximation (GGA)

A way to improve LSDA is in considering the electron gas as non-uniform. For the GGA approach (or semi-local method) the electron density and its gradients are evaluated.

, , , ,

                        GGA XC E f dr Eq. II-52
Moreover, the exchange-correlation energy is divided into and exchange ( GGA X E

) and correlation part ( GGA C E ). Both terms are approximated separately and in general the larger energetic contribution arises from GGA X E . Becke introduced in 1988 one of the today's most famous exchange-functional 5 . It makes use of an empirical parameter, fitted to the exactexchange energies of noble gas atoms. It is known under the abbreviation B or B88 and is often combined with a correlation functional developed by Lee, Yang and Parr (LYP) 6 . The combination of both terms results in the most widely used GGA functional called BLYP 7 . It includes the dynamical correlation and yields good results in thermochemistry, but barriers are underestimated due to the fact that GGAs are not self-interaction free. However, all GGA functionals lack in describing long-range electronic correlation effects, responsible for van der Waals forces, playing an important role for many chemical problems (e.g. orientation of molecules on surfaces). Therefore, finding DFT functionals including dispersion forces have become an active field of research over the last years.

c) DFT + dispersion corrections

A widely used method is the use of semi empirical GGAs with long range dispersion correction as presented by Grimme 8 and employed in VASP. The method used in this work is referred to as DFT-D2 (employed functional: PBE) 9 . In this approach an empiric energy correction disp E is added to the electronic energy after each SCF.

    DFT D KS DFT disp E E E
Eq. II-53

The dispersion term depends on dispersion coefficients (calculated from atomic ionisation potentials and static dipole polarizabilities), the distance between atomic pairs and the sum of atomic van der Waals radii.
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Eq. II-55 And: Besides the electronic density and its gradients, also higher derivatives of the density and the kinetic energy density can be applied. However, since the introduction of higher derivates of the density and the kinetic density has not lead to better improvements, meta GGAs are not widely used in chemistry. Hybrid functionals contain both, the DFT exchange and HF type exchange. One of the most popular exchange-correlation hybrid functional is the B3LYP functional 7,10 which uses 20% exact exchange energy. This leads in general to remarkably good results for thermochemistry and transition metals. However, even hybrid functionals are not free of the self-interaction problem and have difficulties with long-range effects.

Basis sets a) Atom centered: linear combination of atomic orbitals (LCAO)

The first basis sets were developed by Slater in the beginning of the 1930s 11 and can be expressed as follows:
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where  

,  m l Y are the spherical harmonics, r is the radius, n, l, m are the quantum numbers and  controlling the width of the orbital. STO are solutions for the H atom and hence a physically well-established choice for atom centered approaches. However, with Slater-type orbitals (STO) some integrals are difficult to evaluate (especially for more than two atoms). Therefore, Boys proposed to use Gaussian-type orbitals 12 (GTO) which are computationally less expensive and integrals containing Gaussians can be solved analytically
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The difference between STO and GTO is the radius r in the exponent. For the GTO the radius is squared so that the product of a primitive Gaussian is another Gaussian. Equations are easier to calculate but there is a loss in accuracy (rapid decrease due to r 2 ). To compensate this loss, a linear combination of primitive GTOs (PGTO) is used to mimic an STO and one obtains a so called contracted GTO (CGTO).
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Eq. II-58

For example, STO-3G means that three GTOs are used to form a STO. These are referred to as minimal basis. Extended basis sets also consider the higher orbitals of the molecule by accounting for size and shape.

Split valence

Due to the fact that valence orbitals are more affected in forming a bond than core orbitals, more basis functions are needed in order to describe the valence orbitals more accurate. This is referred to as split-valence (SV) basis sets. Hence, a double- split-valence means, that only one basis function is used for each core atomic orbital and two basis functions for the valence orbitals. There exist also higher split-valences, e.g. triple- , quadruple- , and so on. Polarisation functions When atoms come closer to each other, a polarisation effect due to their charge distribution distorts the shape of the atomic orbitals. In this case, a s-orbital starts to have a small p-orbital character and p-orbitals get d-character. Polarisation functions account for this effect by allowing a needed flexibility within the basis set. Diffuse functions For chemical problems, the main concern is the interaction of valence electrons with other molecules. Thus, when dealing with anions or exited states for example, electrons are loosely bound and a more accurate description of the "tail portion" is needed. Diffuse functions have small  exponents, what means that they are located further away from the nucleus. The notation of the basis sets proposed by John Pople and co-workers 13 is the following:

' '' ''' ( ) (**)   N N N N G
N describes the number of gaussians for the core orbitals, N ' and N '' (etc.) indicates the number of gaussians for the valence orbitals, ++ means the addition of one (+) or two (++) diffuse orbitals and ** stands for the incorporation of d-orbitals for second period elements (*) and p-orbitals for H and He (**). For example, 6-311G means that each core atomic orbital will be described by a single contracted gaussian basis function where the degree of contraction is 6, a valence triple- basis, where the first valence is described by a contracted gaussian with a degree of contraction of 3 and the second and third valence will be represented by a primitive gaussian. Another group of basis functions exist in the chemical community, first introduced by Dunning an co-workers [14][15][16] . The main motivation resulted from the fact, that basis sets optimized at the HF-level are not suited for correlated calculations. Therefore, correlated consistent basis sets are optimized (in particular c i prefactors) by dint of correlated wave functions, such as CISD for example. The nomenclature for this basis sets is cc-pVXZ, which means a polarized (p) X- with X=double, triple, quadruple, etc. A prefix "aug" stands for the incorporation of diffuse functions, e.g. aug-pVDZ for a C atom has diffuse s, p and d orbitals.

b) Plane waves and periodic boundary conditions

Another approach which is more suitable for periodic calculations is the expansion of the basis set by plane waves. Since the crystal is a periodic entity and via the Bloch Theorem 17 which is the general solution for the stationary Schrödinger equation for a periodic potential 
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and R is a translational vector of the lattice. The Bloch theorem changes the problem of computing an infinite number of electronic wave functions to calculate a finite number of wave functions at an infinite number of k-points in the first Brillouin zone (to each k-vector a k-point in the reciprocal lattice is attributed starting from the  -point, which is the origin of the reciprocal lattice). The Born-von-Karman approximation that says that a wave function must be periodic if a super cell is build up by a primitive cell
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Eq. II-60

with i N being an integer and i R are primitive vectors of the lattice. Combining both theorems allows to write the wave functions as a sum of plane waves
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where G is a reciprocal lattice vector, G c are the coefficients, k is a vector in the reciprocal lattice and r is a position vector. In principle there is an infinite number of plane waves but in practice only those reciprocal lattice vectors are kept in the expansion that fulfil the following condition while the remaining coefficients are set to zero. Hence, the cut-off energy, cut E determines the energy and the number of plane waves that are kept in the expansion. From this, it is obvious that the higher the cut-off energy, the more plane waves are included in the expansion and thus the better the description of the electronic system. However, a higher number of plane waves is computationally more expensive.

c) Pseudopotentials

The fact that core electrons have a high kinetic energy, i.e. a short wave length, means that they have to be treated with a higher spatial resolution. Pseudopotentials serve to replace the atomic all-electron potential in such a way, that the electronic core states are no longer treated explicitly. They are treated as frozen cores. In quantum mechanics all wave functions describing electronic states need to be orthogonal to each other. Hence, the valence electron wave function has to be orthogonal to the core electron wave function which is difficult to describe numerically, due to the high oscillation of the wave function near the core. Thus, it is more justifiable to replace the real wave function by an ionic component describing the cores by a nodeless, smoother wave function (frozen core approximation) which describe the electrons properties in the bonding region and nearly zero probability for the valence electrons in the core region (i.e. no oscillation of the wave function). Hence, the wave function of the pseudo-potentials have the same scattering properties of the all electron wave function outside the scattering region (defined by a cut-off radius C r ) and a smoother behavior inside the core region. Throughout this work and mostly used are pseudo-potentials of the projector augmented wave (PAW) 18, 19 method. The main idea is to replace the real valence electron wave function  AE V into three terms:
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where  PS V is a valence electron pseudo-wave function which reproduces the behavior of the all electron wave function (in the augmentation region) expected in the core region,  AE i is exact in the augmentation region (incorporating the node structure of the exact wave function) and smoothly decays to zero in the outside and a net part  PS i which is also smooth. The latter two are local functions defined in the augmentation spheres where i comprises the quantum numbers n, l and m.

Structure optimizations 2.1. Local energy minima

Once the electronic energy of the fundamental state is calculated at the desired level, geometry relaxation can be performed, aiming at minimizing forces on each atom for example (calculated thanks to the Hellman-Feynman theorem). Then, a conjugate gradient algorithm is performed until the convergence criterion is fulfilled.

Nudged Elastic Band Method

The Nudged Elastic Band (NEB) method [20][21][22] is one popular method used to find minimum energy paths (MEP) between two stable intermediates being local minima on the potential energy surface (Figure II-1). On the MEP any point on the path is an energetic minimum in all directions perpendicular to the path and the MEP is characterized by a firstorder saddle-point. The geometric structure belonging to this first order saddle-point is called transition state. The difference between the energy of the initial state and the transition state is the corresponding electronic activation energy of a given reaction.

In the NEB method a string of images (structural configurations on the reaction path) is used to describe the reaction path, which are connected by a spring force, ensuring an equidistant spacing. To start a NEB calculation, typically a linear interpolation between the initial and final geometries is needed, whereas for more complex reactions, e.g. rotation motions, an interpolation in internal coordinates might be a more suitable approach. Thus, constructing the string of images denoted by R 0 , R 1 , R 2 , ... R N , where R 0 is the reactant and R N is the final product, N-1 intermediates along the guessed reaction path have to be optimized. In order to avoid problems (i.e. corner cutting and down-sliding from the MEP) related with the optimization of an object function F
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where k is the spring constant, a force projection is introduced, referring to as "nudging". Since the corner-cutting results from the component of the spring force perpendicular to the path and the reason for the down-sliding comes from the parallel component from the interaction between the atoms in the system, the structures along the NEB path are relaxed to the MEP by a force projection scheme. Here, potential forces are perpendicular to the band and the spring forces act parallel to the band. Hence, this leads to a NEB force on image i containing two components
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with :
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being the force component due to the potential perpendicular to the band and : || 11 ()
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as the spring force parallel to the band.

Note,
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RR RR is the unit vector at an image i estimated from two adjacent images, R i+1 and R i-1 , along the path. The most common strategies for finding a saddle point between the initial and final states are first to roughly optimize the NEB path followed either by a 'min-mode' following transition state search or by performing a quasi-Newton structure optimization, both on the image with the highest energy. Another approach, which is similar to the NEB method and called climbing-image NEB (CI-NEB) 23 can be used to more efficiently determine the saddle point.

In the CI-NEB method, the images with the highest energy, is not subjected to a spring force coming from adjacent images and thus climbs to the saddle point.

Electronic calculations: tools and parameters used in this work

Choice of the methodology

Since the systems under consideration are of significant size and of great complexity, density functional theory (DFT) will be used first. This level of theory is the minimal required for the simulation of the breaking and formation of bonds as well as for evaluating adsorption energies, all occurring within the zeolites cavities. Periodic boundary condition (pbc) calculations to account for surface curvature effects (confinement effect), 24,25 as implemented in the VASP code, 19,26,27 will be used.

However, an accurate description of the reaction steps, when evaluating adsorption energies and especially activation barriers, the DFT-D approach by its own may not be accurate enough and more sophisticated levels of theory, which in particular are better accounting for the electron correlation, are needed. Hybrid schemes, such as QM/QM schemes, are used to evaluate the system at a higher level of theory. An additive hybrid MP2:DFT scheme has been proposed within the QMPOT [28][29][30] code developed by Sauer and Tuma and has been extensively used in the literature. Within this method, one part of the system is treated in a low level approach (e.g. periodic DFT), hence with a fewer accuracy, whereas the part of interest is treated as a cluster being cut out from the complete system, and treated at a higher level (e.g. MP2) of theory to better account for the electron correlation.

VASP

Structure optimisations have been performed by dint of the Vienna ab initio simulation package VASP 26,27,31 . For the exchange correlation functional, the generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof 9 (PBE) is used. Moreover, an empirical method to account for van der Waals forces, firstly introduced by Grimme 8 is added to the exchange correlation functional (PBE-D), giving rise to so called DFT-D calculations. This additional dispersion interaction term accounts, to a certain extent, for long range interactions (van der Waals forces) mainly taking place during physisorption (but not only). In our VASP version (available at the beginning of the thesis) the dispersion correction is only evaluated by a two-body term accounting for the dispersion energy part, whereas the most recent dispersion corrected functionals (DFT-D3) 32 use a two-and a three-body term leading to a better description of the dispersion contribution to the total energy. Very recently, van der Mynsbrugge et al. analysed in a very detailed study 33 the reliability of different approaches (cluster, periodic boundary conditions) and functionals (e.g. PBE, PBE-D(2,3), M06-2X, B3LYP). For adsorption enthalpies on water, alcohols and nitriles, calculated by means of periodic boundary conditions employing the PBE-D2 functional 34 , they found very good and coherent results compared to literature data. A plane-wave basis set using the projectoraugmented wave (PAW) method 19 originally developed by Blöchl 18 has been employed.

The optimization of cell parameters was the object of a preliminary study reported in Appendix A1. For cell optimization calculations on pure silica zeolites (including ionic positions and cell parameters), a 1x1x1 conventional unit cell was used for FAU, CHA and ZSM-5 and a 1x1x2 primitive unit cell for MOR. This latter has been done since the cell parameter c is to small and hence to minimize the lateral interaction between periodic images of the acid sites and the extraframework species appearing during the demetallation process. For the large unit cells of the zeolites it is reasonable that all calculations were performed at the -point. The cutoff energy for the plane-wave basis is set to 800 eV for the full cell relaxation of siliceous zeolites. This setting avoids problems related to the incompleteness of the plane wave basis set with respect to volume variations (Pulay Stress). For all further calculations (only optimizing the atomic positions; unit cell parameters obtained from allsilica structures are kept fix) on protonic structures the value is set to 400 eV. The electronic optimizations were done up to a convergence of 1x10 -6 eV for the SCF loop and until all forces on atoms are lower than 0.02 eV/Å. Adsorption energies ΔU ads are defined as :
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with U zeo , U zeo-water and U water being the energy of the zeolite, the adsorbed zeolite-water system and the water molecule respectively.

Starting with the optimized initial and final structures a reaction path comprising 8 or 16 images, depending on the complexity of the analyzed reaction, is created. For this either a linear interpolation or for complex reactions the software Opt'nPath developed by Paul Fleurat-Lessard at ENS Lyon (Fleurat-Lessard, P. Opt'n Path http://perso.enslyon.fr/paul.fleurat-lessard/index.html.) were employed. In a first attempt, either with 8 or 16 images, a first NEB run is carried out. For this the cut-off energy is set to 400 eV and the electronic structure optimizations were conducted up to a convergence of 1x10 -6 eV for the SCF cycle and until all forces are lower than 0.02 eV/Å per atom. Since even a large number of ionic steps (~500) did not result in a converged reaction path, fulfilling the above mentioned criteria, the optimization is interrupted after 200 ionic steps. For some reactions, this approach is sufficient and the image highest on energy is subsequently subjected to a quasi-Newton optimization algorithm having the same convergence criteria as the NEB calculation. For more complex reactions, where the transition state could not be found by a first NEB run a subsequent NEB with 8 images between the two structures enclosing the supposed transition state is carried out. A subsequent quasi-Newton optimization of the transition state is followed by a vibrational analysis in order to obtain only one negative frequency along the reaction coordinate. For this, the same convergence criteria as for the NEB calculation have been employed with a displacement of 0.01 Å in each direction, in order to stay within the harmonic approximation. However, it is not possible to eliminate all but one imaginary frequency. Nevertheless, the resulting frequencies are of very low cm -1 and moreover part of the zeolitic framework and not implicated in the reaction center.

QMPOT

In general, the fact that efficient periodic DFT functionals do not properly account for long-range dispersion interactions and encounter the self-interaction error, results in the underestimation of adsorption energies and hence reaction barriers are too low. However, the use of dispersion corrected DFT functionals (DFT-D) showed a major improvement solidstate calculations and adsorption problems. But whether this approach is also applicable to reactions where bond rearrangements occur, is still a matter of debate. A possible solution to correctly describe the pore topology and hence the confinement effect in zeolites, not only by a cluster approach, is the use of periodic MP2 calculations. However, periodic MP2 calculations are only feasible for systems with few atoms in the unit cell as well as for small basis sets. On the other hand, hybrid-schemes combining MP2 and periodic DFT calculations such as the one presented by Tuma and Sauer 29,30 can be used for the accurate calculation of reaction barriers for even larger periodic systems 35 .

The reaction site, described by a cluster, is evaluated at the MP2 level with Gaussian basis sets and the periodic system is treated by DFT under periodic boundary conditions. It is possible to perform either an optimisation of the full system (cluster and periodic system) on the MP2:DFT potential energy surface or to optimize the entire system under periodic boundary conditions and calculate the MP2 correction on a cluster cut out from periodic DFT calculations. In our study, the second approach has been employed. Hybrid MP2:DFT structure optimisations were not conducted because of (i) the computational expense and (ii) the negligible impact of high-level optimisations on the final structure 30 . The cluster is then saturated with link atoms, i.e. hydrogen atoms (HL), and the Si-O-HL bond length is set to 1.029 Å. Hybrid MP2:DFT calculations start with structures optimized on the DFT-D2 level under periodic boundary conditions (

 S PBE D E
). The next step were single point calculations on MP2 level for a T8 cluster (Tx stands for the number of Si and Al atoms of which the cluster consists) cut from the optimized structure under periodic boundary conditions (Figure II-2) and periodic DFT calculations for the T8 cluster (

 cluster PBE D E
). MP2 single point calculations were computed with the Turbomole package [36][37][38] . RI-MP2 [39][40][41] single-point energies were not corrected for BSSE (which is expected to be negligible for this basis set) but were extrapolated to the complete basis set (CBS) limit (
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). This has to be done since the incompleteness of Gaussian basis sets introduce errors in MP2 calculations. Therefore Dunning's correlation consistent polarized triple-and quadruple-zeta basis sets (cc-pVXZ; X=3, 4) 42,43 were employed. To evaluate the HF energy contribution to the MP2 energy an extrapolation scheme 44,45 of the following form is chosen:
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whereas for the extrapolation to the MP2 CBS limit an inverse power law has been applied
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Eq. II-70

The total energy can then be evaluated by Since both approaches result in nearly the same adsorption energy (Table II-1) (I0( 2 MP ) = 4.1 kJ/mol) as well as a difference in the reaction barrier is only of about E a ( 2 MP ) = 9 kJ/mol, we can confirm that for hydrolysis reactions, i.e. an Al-O bond break via a fourmembered TS, the computationally less demanding approach, i.e. periodic PBE-D calculations, is capable to produce reliable data. Its accuracy has been proven in many fields of application 33,46,47 . Thus, confirming the accuracy of periodic DFT-D calculations for hydrolysis reactions occurring in zeolites, all further calculations will be performed by dint of this method. 
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Introduction

Aiming at determining which are the products issued from the interaction of water with zeolites frameworks, and the corresponding pathways, one should first investigate the very first stage of the reaction, which is the adsorption step of a single water molecule with the perfect (defect free) framework.

The first part of this chapter is thus devoted to results regarding plausible location of protons and aluminum within frameworks (which are, most of the time poorly or not known experimentally). Then, the comparison of non-dissociative interaction of molecular water with Lewis acid sites (Al, LAS) and Brønsted acid sites (protons, BAS) is compared. Exhaustive investigation of dissociative interaction modes of water with the framework, including determination of barriers, is then presented and discussed.

T site stabilities of protonated zeolites

Unit cells employed are recalled in figure III-1. Note that for MOR, the primitive cell was doubled according to the c axis. All other polymorphs are studied by the mean of their primitive unit cell, with a single {Al,H} pair per cell (see Chapter II). The exhaustive study of the relative stability of SiAl substitution sites, and charge compensation by a proton, was performed on MOR, FAU and MFI frameworks.

MOR

Figure III-2 summarizes the relative energies of the different T sites in H-MOR and their corresponding structural environments being the Al-OH-Si angle, the O-H distance (rOH) and the Al-OH distance (rAl-OH). Numerical values are given in Appendix A.2.1. The T1O1 site is found to have the lowest energy and the order of the stability is as follows: T1O1 < T2O3 = T3O4 < T1O7 < T3O1 < T2O5 < T4O4 < T4O2 < T4O10 < T2O2 < T2O8 < T3O9 < T1O3 < T1O6. Firstly, a narrow relative energy distribution of the different T sites (E ≤ 31 kJ/mol) and for the corresponding proton at a given oxygen atom can be observed. No direct correlation has been found between the Al-OH-Si angle, the rOH or the rAl-OH and the relative energies. However, protons located at oxygen atoms within the inner cavities (T2O3, T2O8, T3O4, T4O4) exhibit an increased rOH bond length, from 1.001 to 1.018 Å, compared to T pointing in large cavities at about 0.978 Å. This fact results from hydrogen bond formation with nearby framework oxygen atoms since Mordenite possesses small cavities, called "side pockets", where this phenomenon can occur. As the relaxed structures show (e.g. Figure III-3 : T4O4), those protons located on oxygen atoms in small cavities tend to easily establish hydrogen bonds with neighbouring framework oxygen atoms compared to those pointing in the large cavities, such as the 12MR. Taking our model system H-MOR Si/Al=47 into account, nearly 30% of the T sites are capable of forming these intrazeolite hydrogen bonds. An attempt to correlate the relative stability of the T sites present in H-MOR, as a function of the Al-OH-Si angle, the O-H bond length and the Al-OH distance (Figure III-4) reveals large fluctuations and no simple correlation to one of these three simple structural descriptors. This non-random and not by a single simple rule describing occupation of T sites by Al atoms and their concentration, has also been shown in a combination of 27 Al NMR combined with a DFT/MM approach on a given sample of H-ZSM5 1 . Sklenak et al. calculated the 27 Al NMR isotropic shift of the corresponding T sites but could not find a simple linear relationship between the observed 27 Al NMR isotropic shift and the average Al-O-Si angles of the given T site. There are few publications where such a detailed study of the T site stability is reported. Demuth et al. showed in a detailed periodic study 2 (GGA-PW91, without dispersion correction) the following order of the stabilities: T1O3 < T2O3 < T2O2 < T2O5 < T4O2 < T1O7 < T4O10.They did consider only a selected number of T sites, for which the interval of relative energies (29 kJ/mol) is in good agreement with our data.

Regarding the comparison with experiments, one of the most cited reference 3 revealing the experimental T site occupancy in H-MOR by statistical analysis and structure refinement, gives the following T site occupation in %: T1/T2/T3/T4 = 18/10/43/29 and H-site localisation 4 :

-O1/O9, pointing into the center of the 8 MR -an adjacent pair of O2 atoms bearing a proton via hydrogen bonding -O5 pointing slightly towards the side pocket -and O10 orientated towards the center of the 12 MR -O7within the 12 MR Our calculated relative energies do not help to explain the occupied T sites known from literature, which probably means that the final energy of the protonated zeolite is not the relevant descriptor. The way the H-MOR zeolite is synthesized (i.e. synthesis conditions, and structure directing agents, etc.) influences this position as well as the Si/Al ratio, which is not investigated in our study. In any case, our results are satisfying since the energy differences between different proton positions at one T site lies under the calculated energy barrier needed for a proton jump within zeolites, as Tuma et al. showed 5 (80 and 30 kJ/mol for hydrated and dry zeolites, respectively). Moreover, thermal effects can easily overcome most of the energy differences reported in Figure III-2. Hence, it is nearly impossible to exactly locate the proton of a Brønsted acid sites upon real conditions on the basis of these DFT relative energies. Moreover, one has to be careful, since not every proton location allows a for a proton jump necessary water surrounding in order that it can move from one oxygen atom to another via the Grothuss transport mechanism 6,7 .

Note that experimentally measured FT-IR spectra of H-MOR 8,9 show two adsorption bands at 3750 cm -1 and at 3616 cm -1 . The weaker band, i.e. 3750 cm -1 , is assigned to OH frequencies of silanol groups either on the external surface or resulting from framework defects. The stronger band at 3616 cm -1 is assigned to OH vibration modes of bridging hydroxyl groups within the channels (in the form of an Al-OH-Si) and at the origin of Brønsted acid site (BAS). Explicit calculation of all OH vibration frequency could perhaps help in the future to discriminate between plausible versus less plausible proton location.

FAU

Due to the high symmetry of the FAU crystal structure, only one irreducible T site exists within the framework resulting in four distinct proton positions. Figure III-5 summarizes the relative energies their corresponding structural environments being the Al-OH-Si angle, the O-H distance (rOH) and the Al-OH distance (rAl-OH). Analysing the relative energies reveals a slightly narrower energetic distribution than in Mordenite (E ≤ 12 kJ/mol). Moreover, as FAU has a relatively loosely packed structure and contains large pore openings, no strong hydrogen bonds with adjacent oxygen atoms can be established as it is the case for H-MOR and H-ZSM-5. This phenomenon makes itself felt in the rOH distance. No distance is greater than 0.99 Å being an indication for a strong hydrogen bond between a BAS and a framework oxygen atom. T1O1 and T1O4 (values lower than 0.980Å) pointing directly into the supercage, hence with no adjacent framework oxygen atoms, whereas T1O2 and T1O3 (values higher than 0.980Å) point into the sodalite cage at the cut face with the supercage and into the hexagonal prism at the cut face with the sodalite cage, respectively. These last two protons are not directly hydrogen bonded to one certain framework oxygen atom but are however influenced by their near proximity, as the structures (Figure III-6) and the O-H bond lengths show. 

MFI

H-ZSM-5 displays even more peculiar feature since its strongly branched three dimensional structure and the resulting porous topology it more difficult to analyse compared to H-MOR and H-FAU. Moreover, the crystal structure provides numerous possibilities to form hydrogen bonds between BAS and framework oxygen atoms. In this zeolite, much more intrazeolite hydrogen bonds are possible. About 50% of all the T sites are susceptible to establish them. Also in this zeolite model, no correlation between rOH, rAl-OH, the Al-OH-Si angle and the relative energies is found (Appendix A.2.3.). The energy distribution remains within 44 kJ/mol (Figure III-8), which corresponds to the largest fluctuation calculated among the three zeolite models studied in our work, but this fluctuation remains moderate. This implies, for all three systems, that the distribution of Al atoms on the zeolite framework does not show selective preferences and hence seems to be random from this point of view.

By determination of the Cs-O bond length (XRD on Cs exchanged zeolites), Olson et al. 10 found three preferred Cs locations, namely (i) Cs1, in the channel intersection, near the sinusoidal channel 10-ring system and adjacent to a four-membered ring, (ii) Cs2, is in the straight channel 10-ring and (iii) Cs3, 3.18 Å from the Cs1 atom and also in the sinusoidal channel 10-ring area. The involved T sites are T4, T7, T10, T11, T12. By X-Ray standing waves, van Bokhoven et al. 11 showed the preferred aluminum occupancy at T6, T7, T10 and T11. Unfortunately, experimentally obtained data onto the strength and classification of BAS within H-ZSM-5 are not congruent. Via IR measurements it was found that H-ZSM-5 contains only one type of framework hydroxyl group 12 , which is characterized by an IR vibration at about 3600 cm -1 . Other data such as IR studies of ammonia adsorption/desorption 13 suggest that i) ammonia desorption evaluated via IR measurement is In the theoretical literature, data strongly depend on the employed method (ab initio or atomic potential functions) and model size (i.e. cluster or full periodic calculations). Note that to the best of our knowledge, no study exist, having analysed the T site stability in such details. Only cluster calculations on the T site stability exist not including protons or other counterions 14 , and a single detailed periodic study 15 on only one given T site being T12 (because of its location at the intersection between sinusoidal and straight channels). In general the trend concerning the T site stability is qualitatively the same (Table III 15 as well as a result from Svelle et al. 16 . As a synopsis for this preliminary for Al and H location, it appears hard to deduce with a high level of confidence which are the preferred sites, whatever the framework considered. Stability intervals are rather narrow according to our DFT investigations, and not strictly correlated to available experimental data. No simple and unique structural descriptor could be found, showing that stabilities are the complex consequences of a large set of factor, as hydrogen bonding and framework strain.

Bridging hydroxyl

Reaction of a water molecule with zeolitic frameworks : how

can a defect be initiated ? These interaction modes were all tested on two T sites within MOR (T1O3, T4O4) and one T site within MFI (T10O2) (see Appendix A3). Modes a) and c2) were screened over all sites of MOR, MFI, FAU (see section 3.2.). This systematic investigation revealed the following general feature:

Investigated reaction intermediates

-Some non-dissociative interaction modes can lead to very stable species. On several sites, a competition between modes a and c2) appeared. Figure III-10 shows which kind of intermediates are in fact observed after geometry optimization, regarding mode c2). It is an adsorption of water on Al, in anti to the BAS. Consequently, the next section is devoted to the competition between adsorption on BAS (a) versus Lewis acid site (LAS) (c2).

-The adsorption of water on Al, in anti to the BAS, appeared as a key one to initiate the chemical reactivity of the framework. Section 3.3. will thus be devoted to the evaluation, on selected sites of the zeolite, of the pathway initiating Al-O bond breaking starting from this key intermediate. 

Water adsorption on Brønsted acid site versus Lewis acid site

Exhaustive results are presented in Appendix A.4.

MOR

The reader is referred to Appendix A.4.1. for a more exhaustive analysis and for some additional figures.

In general, an adsorption on BAS is always more stable, e.g. T1O1 (anti adsorption on Al: -74 kJ/mol; BAS adsorption: -102 kJ/mol) than the adsorption on an Al atom. The highest value for a BAS adsorption is -66 kJ/mol (for T3O4) whereas the strongest, with -118 kJ/mol, corresponds to T3O9. Explainable is this observation by the fact that for T3O4 the water molecule resides within the 8MRb and can establish only one hydrogen bond with close by oxygen atoms compared to T3O9 where the 8MRc provides a closer cavity and the water molecule can form two hydrogen bonds. In the case of the T3O4 site, the non-adsorbed structure shows a hydrogen bond between BAS and a framework oxygen atom. The breaking of this bond is to be paid in order to establish a hydrogen bond.

Concerning the adsorption on Al, the most exothermic value of -100 kJ/mol and the less exothermic one of -43 kJ/mol (without expelling the water molecule) are found for T1O3 and T2O3, respectively. Also in this particular case the above named explanation holds true. However and in general, exceptions which do not obey to the more favourable adsorption on BAS than LAS are due to two following factors:

-if the Brønsted acid site points into small cavities, an anti adsorption on Al is more exothermic compared to a BAS adsorption (e.g. T4O4) -if the water molecule which resides on Al can additionally be stabilised by hydrogen bond via framework oxygen atoms (e.g. T3O4), here again an anti adsorption on Al is more exothermic compared to a BAS adsorption.

Note that the consideration of the empirical method to account for van der Waals interactions introduced by Grimme 17 yields an energetic gain which varies between -10 to -33 kJ/mol.

Figure III-11 shows the adsorption energies of the most stable structures upon water adsorption on the BAS proton and the Al atom, as a function of the initial O-H bond length (rOH) in the dry zeolite. Firstly, two distinct classes of protons exist within H-MOR. For a very low value of rOH (at around 0.99 Å and below) the protons are not displaying hydrogen bonds with the framework. Among this class of protons, the adsorption energy depends mainly on the number and strength of hydrogen bonds engaged by the water molecule with the framework oxygen atoms and a possible BAS relaxation, which reduces the adsorption energy. On the other hand, the four protons with elongated rOH (greater than 0.99 Å) are bonded via intrazeolite hydrogen bonds to the framework. Moreover, one finds higher adsorption energies on BAS for non-hydrogen bonded protons and the preference of binding to them instead of preferring an anti attack onto the Al atom. This rule holds true for all easily accessible protons hence, those not being trapped in small cavities. By contrast, at sites where protons are not easily accessible either an Al IV (i.e. T2O8, T3O4) or Al V (T1O1, T1O6, T4O4) is formed. Moreover, the proton of the left behind terminal silanol (H BAS ) group points towards a neighbouring framework oxygen atom and can therefore be stabilized (e.g. Figure III-12). The only exception is the T2O3 site (blue diamond located at higher rOH ~ 1.01 Å) among the red squares). This site has a hybrid character since a neighbouring oxygen atom can serve as an electron donor and hence is able to form an intrazeolite hydrogen bond between the Brønsted acidic proton and a neighbouring framework oxygen atom. However, the Brønsted acidic proton remains accessible, pointing in the spacious 12MRc. Thus, the adsorption on BAS is thermodynamically more favourable than on the Al atom, although the O-H bond length exceeds the critical value. Moreover one tendency can be observed, namely the longer the rOH bond length in the dry zeolite, the more favourable the formation of an Al IV /Al V but the less exothermic the adsorption energy ΔU ads. For the two other zones the effects are competing with each other and it is more difficult to make predictions, since local effects have to be taken into account. Another criteria reflecting the preferential adsorption tendency on the Al atom before the BAS, which is the initial rAl-OH bond length in the dry zeolite. The longer the bond is (critical value: rAl-OH = 1.890 Å), the more probable the Al adsorption and furthermore the Al IV /Al V formation. Thus, a criterion reflecting the adsorption mode around a given T site is the combination and synergy effect of the initial O-H and Al-OH bond in the dry zeolite. Additionally, this figure shows that both criteria have to be fulfilled in order to preferentially favour the adsorption on Al. The colour code indicates the difference between ΔU ads (LAS) and ΔU ads (BAS). The longer both bond lengths are, the larger the difference and hence a preferred adsorption on Al.

However, it can be inferred that at higher water loadings, this is a sufficient and not necessary condition. It could be that once the BAS are saturated by water molecules, the adsorption on Al atoms become thermodynamically more stable. On the other hand, the free anti attack of the water molecule on the Al atom is preliminary in order that a subsequent reaction, e.g. Si...OH-Al bond break, can take place. In summary, it appears that the two adsorption modes considered in this part of the work are strongly driven by the ability of the adsorbed water molecules to be stabilized by the surrounding zeolite framework. Hydrogen bonds are beneficial, but a too strong confinement can lead to water repulsion. Two distinct T sites, i.e. T2O8 and T3O4, show the preferential formation of an Al IV . The Al...O(H)-Si bond lengths are significantly increased to 2.269 Å (Å) and 2.914 Å (), respectively. Electronic analyses such as the calculation of the electron localization function and Bond overlap calculations achieved before in our group 18 showed that the threshold value of 2.200 Å corresponds to a considerable weakening of the Al...O(H)-Si bond. -i) the newly formed terminal silanol can be stabilized by neighbouring framework oxygen atoms and -ii) the on aluminium adsorbed water is able to establish hydrogen bonds with framework oxygen atoms. There exists a synergy effect between both as the strong adsorption energies of T2O8 and T3O4 reflect. Additionally, at 5 out of 14 protonic sites the Al...OH-Si bond is elongated having a value higher than 2.100 Å and Å. The T sites susceptible to be displaced by the anti-attack are the following:

part of 8MRc and 12MRc: T1O1, T1O6 -intersection of 8MRb and 12MRc: T2O8, T4O4 -intersection 8MRc and 8MRb: T3O4 This means, that nearly 36% of all protonic positions in H-MOR display a significant weakening of the Al...OH-Si bond upon water adsorption in anti position. The remaining 64%

T sites susceptible for Al IV formation upon water adsorption T2 T3

T4

T site where water adsorption on Al is favoured before adsorption on BAS of the "non-reacting" sites exhibit constrained surrounding cavities inhibiting the anti attack onto the Al atom or no nearby framework oxygen atoms which could stabilise the newly formed silanol upon water adsorption. By dint of 1 H and 29 Si MAS NMR it was found 19 that the extent of the dealumination is influenced by factors such as the zeolite structure, Si/Al ratio, crystal size but also on the number of BAS interacting with the framework. The presilanol is in strong interaction with an framework oxygen atom via a hydrogen bond.

FAU

Since there is only one symmetrically equivalent T site in the pure silica FAU framework, H-FAU possesses only four possibilities for the protons to be distributed on the surrounding oxygen atoms. The results are reported in Appendix A.4.2. As for the case of H-MOR, all adsorptions energies are more exothermic (-85 to -94 kJ/mol) on BAS compared than on Al (-54 to -63 kJ/mol). No large spreading for both adsorption modes is observable, which can be explained by the fact, that H-FAU has larger cavities and hence fewer/none sterically hindered surroundings and therefore the constraint due to local effects has a lesser impact. However, as for H-MOR hydrogen bonded protons with framework oxygen atoms could be observed. But, compared to MOR, no strong hydrogen bond can be formed between the proton and neighbouring oxygen atoms due to the loosely packed structure. As the O-H distances show, they are all close to 0.980 Å. Hence, neither the O-H bond exceeds 0.990 Å nor the rAl-OH (1.890 Å), being critical values for H-MOR where an anti-adsorption on Al, and the further Al IV formation; is more favourable than the adsorption on a BAS. Nevertheless two different proton classes can be observed and are proven experimentally 20,21 . As for the case of H-MOR the adsorption energy becomes less exothermic with increasing bond length of the O-H bond (Figure III-15). However the energy distribution remains within -85 and -95 kJ/mol. Hence, the energy fluctuation is weaker than for H-MOR. Moreover, due to the larger cavities surrounding BAS in H-FAU, the adsorption energies remain smaller than the best ones found in MOR reaching -110 kJ/mol or lower. Nevertheless, for T1O3 an elongated Al...O(H)-Si bond can be observed since both values rOH=0.982Å and rAl-OH=1.929Å in the dry zeolite approach the critical limit. An Al IV is formed upon anti-attack in these conditions. Additionally this is in good agreement with the fact of a BAS being located in a confined surrounding, hence nearby framework oxygen atoms, favours the formation of an Al IV , since the proton points in the hexagonal prism. We can compare the adsorption energies of H-MOR of anti adsorptions where an Al IV is formed to the adsorptions energies within H-FAU. Globally, these reactions are less favourable in the case of H-FAU, but however exothermic.

MFI

The MFI structure is more delicate to handle. The major difficulty is raised by the three dimensional structure of the microporous system. Numerous cavities and ring sizes make it difficult to obtain precise and comparable information with preceding calculations on H-MOR and H-FAU. In particular, due to the lower symmetry, the number of non equivalent T site is significantly higher which makes the investigation quite complex.

Table A-11 (see Appendix A.4.3.) summarizes the structural and thermodynamic data of the attack of one water molecule upon the given T sites and for the different adsorption modes. Due to strong local effects, even more abundant as for H-MOR and contrary to H-FAU, the range of the adsorption on Al and on BAS lies between -3 to -81 kJ/mol and -1 to -110 kJ/mol, respectively. However, for about 30 out of the 48 T sites the adsorption energy on BAS is in the same energetic interval (~ -80 to -100 kJ/mol) as for H-MOR. This can be explained by the confinement effect and hence can be related to the zeolites pore size. As H-MOR and H-ZSM-5 display small cavities and therefore a stronger curved local environment as in H-FAU, the water molecule can be stabilised by surrounding framework oxygen atoms at a given T site. By this interaction, additional hydrogen bonds can be established resulting in a more exothermic energy adsorption. The same explanation holds true for an adsorption on Figure III-17 shows a similar tendency concerning the adsorption energies as a function of the OH bond length in the dry zeolite, i.e. the longer the O-H bond the weaker the adsorption energy. Again one can see an agglomeration of protons having an OH bond length shorter than 0.99 Å with high adsorption energies on the BAS (blue circles) compared to those with elongated bond lengths (pink squares). However, for MFI the critical value of 0.99 Å by its own is not a measure or indicator for the preference of a water molecule being preferentially adsorbed on the aluminium atom. The fluctuation and overlapping of both interaction modes, i.e. Al versus BAS adsorption, is more serious within this zeolite. 

Synopsis

As a synopsis of section 3.2., our results underline that the very first step of water interaction of the zeolite with a single water molecule can occur by interaction with either BAS (hydrogen-bond adduct), either LAS (with a specific orientation of the water attack : in anti to the BAS). Local effects, as hydrogen bonding and cavity size, are at the core of the selectivity between the two modes. The latter mode can initiate dislodgment of the Al site from its framework position and is likely at the origin of further reactivity, which is investigated in the next section. 

First Al-O bond hydrolysis in zeolites occurring during dealumination

Preliminary note: This part is adapted from the following article : "Regioselectivity of Al-O bond hydrolysis during zeolites dealumination unified by Brønsted-Evans-Polanyi relationship", M-C. Silaghi, C. Chizallet, E. Petracovschi, T. Kerber, J. Sauer, P. Raybaud, submitted for publication. Selected supporting information sections are reported in Appendix.

Introduction

Zeolites belong to crystalline alumino-silicate microporous materials and exhibit wellknown strong acid properties, resulting from Lewis-(LAS) and Brønsted-acid sites (BAS), linked with thermal robustness and well manageable pore sizes. This makes them suitable candidates for industrial catalysts [22][23][24] involved inter alia in fluid catalytic cracking, hydrocracking, isomerisation and alkylation of hydrocarbons. One major challenge in zeolite synthesis lies within the tailoring of the topology, the size and the connectivity of intraframework channels, [25][26][27] tuning confinement effects 28,29 and diffusion limitations acting on the stability and residence time of reactants, intermediates and products. 30 One possible way to introduce mesopores is water treatment under high temperature, called steaming, with a partial hydrolysis accompanied by demetallation (with Al-O and/or Si-O bond breaking) of the zeolite framework. Extraframework aluminium (EFAL) species are generated. The formation, structure, acidity and catalytic behavior of these species have been the subject of numerous experimental studies. 19,[31][32][33][34][35][36][37][38] Substantial progress has been made empirically on the optimization of post-synthetic treatments, with recent experimental insight on architecturedependent mesopore distribution in H-ZSM5 34 ,or in situ monitoring of site selectivity for dealumination in NH 4 -Y 33 to name a few. However, on the molecular scale, crucial questions remain on the understanding of the demetallation mechanisms. 38 With that respect, regarding theoretical investigations at the quantum level, efforts were primarily devoted to proposals for EFAL final structure. 31,[39][40][41][42] More recently, Swang et al. proposed the first ab initio study of the reaction mechanisms for the dealumination and desilication in two chabazite (CHA) frameworks. 43,44 Regarding the first Al-O bond breaking: they invoke as relevant intermediate a "vicinal disilanol" species, although it is obtained with a very high activation energy (E A = 190 kJ/mol), where the T atom adopts a pentahedral coordination (Figure 1). In addition, the subsequent Al-O bond breaking requires an activation energy of E A = 175 kJ/mol. Such a high activation barrier is very surprising and seems to be questioned by former experimental work in a different zeolite framework 33 revealing that moderate temperature is sufficient to activate the dealumination process. Thus there are still many open questions related to the molecular scale mechanisms of the zeolite demetallation. Among them, we will address here the following ones (i) What is the most probable elementary mechanism of the dealumination activation? (ii) Is this mechanism sensitive to the T site either in a given zeolitic framework or in various zeolitic frameworks? (iii) Is it possible to identify rational trends as a function of the zeolitic framework?

To answer these questions, we focus on the initiation step (first Al-O(H) bond breaking) for dealumination of zeolites suspected to occur during steaming treatments, for 4 relevant frameworks: mordenite (MOR), faujasite (FAU), MFI and chabazite (CHA). We determine the mechanism for this first Al-O(H) bond breaking. In particular, the initial water attack on framework Al atoms happens in anti position to the BAS. The subsequent 1,2dissociation of the water molecule on an adjacent oxygen leads to partial removal of the Al atom from the framework. We identify a structural descriptor, which allows a preliminary estimation of transition state (TS) stabilities, depending on T site location. Additionally, an appealing Brønsted-Evans-Polanyi relationship is found.

Choice of T sites investigated in details

On the basis of the narrow relative stability of all T sites in our given zeolitic systems and the fact that our results are satisfying since the energy difference between different proton positions at one T site lies under the calculated energy needed for a proton jump within zeolites, as Tuma et al. showed by means of a hybrid MP2/planewave DFT scheme 5 (80 and 30 kJ/mol for dry and hydrated zeolite, respectively) the following T sites were chosen:

MOR

Our for the investigation chosen T site for the dealumination in zeolite mordenite was the T4O4 site (Chapter I). At this, the aluminium atom is located in a 4MR in the wall of the 12MR and the residence of the proton on oxygen atom O4 leads to intrazeolite hydrogen bonds with two framework oxygen atoms (1.68 Å, 2.56 Å) and one oxygen atom linked to Al (2.50 Å). This T site was chosen according to experimental data 45 amongst others of Müller et al. stating that the extent of dealumination increased with the number of Brønsted acid sites being in interaction with framework oxygen atoms 19 and of van Geem et al. showing that the T sites located in the 4MR are the first to dealuminate 46 .

CHA

Since the chabazite structure contains only one inequivalent tetrahedral site, only four different asymmetric oxygen atoms exist giving four possible Brønsted acid site configurations. For the mechanistic investigation, we chose the T1O3 site, where the proton resides on an oxygen atom being a member of two four-membered and one six-membered ring. Contrary to the other three proton positions that are all part of the 8MR window, the proton at O3 can interact via intrazeolite hydrogen bonds (2.22 Å, 2.62 Å, 3.19 Å) with oxygen atoms of a six-membered ring. This was chosen in accordance with experimental findings on other zeolites (MFI, Beta, Mordenite) and by dint of 1 H-NMR spectra proposing that the extent of dealumination increased with the number of Brønsted acid sites being in interaction with framework oxygen atoms 19 . Moreover, Bordiga et al. showed by dint of adsorption studies of CO on high silica H-CHA, that there exist two distinct families of acid sites and all proton permutations have to be taken into consideration for an accurate description of the resulting IR spectra 47 .

MFI

The T sites we chose for the mechanistic investigation in MFI type zeolite is based on experimental findings by Karwacki et al. showing by dint of FIB and SEM analyses on steamed ZSM-5 that sinusoidal channels are more susceptible to the dealumination than straight channels 34 . Therefore we envisaged the following T sites as representative example (Chapter I): i) T3O4: part of the intersection region between sinusoidal and straight channels At this T site the BAS proton points in a small cavity displaying intrazeolite hydrogen bonds with one oxygen atom bound to the Al (2.18 Å) and two framework oxygen atoms (2.37 Å, 2.97 Å). ii) T10O2: located in the sinusoidal channels The proton at T10O2 displays only one intrazeolite hydrogen bond with a framework oxygen atom of length 1.70 Å. iii) T11O3: located in the straight channel The proton at this T site is in interaction via a hydrogen bond with two framework oxygen atoms of length 1.89 Å and 2.36 Å.

FAU

The framework of Faujasite contains only one inequivalent T site resulting in four proton positions. According to Neutron Powder Diffraction studies of D-Y and H-Y zeolite samples Czjzek et al. found the preferred proton positions for the O1 and O3 site where the highest occupation of protons was at the O1 site 20 . These proton sites were then considered in the mechanistic investigation (Figure S1). While the proton bound to O1 points in to the super cage and displays an hydrogen bond with an oxygen atom linked to Al (2.34 Å), the proton located at O3 is oriented towards the hexagonal prism and in interaction with two framework oxygen atoms (2.62 Å, 2.59 Å). Moreover, an in situ XAS and XRPD analysis on steam dealuminated zeolite Y by Agostini et al. revealed that 30-35% of the total framework Al occupy the sodalite cage in form of tetra-coordinated EFAL species 33 .

Methods

We have used periodic DFT calculations as implemented in the VASP code 48 with a dispersion corrected 17,49 Perdew-Burke-Erznerhof functional. 50 Except cell relaxation, all calculations were performed at the -point with a cut-off energy of 400eV. For the localization of transition states the Nudged Elastic Band method was employed. 51 The highest energy image, i.e. the supposed TS, was subjected to a quasi-newton algorithm and confirmed by vibrational analyses. Additionally, a hybrid QM/QM scheme (MP2:DFT+D2), 52,53 was applied, showing that PBE-D2 reproduces adsorption energies within 4 kJ/mol, and barriers within 9 kJ/mol (see Chapter II).

Relevant intermediates

The possible initiation steps of an Al-O/Si-O bond breaking including one water molecule were exhaustively analyzed for one T site within MOR (T4O4, part of the 12MR channel and located in a 4MR ring) and one T site within MFI (T10O2, located in the sinusoidal channel) (see Appendix A-3). The first intermediate (I0) results from water adsorption on Al in anti position to the BAS leading to the formation of either a trigonal bipyramidal Al V or a distorted tetrahedral Al IV species, depending on the local configuration for the adsorbed water molecule. The adsorption energies are -67 kJ/mol and -59 kJ/mol for the T4O4 site in H-MOR and the T10O2 site in H-MFI, respectively. Such Al species were also proposed in literature and are supposed to be the initial dislodgement of Al to extraframework positions by identifying the NMR chemical shift for 27 Al at about 30 ppm attributed to distorted tetrahedral or pentahedral Al species. 33 23,33 After water adsorption, the Al-O(H) distance increases from 1.90 Å to 2.12 Å for the T4O4 site in H-MOR and from 1.90 Å to 2.19 Å for the T10O2 site in H-MFI which can already be seen as the initiation of the bond breaking, with the formation of a pseudobridging silanol. 36,54 Another intermediate invoked by Malola et al. 43 is a vicinal disilanol (Figure III-21) which formation is less exothermic than the 1,2 dissociation intermediate for the T4O4 site in H-MOR (-18 kJ/mol) and more endothermic for the T10O2 site in H-MFI (46 kJ/mol). In any case, the formation of vicinal disilanol appears far less favorable than the molecular adsorption of water on the Al site. Note that among the several intermediates investigated, hydrogen-bond complexes that water (as an acceptor) forms with BAS (hydrogen-bond donor) are not stable for these two sites, but can be very stable on other sites (not shown) as also reported in the past. 52 

Mechanistic aspects

Mechanistic investigations for the Al-O(H) bond breaking were then undertaken. For purpose, 5 additional T sites (including two additional zeolitic frameworks) in correlation with experimental data were analyzed (see section 3.3.2):

-In FAU: T1O1 and T1O3 -In MFI: T3O4 and T11O3 being located at the intersection of straight and sinusoidal channels and in the straight channels, respectively

-In CHA: T1O3 + H 2 O or V (a) (b) IV (d) (c) I0 I2
In the case of CHA, Malola et al. found a prohibitive activation barrier (175 kJ/mol) for the first Al-O(H) bond breaking via vicinal disilanol intermediate. 43 So in what follows, we investigate if an alternative pathway involving the anti-adsorption of water is possible and if it exists, to which extent it is transferable to various zeolite frameworks. Since the dealumination of MFI has been the subject of many experimental studies, we give a detailed analysis of the mechanism on this zeolite and we further show how it can be generalized. The corresponding reaction path, starting from the water adsorption on Al in anti position to the BAS followed by a 1,2 water dissociation with axial substitution, is illustrated on the T3O4 site in MFI in Figure III-22. Upon water adsorption on Al in anti position to BAS a trigonal bipyramidal Al V species (I0) is formed (-70 kJ/mol) and the Al-O(H) bond increases from 1.90 Å to 2.28 Å, which can be seen as the initiation of a bond breaking. Subsequently, one proton of the water molecule is transferred to an adjacent framework oxygen atom by surpassing a transition state composed of a four-membered ring (TS1: E a =86 kJ/mol) and leading to the intermediate I1 (0 kJ/mol). Note, that the Al-O(H) continues to increase. The last step is a proton rotation via TS2 resulting in a thermodynamically more stable product I2 (-44 kJ/mol). Compared to I1, I2 is stabilized by an additional hydrogen bond between the proton of the newly formed BAS and the oxygen of the silanol moiety.

Figure III-22

Reaction scheme and path of an breaking at T3O4 in MFI via water adsorption on Al in anti position to BAS (I1, red), the TS1 leading to the 1,2 dissociation of the H2O molecule (I2, pink) followed by a proton rotation (TS2) resulting in the most stable hydrolysis product (I2, green).

The first Al-O(H) bond is now definitively broken and the aluminium is partially dislodged from the framework, adopting a tetrahedral environment. This structure represents an internal silanol bond between the SiO 4 and the AlO 4 tetrahedron. Internal silanols are wellknown defects in zeolites that are typically found between two SiO4 tetrahedra. 55 We then examined this mechanism to the five other zeolite sites described above and found that this pathway is still valid. Table III Activation energies for the first Al-O(H) bond breaking are between 76 and 120 kJ/mol, thus significantly lower than the activation energies previously reported by Malola et al.. In particular for CHA, our activation energy is about 90 kJ lower than the one involving a vicinal disilanol intermediate. 43 This makes our alternative pathway through anti-adsorption and 1,2-dissociation of water far more plausible than the one involving such a constrained a Hybrid MP2:DFT+D result, see Chapter II, section 3.3. As a consequence, the activation energy depends on the zeolite framework type. However, it also depends on the T site within a given zeolite. According to our results, this is particularly true for MFI where the 3 investigated sites exhibit 3 distinct activation energies (Table III-2). Experimentally, it was shown that steamed H-ZSM-5 zeolite displays an architecture dependent mesopore formation, 34 sinusoidal channels being more susceptible towards the dealumination compared to straight channels. Our findings confirm a local dependency for the initiation of the dealumination, though from a thermodynamic and kinetic analysis of three T sites within MFI we identified the site located at the intersection region between straight and sinusoidal channels to be preferentially the initiation point for the dealumination (Table Thus, we suggest that at the atomic scale, the initiation step of the first Al-O(H) bond scission would preferentially take place at these intersection regions, whereas the propagation steps of mesopores would occur in the sinusoidal rather than in the straight channels as observed experimentally.
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General trends

Due to this heterogeneity of activation barriers, and since calculating activation barriers need important computation time, we investigate if quantitative structure activity relationships may exist. This would allow us to determine susceptible T sites for the initiation of the dealumination without explicitly evaluating transition states. from the correlation of the point related to MFI-T10O2, can be explained by the fact that (i) upon adsorption the water molecule displays a short hydrogen bond with a framework oxygen atom (1.76 Å) making the 1,2 dissociation of the water more difficult and (ii) the missing hydrogen bond between the hydrogen atom of the silanol and a framework oxygen atom linked to the Al (see Figure III-22, Product I2) make TS1 and I1 less stable. As it was observed for T site stability (section 2) and BAS-water / LAS-water adducts (section 3.2), it is important to underline the role of such hydrogen bonding in the stabilizing of all intermediates, which makes difficult to identify one single structural descriptor.

Despite this structural complexity, we were able to determine a Brønsted-Evans-Polanyi (BEP) relationship 56,57 for the initiation of an Al-O(H) bond breaking and thus be able to determine fragile T sites within the framework where EFAL formation is initiated. Such a relationship establishes the link between kinetics (activation energies) and thermodynamics (reaction energies) and thus allows to estimate in a rapid but accurate way activation barriers without identifying transition states whose determination requires intensive quantum chemical calculations. Figure III-25 reports the plot of the activation energy (E a ) as a function of the water dissociation energy (ΔE= E(I1)-E(I0)) for the 7 investigated T sites which shows a linear correlation. Note that this correlation is only valid between the state where a water molecule is adsorbed on Al (I0) and the intermediate product before rotation (I1) due to their geometrical similarity, and not between I0 and the final product after proton rotation (I2). In the latter case, an additional hydrogen bond between the new BAS and the silanol moiety stabilizes I2. This BEP relationship is thus able to unify the behavior of different T sites within the same zeolite or in various zeolites. 58 (not included for R² evaluation).

Analyzing the hydrolysis of an Al-O bond on an α-alumina surface, Schneider et al. found a structurally related transition state and intermediate. 58 Interestingly, the corresponding activation energy (18 kJ/mol) was significantly lower than the one reported here which highlights that alumina is more easily dealuminated by water than alumino-silicate like zeolite. In addition, since their proposed transition state consists also of a four-membered ring very similar as TS1 (Figure III-22), we included their thermodynamic and kinetic data in our BEP correlation and found that this system also follows the BEP rule. This result allows us to go further in that sense, that such a BEP correlation seems to be also transposable to various alumino-silicates and aluminium-oxides in general. 

Summary

We have identified a general and relevant mechanism for the activation step of zeolite dealumination, e.g. the first Al-O(H) bond breaking. The key intermediate formed before the Al-O(H) bond breaking is a water adsorption on Al in anti position to the BAS resulting in either an Al V or distorted tetrahedral Al IV . The subsequent 1,2 dissociation of the water molecule on adjacent framework oxygen atom with a concomitant axial substitution of the silanol group in anti position to the water attack leads to a partial dislodgement of the Al from the zeolitic framework. This mechanism seems far more plausible than the previous one reported in the literature due to the lower activation energy and its compatibility with experimental observations. In subsequent mechanistic analyses a Brønsted-Evans-Polanyi relationship was established. We hope that this work may deserve the molecular scale understanding of the hydrolysis -dealumination process of alumino-silicates and aluminum oxides in the future.

Conclusion

Contrary to well-admitted ideas, promoting the first Al-O bond breaking within a perfect zeolite framework appears is a non-straightforward process. Some intermediates only can be formed with reasonable energy gain, in particular BAS-water adducts and LAS-water adducts. The latter is favourable only when the water molecule attacks the aluminium atom in anti to the BAS, which is a major finding, as this interaction mode is at the origin of the dislodgment of Al from its framework position.

Local effects, in particular hydrogen-bonding and confinement considerations, play a huge role in the regioselectivity of the zeolite-water reaction at each stage (formation of the LASwater in anti to the BAS, then 1,2-dissociation, then rotation of the newly formed Al-(OH)-Si group), making reactivity prediction on structural basis rather difficult. However, we were able to establish a BEP relationship which will be of great help in the future to investigate larger amounts of sites within various zeolitic frameworks.

These findings were compared to experimental features when available, and motivate further computational studies to understand the next reaction steps. Indeed, following the detailed investigation of the first Al-O bond breaking, one may wonder whether the mechanism found here is transposable to the next steps of EFAL formation. Knowledge on the respective kinetics of the first breaking versus the next ones is also required to identify which step is limiting and controls dealumination reactions. This is the purpose of the next chapter.

Introduction

Zeolites, crystalline alumino-silicate microporous materials possess interesting intrinsic and post-synthetic features, such as a strong acidity, resulting from Lewis-(LAS) and Brønsted-acid sites (BAS), being aluminium and hydrogen respectively. Additionally their thermal robustness and well manageable pore sizes makes them suitable candidates for industrial reactions such as fluid catalytic cracking (mainly Faujasite Y), hydrocracking, isomerisation and alkylation of various hydrocarbon molecules 1 . However, the major topic in zeolite synthesis lies within the tailoring of the shape size and the connectivity of intraframework channels since confinement effects 2 and diffusion limitations can impose severe constraints on the reactants, intermediates and products. One possible way for introducing mesopores, where a partial hydrolysis of the zeolitic framework occurs, i.e. Al-O and Si-O bond breaks, is carried out in steaming conditions. The removal of a to a certain extend hydroxylated Al or Si species leaves a moiety called silanol nest behind. Here, four hydroxyl groups surround the tetrahedral void 3,4 . Additionally, the hydroxylated species, i.e. extraframework aluminium (EFAL) and extraframework silicon (EFSI), located within the cavities, are generated and studied extensively in literature [5][6][7][8][9][10] .

Experimental findings from Karwacki et al by dint of focused ion beam (FIB) and scanning electron microscopy (SEM) could reveal an architecture-dependent mesopore distribution in steamed ZSM-5 11 . They were able to show that upon steaming treatment sinusoidal channels are more susceptible to the dealumination and hence mesopore formation compared to straight channels. On a steamed NH 4 -Y and descending from the meso to the atomic scale, Agostini et al. were able to show that contrary to the general opinion the dealumination not a high-temperature process but takes already place at moderate temperatures (450 -500 K) and also the appearance of 30-35% of the total Al within the sodalite cage 12 . Analyses on steam treated H-Mordenite could reveal that Al is randomly distributed over 4 and 5 membered rings (MR) and that a favored dealumination of T3 and T4, located in the 4MR 13,14 takes place.

Considering the above mentioned experimental findings, one still misses experimental data, in particular through in situ approaches, to reveal the atomic structure rearrangement occurring during the dealumination/desilication processes 15 . In order to face this problem and thus being able to give an atomistic insight on the mechanism, some early theoretical calculations have been used to describe both, the structure and catalytic properties of zeolites in presence of EFAL species. Ruiz and co-workers for instance examined the transformation of tetrahedral to octahedral aluminium complexes by dint of cluster calculations and with the level of theory being Hartree-Fock and second order Moller-Plesset perturbation theory calculations 10 . Their results show that neutral complexes prefer a tetra-or penta-coordination and that the stability of the Al clusters depend on the complex's net charge without requiring high energies for their transformation. In order to analyse the structure and coordination of some EFAL species (e.g. Al 3+ , Al(OH) 2 + , Al(OH) 3 Bhering et al. used cluster DFT calculations on zeolite Faujasite 6 and showed that monovalent cations prefer a bicoordination whereas di-and tri-valent cations are tetrahedrally coordinated with framework oxygen atoms near the framework aluminium. By analyzing the dynamical behaviour of the EFAL species (Al(OH) 3 (H 2 O) 3 and Al(OH) 3 (H 2 O)) in Gmelinite, Benco et al. revealed a localization depending mobility of these aluminium-hydroxide clusters 5 . In the main channel, both, the two non-coordinated H 2 O molecules and the EFAL are mobile, whereas a network of hydrogen bonds suppresses its mobility within the cage and the EFAL occludes the pore. Ban et al. employed kinetic Monte Carlo simulations to analyse the formation of mesopores in steamed H-Mordenite 16 . For this study, they leant on Marcilly's mechanism 17 stating that the dealumination consists on three steps: (i) the removal of framework Al and its transformation into an EFAL species, (ii) the migration of EFSI species and (iii) the self-healing of a silanol nest, by migrating EFSI. Despite the fact that they used arbitrary reaction rates for each step, they were able to validate experimental findings showing that two distinct areas, i.e. the Alrich four-membered rings and the internal surfaces of the main channels, are mainly to be dissolved during the dealumination.

As already reported in the previous chapter, the first study using periodic DFT calculations including thermodynamic and kinetic data and giving a first insight in the dealumination and desilication mechanism is reported by Swang and co-workers 18,19 . Employing H-chabazite (SSZ-13) as zeolitic model they simulated the subsequent addition of four water molecules leading to the formation of a silanol nest and a more stable EFAL being Al(OH) 3 H 2 O, compared to Al(OH) 3 . In the same spirit they analyzed the creation of an EFSI species Si(OH) 4 . The first step, which is a water adsorption on the proton of a Brønsted site, is followed by a subsequent formation of a vicinal disilanol (Si V species) with a relatively high activation energy E A =175 kJ/mol for the desilication, and E A =190 kJ/mol for the dealumination. The origin of the strong energy cost for the first step might result from the strain in the 2MR cycle of vicinal disilanols. Subsequently, and without any addition of water, the authors suggested an inversion of the molecular environment around this pentacoordinated Si species leading to the first Al-O-Si bridge break. Again, the energetic cost for this reaction has an activation energy of E A =150 kJ/mol and E A =175 kJ/mol for the desilication and dealumination, respectively. Subsequent hydrolysis steps by the successive addition of one water molecule at each step finally lead to the formation of an EFAL and silanol nest. This holds true for the desilication path as well, where an EFSI instead of an EFAL is created. Concerning the dealumination, the entire pathway is quasi athermic with quite elevated activation barriers. Only the last water adsorption leading to an Al(OH) 3 H 2 O is thermodynamically favoured. A more pronounced effect concerning activation barriers and thermodynamics is revealed for the desilication where the formation of each intermediate is thermodynamically very unfavourable and separated by elevated activation energies.

Inspired by these pioneering works, we undertook in Chapter III (section 3.3) a systematic evaluation of the reactivity of several T sites belonging to various zeolitic frameworks as MOR, FAU, MFI and CHA, by periodic DFT+D2 calculations, supported by hybrid MP2/DFT+D2 validation. We found a general pathway for the initiation of dealumination (first Al-O bond breaking, figure IV-1), which consists in :

-water adsorption on the Al atom in anti-position to the Brønsted acid site, forming a penta-coordinated Al species (when the Al-O bond in anti to the water molecule remains, even if weakened) or tetra-coordinated Al species (when the Al-O bond in anti is broken). -a subsequent 1,2-dissociation of water on adjacent framework oxygen with axial substitution (in the case of a bipyramidal Al V obtained upon adsorption of water in anti-position to the Brønsted acid site) of the silanol group. In case the previous step did not break the Al-O bond in anti to the adsorbed water molecule, the present step leads to the first Al-O(H) bond break. The activation energies required are much lower than that proposed by Swang et al. 18,19 We were able to generalize this initiation mechanism to all investigated zeolite frameworks, for several sites. We also found a Brønsted-Evans-Polanyi (BEP) relationship between the activation energy and the reaction energy to the first intermediate.Considering these new insights on the initiation of the dealumination pathway in hand, we have to address its consequences on the propagation of Al-O bond breaking, up to the formation of the EFAL. At this stage, many questions are still open. Is the mechanism found for the initiation step transposable to the full reaction pathway ? Do more favorable alternative pathways exist once the first Al-O bond is broken ? How do the activation energies evolve on the course of the dealumination pathway ? Is there an impact of the zeolite framework on the mechanism ?

To answer these questions, we report in the present work periodic DFT+D2 calculations, aiming at establishing the complete reaction path (intermediates and transition states) for the genesis of EFAL at several sites of MOR, FAU, MFI and CHA. We investigate the specific case of Al(OH) 3 (H 2 O) 4 as the EFAL, resulting from the interaction of four water molecules with the Al site. We show that once the first Al-O bond is broken and the Al atom becomes more flexible in terms of structural changes, alternative pathways are possible. In particular, the occurrence of 1,2-dissociation of water with equatorial (instead of axial) substitution of Si-OH becomes competitive. The determination of Brønsted-Evans-Polanyi (BEP) relationships for the entire dealumination pathway showed a slow degradation of the correlation with increasing amount of water and Al-O bonds hydrolyzed. This can be explained by the increasing number of interactions between the EFAL precursor (pre-EFAL) and the zeolites walls as well as the resulting silanol nest. Moreover, we demonstrate that not only the initiation and propagation mechanisms are primordial for the understanding of an Al extraction, but also the confinement effect on EFAL species within the zeolites cavities.

Methods

Structure Optimization

Structure optimizations have been performed by dint of the Vienna ab initio simulation package VASP [20][21][22] . A plane-wave basis set using the projector-augmented wave 23 (PAW) method originally developed by Blöchl 24 has been employed and for the exchange correlation functional a gradient corrected functional using the generalized gradient approximation (GGA), of Perdew, Burke and Ernzerhof 25 (PBE) is used. Moreover, an empirical method to account for van der Waals forces, firstly introduced by Grimme 26 is added to the exchange correlation functional (PBE+D), giving rise to so called DFT-D calculations. This additional dispersion interaction term accounts for long range interactions (van der Waals forces) mainly taking place in physisorption. Recently, van der Mynsbrugge et al. analysed in a very detailed study 27 the reliability of different approaches (cluster, periodic boundary conditions) and functionals (e.g. PBE, PBE-D(2,3), M06-2X, B3LYP). For adsorption enthalpies on water, alcohols and nitriles, calculated by means of periodic boundary conditions employing the PBE-D2 functional 28 , they found very good and coherent results compared to published data. For cell optimization calculations on pure silica zeolites (including ionic positions and cell parameters), a 1x1x1 unit cell was used for FAU, CHA and ZSM-5 and a 1x1x2 unit cell for MOR (see Chapters II and III). This latter has been done since the cell parameter c is to small and hence to minimize the lateral interaction between periodic images of the acid sites and the extraframework species appearing during the demetallation. For the large unit cells of the zeolites it is reasonable that all calculations were performed at the -point. The cutoff energy for the plane-wave basis is set to 800 eV for the full cell relaxation of siliceous zeolites. This setting avoids problems related to the incompleteness of the plane wave basis set with respect to volume variations (Pulay Stress). The obtained unit cell parameters for the siliceous zeolites were kept unchanged after an Si was exchanged by an Al. Furthermore, a proton serving as counter ion was connected to a framework oxygen atom. For all further calculations, the cutt-off energy is set to 400 eV. The electronic optimizations were done up to a convergence of 1x10 -6 eV for the self-consistent loop and until all forces on atoms are lower than 0.02 eV/Å. Reaction energies ΔU are defined as:

( ) zeo n water zeo water U U U nU      Eq. IV-1
with U zeo , U zeo-n(water) and U water being the energy of the zeolite, the adsorbed zeolite-n(water) system and the water molecule, respectively. Thus, the non-hydrated zeolite cell serves as reference for all calculations.

Localizing transition states

Starting with the optimized initial and final structures an initial reaction path comprising 8 or 16 images, depending on the complexity of the analyzed reaction, is created. For this either a linear interpolation or for complex reactions an interpolation scheme involving both Cartesian and internal coordinates was used. In the latter case, the software Opt'n Path developed by Paul Fleurat-Lessard (http://perso.ens-lyon.fr/paul.fleuratlessard/ReactionPath.html) was employed. In a first attempt, either with 8 or 16 images, a first NEB run is carried out. For this the cut-off energy is set to 400 eV and the electronic structure optimizations were conducted up to a convergence of 1x10 -6 eV for the SCF cycle and until all forces are lower than 0.02 eV/Å per atom. Since generally, even a large number of ionic steps (~500) does not result in a converged reaction path, fulfilling the above mentioned criteria, the optimization is interrupted after 200 ionic steps. For some reactions, this approach is sufficient and the highest energy image is subsequently subjected to a quasi-Newton optimization algorithm having the same convergence criteria as the NEB calculation. For more complex reactions, where the transition state could not be found by a first NEB run a subsequent NEB with 8 images between the two structures enclosing the supposed transition state is carried out. A subsequent quasi-Newton optimization of the transition state is followed by a vibrational analysis in order to obtain only one negative frequency along the reaction coordinate. For this purpose, the same convergence criteria as for the NEB calculation have been employed with a displacement of 0.01 Å in each direction, in order to stay within the harmonic approximation. However, it is not possible to eliminate all but one imaginary frequency. Nevertheless, the residual spurious frequencies are very low and correspond to modes of the zeolitic framework without implication in the reaction centre.

Results and Discussion

Zeolite Structures

Appendix A.1.2. reports the results of a full cell relaxation, including the ionic positions, for the pure silica zeolites compared with experimental data. Since there are no data available for siliceous mordenite, experimental results from detailed studies [29][30][31] were extrapolated to obtain an approximated value for this lattice parameters. Moreover, it is very difficult to obtain precise and to literature comparable data, because experimentally measured zeolites differ in, e.g. their chemical composition (cationic species), water content, etc, and moreover we optimized our pure silica models in absence of any cations or hydration.

The calculated lattice parameters for the pure silica zeolite are in very good agreement with experimental values. Only a shows the highest deviation, i.e. a contraction of about 2%, whereas for b and c a slight dilatation of 1% and 0.7%, respectively, has been found. Concerning the cell volume, our data diverges only by 0.3% from the extrapolated value. These calculated versus experimental discrepancies are rather common if one considers both, the experimental uncertainties and the theoretical approximations used in DFT. The introduction of one Al atom and a proton for charge compensation within our MOR model system leads to an Si/Al = 47. It is commonly known, that with a decreasing Si/Al ratio the unit cell dilates due to the larger covalent radius of Al compared to Si and thus leading to an overall Al-O bond elongation, affecting the cell volume. Nevertheless, this effect is less pronounced if only on Al is introduced and thus the all silica unit cell parameters can be transposed to Al-containing zeolite structures.

The same assumption holds true in the case of Si-FAU. As our optimized model system does not contain any aluminium, the expected cell parameters are in very good agreement with experimental results, although a small contraction of about 1.6% for a=b=c. Furthermore, the introduction of an Al atom leads to an Si/Al=47. For Si-CHA the unit cell parameters a and b show a slight expansion of about 0.6% whereas c displays a slight contraction of about 1%. The exchange of an Si by an Al atom gives rise to an Si/Al=11. For pure silica ZSM-5 the deviation of the unit cell parameters is much higher, e.g. one finds for a the strongest deviation of about 3.8%. Exchanging a Si by an Al atom leads to a Si/Al=95.

Dealumination pathways leading to the Al(OH) 3 H 2 O EFAL

In each case, four water molecules were taken into consideration and added successively to create the tetrahedral EFAL of the type Al(OH) 3 H 2 O as well as a silanol nest, where four Si-OH groups surround the vacancy left behind by the removal of the aluminium atom.

Mordenite

The T4O4 site was chosen for the investigation of the dealumination in mordenite. The aluminium atom is located in the wall of the 12MR and the residence of the proton on oxygen atom O4 leads to intrazeolite hydrogen bonds with two framework oxygen atoms (1.68 Å, 2.56 Å) and one oxygen atom linked to Al (2.50 Å). This T site was chosen according to experimental data of Müller et al. stating that the extent of dealumination increased with the number of Brønsted acid sites being in interaction with framework oxygen atoms 13 and of van Geem et al. showing that the T sites located in the 4MR are the first to dealuminate 32 . First, we transposed the mechanism found for the initiation of the reaction, as reported in the previous chapter, which is 1,2 dissociation with axial substitution (Figure IV-1). By axial substitution we refer to the leaving group, i.e. the silanol in anti position to the water molecule to which the Al atom is initially connected to the framework. Then, we investigated alternative mechanisms once the reaction is initiated (n>1, with n= number of reacting water molecules). For MOR, the relevant intermediates are depicted in des. EFAL

Pathway where 1,2 dissociation with axial substitution occurs at each step

Since the importance of the first water attack on the aluminium atom has been described in detail in the previous chapter, we will only recall the underlying mechanism (figure IV-1) and focus more on the evaluation of complete reaction path (Figure IV-3) leading to the extraction of an Al atom from the zeolitic framework to an extraframework position.

1H 2 O

Water adsorption on aluminium (ΔU = -67 kJ/mol) takes place from the 12MR and in anti position to the Brønsted acid site where the initial tetrahedral Al atom exhibits a pentahedral coordination. Upon adsorption the Al-O(H) bond increases from 1.90 Å to 2.12 Å and the oxygen-aluminium bond between the water molecule and the framework aluminium is of 2.14 Å. Experimental analyses based on 27 Al MAS NMR suppose that pentacoordinated (trigonal bipyramidal) or tetra-coordinated (distorted tetrahedral) Al species are at the initiation of the aluminium dislodgement from the zeolitic framework 12,33 . Subsequently water molecule is split on an adjacent framework oxygen atom via a 1,2-dissociation with axial substitution. Surpassing a transition state (TS1(1H 2 O)) composed of a four membered ring (E a = 100 kJ/mol) leads to the intermediate I1(1H 2 O) (ΔU = 26 kJ/mol). A proton rotation of the newly created BAS (E a = 4 kJ/mol) gives rise to a more stable intermediate I2(1H 2 O) (ΔU = -38 kJ/mol) due to the presence of a hydrogen bond between the proton and the oxygen atom of the silanol group. The first Al-O bond is broken and the distance between the tetrahedrally coordinated pre-EFAL and the oxygen atom of the former BAS has increased to 3.34 Å. Moreover, the partially dislodged pre-EFAL points towards the 12MR of mordenite's main channels. Note, that with increasing amount of water, the pre-EFAL becomes more flexible due to the decreasing number of Al-O bonds binding it to the framework.

In the present section, subsequent Al-O hydrolyses are following the same pattern, i.e. water adsorption on Al in anti position to the BAS followed by a 1,2-dissociation of the water molecule with axial substitution and a rotation of the proton in order to establish a hydrogen bond with an oxygen atom of a silanol.

2H 2 O

Adsorption of the second water molecule on aluminium (ΔU = -106 kJ/mol) leads to a penta-coordinated Al with an increase of the second Al-O(H) bond (to be broken) from 1.87 Å to 1.98 Å and an oxygen-aluminium bond between the water molecule and the framework aluminium of 2.13 Å. For the second Al-O hydrolysis, the analogous I1(2H 2 O) intermediate has not been identified while the TS2(2H 2 O) transition state was found: the latter TS involves the Al-O bond breaking and the proton rotation. The corresponding reaction barrier for this Al-O bond break is as high as 106 kJ/mol, thus a value slightly higher than the one of first step, and resulting in I2'(2H 2 O) (ΔU = -37 kJ/mol, very close to I2(1H 2 O)) with an Al-O bond length of 2.89 Å between the Al atom and the oxygen atom of the silanol.

3H 2 O

A third water molecule is needed in order to enable the last Al-O hydrolysis giving rise to the simplest hydroxylated EFAL specieswhich is an Al(OH) 3 species linked to the framework by one Si-O bond. Upon water adsorption on aluminium (ΔU = -95 kJ/mol) the bond increases from 1.93 Å to 2.04 Å and leads to a trigonal bipyramidal configuration of the pre-EFAL with an Al-O bond of 2.12 Å between the oxygen atom of the water molecule and the Al atom. A subsequent1,2-dissociation of the water molecule results in the intermediate I1(3H 2 O) (ΔU = 7 kJ/mol). Note, that no TS1(3H 2 O) distinct from I1(3H 2 O) could have been identified but only TS2(3H 2 O) leading to I2(3H 2 O) (ΔU = -20 kJ/mol). The effective energy cost required to form I1(3H 2 O) is E a = 104 kJ/mol (very close to the previous reaction barriers). The last Al-O bond is broken (3.49 Å) resulting in a trigonally planar Al(OH) 3 EFAL and a silanol nest composed of 4 silanol groups establishing hydrogen bonds with each other and the framework. Note, that the EFAL is still connected to one oxygen atom (Al-O silanol = 1.97 Å) of the silanol nest.

4H 2 O

Although only three water molecules are needed to displace the framework Al to a non-framework position fourth molecule is adsorbed on Al in anti position to the BAS (ΔU = -76 kJ/mol) leading to a trigonal bipyramidal Al(OH) 3 H 2 O, I0(3H 2 O) intermediate, where the EFAL is still in interaction with the framework with apical Al-O framework and Al-O water bond lengths of 2.13 Å and 2.13 Å, respectively. In a last step, the EFAL is desorbed (with Si-O bond breaking) giving rise to a tetrahedrally coordinated Al atom residing in the 12MR (ΔU = -68 kJ/mol) with three Al-OH bonds of length 1.74 Å, 1.73 Å, 1.74 Å and one Al-O water bond of 1.96 Å. For evaluating the energy cost for this last step, the position of the desorbed EFAL was constrained at the center of the 12MR channel such as interactions with the zeolitic framework are avoided. The corresponding energy cost is very modest. Note that the EFAL stability has also been envisaged in further analyses in view of a the study of confinement effect on EFAL species (see later section 3.4.).

From this analysis led on the T4O4 site of mordenite, it can be concluded that the transposition of the mechanism found as most favorable for the first Al-O bond breaking, (i.e. water molecule adsorption on Al in anti to the BAS, followed by 1,2 dissociation with axial substitution), leads to the formation of the EFAL species without significant change of activation barriers (100-106 kJ/mol) along the first 3 hydrolysis steps being thus kinetically limitating. The fourth hydrolysis step is far less energetically demanding than the others.

However, in the course of our transition state sampling, we found that an alternative pathway could be possible for n > 1, which is presented in the following paragraph.

Alternative pathway for n(H 2 O) > 1 :1,2 dissociation with equatorial substitution

The reaction pathway in the preceding section, i.e. water adsorption on Al in anti position to the BAS followed by a 1,2 dissociation with axial substitution, demonstrated the feasibility and transferability of the mechanistic approach for the first Al-O bond break to subsequent Al-O hydrolysis reactions until the dislodgement of an Al from a framework to a non-framework position. However, for water amounts greater than 1 and thus once the first Al-O bond is hydrolysed an alternative reaction path is possible.

The first step for the underlying mechanism for n(H 2 O) > 1 is still a water adsorption on Al in anti position to the BAS. However, it is now followed by a 1,2 dissociation on an adjacent framework oxygen atom with equatorial substitution as shown in Figure IV-4. By equatorial, we refer to the bond which is broken in TS2', starting from the bipyrimidal Al in I0(nH 2 O). Note the hydrogen bond between the proton of the silanol and the oxygen atom of the partially dislodged aluminium hydroxide.

It has to be stressed out that this mechanism is not applicable to the initiation of the first Al-O bond break due to the rigidity of the aluminium atom. Since it is connected through four Al-O bonds to the framework an equatorial displacement of Al, due to adjacent structural constraints, e.g. O-Si-O bond angles, is not possible and hence only an axial substitution for the first Al-O hydrolysis can be envisaged . 

2H 2 O

The aluminium-water complex I0(2H 2 O) serving as starting point for the second Al-O hydrolysis is the same as for the 1,2 dissociation with axial substitution (adsorption of the water molecule in anti to the newly formed BAS). A subsequent water splitting on an adjacent framework oxygen atom with equatorial substitution via TS2'(2H 2 O) (E a = 94 kJ/mol) leads to I2'(2H 2 O) with ΔU = -56 kJ/mol. At the same time, the involved Al-O bond increased from 1.77 Å to 3.26 Å depicting the second hydrolysis between the pre-EFAL and the framework. Comparing I2(2H 2 O) with I2'(2H 2 O), the latter product is about 20 kJ/mol more stable due to a hydrogen bond with a more polarized oxygen atom of the hydroxyl group of the pre-EFAL compared to the oxygen atom of the silanol group. Note that the activation energy for TS2 and TS2' follows a similar shift by 22 kJ/mol, suggesting that a Brønsted-Evans-Polanyi (BEP) relationship may exist.

3H 2 O

Water adsorption on Al (ΔU = -109 kJ/mol) increases the Al-O(H) bond from 1.87 Å to 1.981 Å resulting in a trigonal bipyramidal aluminium complex with a second apical Al-O water distances of 2.13 Å. By a subsequent water splitting on the last adjacent framework oxygen atom holding the pre-EFAL connected to the framework (E a = 85 kJ/mol for TS2'(3H 2 O)) the Al atom is dislodged from a framework to a non-framework position in I2'(3H 2 O) (ΔU = -86 kJ/mol). Here again, the kinetics of this mechanism with respect to the previous one seem to be driven by the thermodynamic as expected from BEP concept. However, as in the preceding mechanistic approach the Al(OH) 3 species does not desorb once it is extracted from the zeolitic framework but remains chemisorbed on a silanol (Al-O silanol = 1.93 Å). At this point two observations can be made namely (i) the reaction barriers for the 1,2 dissociation with equatorial substitution compared to a 1,2 dissociation with axial substitution decrease with increasing amount of water and (ii) a stronger stabilization of I2'(nH 2 O) compared to I2(nH 2 O). Both thermodynamic and kinetic effects are thus connected by BEP relationhip and are related to supplementary hydrogen bonds between the proton of a silanol and the oxygen atom of an hydroxyl group of the (pre-)EFAL, which are absent during the 1,2-dissociation with axial substitution.

4H 2 O

Due to the interaction of the EFAL species Al(OH) 3 with an oxygen atom of a silanol the adsorption of a fourth water molecule (ΔU = -154 kJ/mol) leads to a penta-coordinated hydroxy-aluminate with apical Al-O framework and Al-O water bond lengths of 2.06 Å and 2.13 Å, respectively. Desorption of Al(OH) 3 H 2 O leads to the same finale state as for the 1,2-dissociation with axial substitution. However, due to the significantly stronger stabilization of I0'(4H 2 O) induced by supplementary hydrogen bonds and stronger Al-O framework bond, this last step is more energetically demanding than for the previous mechanism.

In the framework of this alternative pathway, barriers are lower for n > 1 than in the previous one except for the very last desorption step, and the first step remains the rate limiting step of the overall EFAL formation. At this stage, it remains difficult to conclude which one of the two mechanisms is preferentially followed in MOR. The additional energy barrier for the desorption step compensates the more favorable kinetic and thermodynamic parameters of the previous steps. As a perspective of this work, one can suggest that to undertake a full kinetic simulation of the process in order to conclude.

Because a detailed description for the 1,2 dissociation with axial or equatorial substitution was conducted in mordenite and the underlying mechanism is transposable to the other T sites of other zeolites included in our study, we will detail in the following the most favorable pathway allowing a combination of both mechanisms in the course of dealumination.

Chabazite

Since the chabazite structure contains only one inequivalent tetrahedral site, only four different asymmetric oxygen atoms exist giving four possible Brønsted acid site configurations. For our mechanistic investigation we chose the T1O3 site, where the proton resides on an oxygen atom being a member of two four-membered and one six-membered ring. Contrary to the other three proton positions that are all part of the 8MR window, the proton at O3 can interact via intrazeolite hydrogen bonds (2.22 Å, 2.62 Å, 3.19 Å) with oxygen atoms of a six-membered ring. This was chosen in accordance with experimental findings on other zeolites (MFI, Beta, Mordenite) and by dint of 1 H-NMR spectra proposing that the extent of dealumination increased with the number of Brønsted acid sites being in interaction with framework oxygen atoms 13 . Figure IV-5 reports the energy diagram discussed in the following. 

Preferred pathway for n(H 2 O)=1 and 2 : 1,2 dissociation with axial substitution

As explained in the preceding chapter, after water adsorption on Al in anti position to the BAS the initiation of the first Al-O bond break can only take place via a 1,2-dissociation of the water molecule with axial substitution. In the case of chabazite, this results in the lowest reaction barrier (E a = 76 kJ/mol) found for all our investigated T sites. We recall that this far much lower that previous computational investigations led by Swang et al. 18,19 Despite unpredictable local structure effects (e.g. T-O-T angles) occurring during the dealumination process and hence making structure-activity relationship difficult to anticipate, a possible explanation for this low activation energy might be the presence of an intra-zeolite hydrogen bond. More precisely, an intra-zeolite hydrogen bond with a more polarized framework oxygen atom bond to the Al atom. While the latter is absent for the T4O4 site in H-MOR, its presence at T1O3 in H-CHA tends to stabilize TS1. In addition, this trend was justified by BEP relationship between TS1 and I1.

Contrary to the second Al-O bond break at T4O4 in H-MOR, which takes place via a 1,2-dissociation with equatorial substitution, at T1O3 in H-CHA a 1,2-dissociation with axial substitution is the preferred pathway. Again, this might result from the local structure occurring during the dealumination process and hence the resulting intrazeolite hydrogen bond network. At I2(2H 2 O) (ΔU = -52 kJ/mol) three hydrogen bonds exist between a proton and an oxygen atom of (i) a silanol, (ii) a hydroxyl group of the pre-EFAL and (iii) the framework bound to the Al atom.

Alternative pathway for n(H 2 O) > 2: occurrence of proton jumps

3H 2 O
Transposing the two previous reaction mechanisms on the third Al-O bond break, via 1,2-dissociation with equatorial or axial substitution, did not lead to the identification of an I2'(3H 2 O). In addition, to form the intermediate I2(3H 2 O) , a relatively high reaction barrier of E A = 154 kJ/mol for TS2(3H 2 O) has to be overcome in order to give rise to an EFAL species of the form Al(OH) 3 . However, this kinetically unfavoured reaction path can be bypassed due to the local configuration of the pre-EFAL still attached to the framework and the resulting silanol nest upon partial dealumination. In I3(H 2 O) the pre-EFAL can undergo a 90° rotation (IR(3H 2 O), Figure IV-6) so that a proton of the initially adsorbed water molecule on Al can establish a hydrogen bond with an oxygen atom of a silanol and at the same time the proton of the silanol group displays a hydrogen bond with a framework oxygen atom attached to Al. The first step of this process is an Al-O(H) bond break (E A = 32 kJ/mol, Figure IV-6) followed by a rotational movement of the pre-EFAL along the Al-O axis leading to the intermediate described above. This is followed by a concerted proton jump H water O silanol //H silanol O framework (E A = 29 kJ/mol, IR-TS(3H 2 O), Figure IV-6) leading to an Al(OH) 3 adsorbed on an oxygen atom of a silanol (Al-O silanol = 1.93 Å). 

4H 2 O

As for the case of mordenite, due to the adsorbed EFAL species on a silanol, a fourth water adsorption (ΔU = -112 kJ/mol) results in a penta-coordinated hydroxy-aluminate with apical Al-O framework and Al-O water bond lengths of 2.11 Å and 2.12 Å, respectively.

In summary for chabazite, an alternative route can lead to significant loss of limitation for high hydroxyl content. However, the rate limiting step is the second Al-O dissociation (114 kJ/mol) higher than in MOR, whereas the first one is moderately activated as compared to MOR (and other zeolites as described in the previous chapter). In any case, our proposal is at all steps much more favorable than the mechanism previously proposed for CHA in the literature. 19 

MFI

As for the previous chapter, the T sites chosen for the mechanistic investigation in MFI type zeolite is based on experimental findings by Karwacki et al. showing by dint of FIB and SEM analyses on steamed ZSM-5 that sinusoidal channels are more susceptible to the dealumination than straight channels 11 . Therefore, we envisaged the following T sites as representative examples:

-T3O4: part of the intersection region between sinusoidal and straight channels. At this T site the BAS proton points in a small cavity displaying intrazeolite hydrogen bonds with one oxygen atom bound to the Al (2.18 Å) and two framework oxygen atoms (2.37 Å, 2.97 Å).

-T10O2: located in the sinusoidal channels. The proton at T10O2 displays only one intrazeolite hydrogen bond with a framework oxygen atom of length 1.70 Å.

-T11O3: located in the straight channel. The proton at this T site is in interaction via a hydrogen bond with two framework oxygen atoms of length 1.89 Å and 2.36 Å.

Figure IV-7 summarizes the reaction paths of these three T sites, where the envisaged mechanism for the EFAL formation is a 1,2-dissociation with axial substitution for the first Al-O bond break and for the subsequent ones a 1,2-dissociation with equatorial substitution, which exhibit the most favorable intermediates and transition states. In what follows, we aim at explaining the observed differences between the three sites, occurring along the pathway, rather than give a detailed mechanistic description for each step which has already been done for Mordenite and which are thus transposable. 

2H 2 O

Despite the presence of two hydrogen bonds (1.71 Å, 2.05 Å) between the water molecule and framework oxygen atoms, water adsorption at the T10O2 site is athermic which was only observed for this particular site. This illustrates the complexity in predicting the stability of intermediates species formed during the dealumination. Two reasons can explain this fact namely (i) a very unusual Al-O-Si angle of 177° which arises as a result of water adsorption on Al and (ii) the confinement of the pre-EFAL due to the local structure of the zeolitic framework. This is most certainly the major effect which destabilizes the pre-EFAL at this specific T site compared to the two other I0(2H 2 O) intermediates. The hydroxyl group of the pre-EFAL displays two O hydroxyl -O framework interactions of 2.85 Å and 2.67 Å which are the shortest found amongst all intermediates.

In the subsequent Al-O hydrolysis, the T3O4 (E a = 65 kJ/mol) and T10O2 (E a = 52 kJ/mol) sites display lower activation energies than T11O3 (E a = 85 kJ/mol) which is explained by the analysis of the appertaining TS2'(2H 2 O). In the case of T3O4 and T10O2, the silanolate is stabilized by two hydrogen bonds (Figure IV-9) coming from the water molecule and a silanol group, while the latter is absent in T11O3 due to the local structure of the partially formed silanol nest. 

3H 2 O

Upon water adsorption the strongest adsorption energy is found for T10O2 (ΔU = -140 kJ/mol) in the series of these three T sites displaying hydrogen bonds with two framework oxygen atoms of length 2.54 Å and 2.19 Å. As for the second Al-O bond break, at T10O2 the stronger bonded proton is the one being transferred to an adjacent framework oxygen atom and thus explaining partially the high activation energy. Additionally, in TS2'(3H 2 O) a hydroxyl group of the pre-EFAL comes in close proximity with two framework oxygen atoms with O hydroxyl -O framework interactions of 2.73 Å and 2.77 Å. As this short oxygen-oxygen interaction (presumably repulsive) is absent in TS2'(3H 2 O) of T3O4 and T11O3 the corresponding activation energies are lower than for T10O2.

4H 2 O

Upon the exothermic adsorption of the fourth water molecule, it is formed a pentacoordinated Al(OH) 3 H 2 O still in interaction with an oxygen atom of a silanol group, the energetic order with respect to I2'(3H 2 O) is maintained and shifted downwards by 60-80 kJ/mol. In this last step, the desorption of the EFAL species reveals either moderate endothermic values or exothermic ones depending on the sites but they are not kinetically determining.

According to our analysis, it appears that the T3O4 site located at the intersection of straight and sinusoidal channels exhibits the smallest activation energies (E a =86 kJ/mol) whereas T10O2 located in the sinusoidal ones exhibit the highest ones (E a =161 kJ/mol). T11O3 reveals an intermediate profile (E a =114 kJ/mol). This result thus confirms the regioselectivity observed for the initial activation step (see previous chapter), so that we can expect that dealumination is sensitive to the site location. 

FAU

The framework of Faujasite contains only one inequivalent T site resulting in four proton positions. According to Neutron Powder Diffraction studies of D-Y and H-Y zeolite samples Czjzek et al. found the preferred proton positions for the O1 and O3 site where the highest occupation of protons was at the O1 site 34 . These proton sites were then considered in our mechanistic investigation. While the proton bound to O1 points in to the super cage and displays an hydrogen bond with an oxygen atom linked to Al (2.34 Å), the proton located at O3 is oriented towards the hexagonal prism and in interaction with two framework oxygen atoms (2.62 Å, 2.59 Å). Figure IV-10 compares the energy profiles for the preferred pathways found for these two T sites.

1H 2 O

As for the preceding zeolites, after water adsorption on Al in anti position to the BAS, the first Al-O bond break takes place via a 1,2-dissociation of the water molecule with axial substitution. The corresponding activation energies are 83 kJ/mol and 98 kJ/mol for the T1O3 and T1O1 sites respectively, which are in the same order of magnitude as the other investigated T sites. Again, the small differences between the intermediates and transition states result from a different hydrogen bond network occurring during the hydrolysis.

2H 2 O
The differences in the adsorption energies of T1O1 (ΔU = -45 kJ/mol) and T1O3 (ΔU -79 kJ/mol) upon the second water adsorption results again due to a different hydrogen bond network and the topology of the two initial oxygen positions. While in the case of T1O1 the water attack on Al in anti position takes place in the sodalite cage, for T1O3 the water molecule is located in the super cage upon adsorption on Al. However, upon hydrolysis of the second Al-O bond the mechanisms differ. While the reaction on the T1O1 site takes place via a 1,2-dissociation with axial substitution (E A = 100 kJ/mol) the preferred mechanism for the T1O3 site is via a 1,2-dissociation with equatorial substitution (E A = 98 kJ/mol). At this stage it important to know, that the second Al-O bond break on T1O1 is also possible via a 1,2dissociation with equatorial substitution (ΔU(I2'(2H 2 O)) = -8kJ/mol, data not shown) however the appertaining reaction barrier is at about E A = 130 kJ/mol and thus, based on the kinetics of the reaction this pathway was not considered in a further analysis.

3H 2 O

Upon water adsorption in anti position a pentahedral Al species is formed with ΔU = -74 kJ/mol and ΔU = -128 kJ/mol for the T1O1 and T1O3 site, respectively. In the subsequent and last Al-O hydrolysis leading to an EFAL Al(OH) 3 the reaction pathways of both T sites occurs via a 1,2-dissociation with equatorial substitution and with an activation energy of 94 kJ/mol for the T1O1 site and 102 kJ/mol for the T1O3 site. In both cases this leads to an EFAL Al(OH) 3 which is still linked to an oxygen atom of a silanol, where its residence is in the supercage for the T1O3 (ΔU = -72 kJ/mol) site and in the sodalite cage for the T1O1 site (ΔU = -54 kJ/mol).

4H 2 O

Adsorption of the forth water molecule on Al in anti position leads in the case of T1O3 to a penta-coordinated EFAL species (ΔU = -125 kJ/mol) which is still in interaction with an oxygen atom of a silanol group (1.91 Å). After the fourth bond breaking, it becomes an Al IV (OH) 3 H 2 O and resides in the supercage (ΔU = -60 kJ/mol). On the contrary and only observed for this particular T site, at T1O1 the EFAL is instantaneously desorbed (with an exothermic process) from the silanol nest upon water adsorption on Al and resides in the center of the sodalite cage establishing a network of multiple hydrogen bonds with framework oxygen atoms (see also section 3.4). 

Synopsis

By a careful analysis of the dealumination pathways occurring in zeotypes FAU, MOR, MFI and CHA at high Si/Al, we are now able to give an insight of the reactions occurring at the molecular scale. We have demonstrated for the first time the unique feature of a the first water molecule adsorption on Al in anti position to BAS leading to the formation of pentahedral or distorted tetrahedral aluminum species. In a subsequent step, the first Al-O bond hydrolysis takes place via a 1,2-dissociation of the water molecule on an adjacent framework oxygen atom with axial substitution of the silanol transforming the initially pentacoordinated Al into a tetra-coordinated. This mechanism is unique for the first Al-O bond break and for all T sites identical. However, once this first bond is broken the Al atom becomes more flexible in the framework giving rise to thermodynamically and kinetically more favorable reaction paths showing that there exists no uniform dealumination reaction scheme transposable to each Al-O bond hydrolysis. A careful analysis of the intermediates and transition states occurring along the dealumination pathway showed that this results from the different T site location within the zeolitic framework and from hardly predictable interactions between the pre-EFAL and the zeolite's wall. Table IV-1 highlights this regioselectivity and the fact, that the first Al-O bond breaking step is not always kinetically determining for the formation of EFAL but it is rather linked to the Al-O breaking propagation mechanism. Whereas for instance for the T4O4 site in mordenite the rate limiting step is dictated by the first Al-O bond break (E a = 100 kJ/mol) via 1,2-dissociation with axial substitution the rate limiting step for the T11O3 site in MFI (E a = 100 kJ/mol) is observed for the third Al-O hydrolysis and via an equatorial substitution. 

Brønsted-Evans-Polanyi relationships for the hydrolysis of Al-O bonds

The key factor for controlling the rate of elementary chemical reactions is the activation energy. While the evaluation of thermodynamic data of a given reactive system only draw insights about the stability of occurring products and intermediates along the reaction path, only the inclusion of reaction barriers, and thus the explicit information about the transition states, allow us to determine the preferred pathway leading to the formationof one species above another. However, the determination of transition states is a demanding task and requires important computational time. If for a set of given reactions a linear relationship between activation energy E A and reaction energy ΔE exists one speaks of a Brønsted-Evans-Polanyi behavior 35 which can be observed for structurally related reactions, as in our investigated mechanism for the hydrolysis of Al-O bonds in zeolites, where I1(nH 2 O) is a late transition state and is structurally related to I0(nH 2 O). Such a relation allows, once knowing the reactions thermodynamic, to determine the corresponding reaction barrier without its explicit calculation.

Figure IV-11 reveals such a behavior for each of the three Al-O bond hydrolyses leading to the formation of an EFAL, as it was already reported for the very first Al-O bond breaking (chapter III). Note, that the grey triangle in brackets for three water molecules corresponds to the T1O3 site in H-CHA which showed a specific mechanism for the third Al-O hydrolysis via a pre-EFAL rotation with a subsequent concerted proton jump (see 3.2.2) was removed from the correlation. The correlation coefficient for the first Al-O bond break is R²=0.96 which allows an accurate determination for the reaction barrier of T sites by evaluating ΔE. However, the correlation degrades for higher water amounts, as quantified by lower R² values. R² = 0.82 for the hydrolysis of the second Al-O bond is still acceptable, however for the third one, R² = 0.49, indicates that it is not reliable anymore. This is explained by the increasing amount of local and non local effects which remain hard to , such -local structural constrains impacting the flexibility of the Al atoms, -hydrogen bonds between the hydroxyl groups of the pre-EFAL and the oxygen atoms of the zeolites walls, as well as the complex hydrogen bond network established after the formation of a silanol nest, -Evolution of the van der Waals contribution (confinement effect) in the course of dealumination and depending strongly on the zeolite (see also Section 3.4) With increasing number of Al-O bonds being broken the amount of hydroxyl groups on the pre-EFAL entity as well as the number of silanols around the extracted Al atom increases, inducing a different hydrogen bond network, which is T site specific since each position has its unique environment in the zeolitic framework. Comparison of the three slopes shows that the first (slope = 0.7) and third (slope = 0.6) Al-O hydrolysis transition states exhibit the same sensitivity with regards to the stability of the intermediates, whereas the second Al-O bond hydrolysis (slope = 0.4) exhibits lower variations. However, this does not tell which step is the rate determining one (see before, table IV-1). 

Confinement effect on EFAL species

Additionally to their strong Brønsted acidity zeolites possess unique properties, such as shape selectivity, selective adsorption and enhanced diffusivity, resulting from the surface curvature of the internal surface. This in turn leads to the formation of non-covalent interactions between the zeolite framework and guest molecules located within the cavities and channel systems. These non-covalent interactions are repulsive at short distances (Pauli repulsion type of interaction) whereas at long distances attractive (van der Waals and electrostatic type interaction) 2,[36][37][38] . This essential and difficult quantification of the confinement effect is an ubiquitous characteristic of zeolites. The pioneer work of Barthomeuf showed the influence of electronic field gradients induced by the aluminum distribution on alkane reactivity 36 where such field gradients will polarize molecules to a different extent depending on the cage type and thus induce dipoles and multipoles affecting C-C bonds. The work of Derouane provides a theoretical approach in the understanding of the confinement effect 2 and very recently García et al. could provide a semi-quantative estimation by means of Gaussian and mean curvatures for the confinement effect of small molecules in non-polar microporous materials 39 .

After the extraction of aluminum from a framework to a non-framework position as an EFAL species Al(OH) 3 H 2 O, and depending of its previous T site location, it can reside in different cavities present in the zeolitic framework. Since each cavity has its unique topology and curvature (e.g. the sodalite cage of FAU is spherically closed (Figure IV.12) whereas the 12MR channel of MOR is opened along the c axis) exerting specific confinement effect on the residing EFAL species, this will affect its stability The confinement effect can in turn be seen as a thermodynamic driving force for aluminum displacement from a framework to a non-framework position. 40 .

The Lennard-Jones like potential curve reflects that for to small cavities, e.g. the hexagonal prism (d < 4 Å) present in zeolite Faujasite, the Pauli repulsion destabilizes the residence of an EFAL species in such a confined surrounding. On the other hand, for to large apertures, like for instance present in Chabazite (d > 8 Å), a missing confinement effect from the zeolitic framework can be observed. The highest stabilization of Al(OH) 3 H 2 O was found in the intersection region between sinusoidal and straight channels of MFI zeolite (d = 6-8 Å). This shows that additionally to the dealumination propagation mechanism, the formation of the EFAL species is also influenced by the confinement effect induced by the pore topology. 

Comparison with experiments

As we address the question of dealumination at the molecular scale, even for the very first steps of mesopore formation, the comparison of our calculated features with experimental observations is not straightforward. We focus here on three sets of studies.

First, right from the very first stage of the reaction, we propose pentahedral or distorted tetrahedral Al atom as relevant intermediates for the formation of EFAL. Such Al species were identified experimentally and are supposed to be at the initiation of aluminum dislodgement to extra-framework positions 12,33 . Contrary to the general opinion on dealumination upon steam treatment, Agostini et al. showed on steamed zeolite Y -FAU framework -, by in situ XAS and XRPD measurements that a structural deformation already occurs at moderate temperatures (450 -500 K) when the first water molecules start to repopulate the pores 12 . This result is consistent with the moderate reaction barriers (~100 kJ/mol) found for our investigated T sites in FAU. By contrast, energy barriers as provided by Swang et al. 18,19 seem to be too high to be compatible with such studies which raises questions about their proposed mechanism.

By the combination of our mechanistic investigation of the dealumination with the confinement effect found for the residence of EFAL species inside the cavities we are able to elucidate experimental results regarding Faujasite. Agostini et al. showed the appearance of a fraction 30-35% of the total Al in the sodalite cage. Analyzing Figures IV-10 and IV-13, this can be explained only by thermodynamic considerations because all reaction barriers are in the range of about 100 kJ/mol. This thermodynamic consideration is based on the relative stability of the final EFAL and the pre-EFAL intermediates Indeed, the formation of an EFAL residing in the supercage is thermodynamically less favored than its presence in the sodalite cage. Moreover, along the reaction path, the most stable structure for the T1O1 site is I0(4H 2 O) (ΔU = -111 kJ/mol) compared to I0(1H 2 O) (ΔU = -63 kJ/mol) explaining that this site is more stable when extracted from the framework. This assumption holds not true for T1O3 since the most stable structure along the reaction path was identified for I0(3H O) (ΔU = -128 kJ/mol) showing that only partial dealumination has occurred with formation of a stable penta-coordinated Al species not being an extraframework species. So both the relative stability of intermediates and final products are driving forces for the regioselectivity of EFAL formation in FAU, rather than barriers, which are comparable for both sites.

At the mesoscale, employing FIB and SEM analyzes Karwacki et al. revealed an architecture-dependent mesopore formation upon steaming of ZSM-5 zeolite: sinusoidal channels were more affected by the dealumination than straight channels 11 . Upon analysis of the reaction path of T sites located in the sinusoidal channels (T10O2), straight channels (T11O3) and the intersection regions (T3O4) (Figure IV-7), we confirm this regioselectivity and we determine that the intersection region of sinusoidal and straight channels is the place wherethe dealumination of T3O4 is the most favored in terms of kinetics and thermodynamics. At this site, the tetrahedral Al atom is more stable in a non-framework position dictated by the stability of all intermediates (but one) and driven by the confinement effect of the intersection region. The T site in the sinusoidal channel shows the highest activation energies in the series of these three T sites and moreover the most stable structure along the reaction path was found for I0(3H2O) (ΔU = -140 kJ/mol) meaning that at T10O2 Al is more stable as a framework species. The same observation holds also true for the T11O3 site where the most stable structure was I0(3H2O) (ΔU = -106 kJ/mol). Note however that experimentally, no information is available for the initiation site for dealumination provided in the present study. Our result combined with experimental one would indicate that once the initiation occurred at the intersection the propagation of mesopores occurs along sinusoidal channels. Understanding the molecular origins of this latter result would require additional investigations, such as the simulation of the propagation of extraframework formation, up to the mesopore. A first tentative explanation can be provided looking at the results reported in figure IV-13. Indeed, EFAL is the less stabilized in the sinusoidal channel, whereas it is preferentially located at the intersection, and in the straight channel. We can thus suggest that pore blocking inside the straight channels occurs. After most initiation sites have been dealuminated, the corresponding EFAL diffuses preferentially in the straight channels, preventing their further dealumination and promoting the formation of mesopores along sinusoidal channels.

Conclusions

The present study reports a mechanistic investigation of dealumination reactions in MOR, MFI, FAU and CHA. We have demonstrated that the very first step in the initiation of the dealumination of a given T site is a water adsorption on Al in anti position to the Brønsted acid site, leading to the formation of a pentahedral or distorted tetrahedral Al atom. In a subsequent step, the first Al-O hydrolysis takes place via a 1,2-dissociation of the water molecule with axial substitution of the silanol. This mechanism is the same for each T site, regarding the reaction of the first water molecule. On the contrary, once the first Al-O bond is broken alternative pathways are possible due to hardly predictable local and non local effects (i.e. a hydrogen bond network between the pre-EFAL and the zeolitic walls as well as the resulting silanol nest, and van der Waals contributions also linked with confinement effects) affecting the stability of TS and intermediates along the path. Brønsted-Evans-Polanyi relationships for each Al-O hydrolysis have been established but they reveal a strong degradation for the third Al-O hydrolysis due to these complex local and non local effects.

Moreover, we were able to show, that the very first Al-O bond breaking step is not always kinetically determining for the formation of EFAL. The subsequent Al-O bond breaking steps as well as the confinement effect on an EFAL species exerted by the zeolites cavities and channel systems can represent a driving force for Al dislodgement to extraframework positions, which is likely to explain some experimental features.

Open questions remains about the propagation of such demetallation reactions, starting for a solid where a single EFAL is obtained. These aspects will be key to understand mesopore formations. To obtain molecular insights about this, knowledge about desilication reactions have also to be gathered, which is the topic of the next chapter.

Introduction

The pure dealumination process as presented in the preceding chapters only explains the formation of EFAL species and so formed atomic gaps and the creation of silanol nests. However experimentally, the formation of mesopores upon steaming, not only isolated defects, is well documented [1][2][3][4][5][6][7][8] . For example, Lutz et al. studied the steam dealumination behaviour of NH 4 -Y and demonstrated the formation of two types of mesopores: intracrystalline (closed bulk) and intercrystalline (surface) mesopores 1 . In addition to the wellknown pentahedrally and octahedrally coordinated extra-framework Al, they found the presence of silica gel at the crystallite surface and aluminosilicate debris inside the pores, leading to the conclusion that mesopore generation is linked to the formation of extraframework siliceous species. Note that synthesis conditions and the resulting chemical composition of the zeolites framework has a drastic impact on the location of aluminium atoms in the native zeolite 6,[9][10][11][12][13][14][15] , and thus on the properties of the pores generated: a gradient, possibly aluminium zoning within zeolite particles can induce a variety of meso-structures after dealumination 12 .

Hence, in order to correctly account for the formation of mesopores at the molecular level, i.e. refilling of atomic holesthat the Al removal left behindby Si atoms, the mechanism of Marcilly 8 (Figure V-1) proposed additionally to a "simple" dealumination, which would not directly lead to mesopore formation, a silicon migration (from extra-framework siliceousspecies) to fill the atomic gaps. This process of "self-healing" is able to explain the post-synthetically introduced secondary pore system, upon dealumination. Despite all these experimental results an atomistic understanding of such phenomena is still unknown and of great interest for the

Strategy

The study was performed on MOR, the T4O4 being the dealumination site (this means that the aluminium atom is located at T4, the proton on O4), and T2 the desilication site. Two approaches for building demetallation pathways have been carried out :

-First, a "pure" dealumination occurs, with only Al-O hydrolyses, leading to an EFAL Al(OH) 3 H 2 O; then after EFAL formation a consecutive desilication with only Si-O hydrolyses, leading to a so called Extra Framework SIlicon (EFSI) Si(OH) 4 species. This approach will be called "consecutive dealumination and desilication" in the following. -Or a simultaneous dealumination and desilication with Al-O and Si-O bond breaking occurring alternatively, starting from the third water molecule. This approach will be called "simultaneous dealumination and desilication" in the following.

In any case, according to our original findings (chapter III and IV), all Al-O bond breakings are initiated by water adsorption on Al in anti position to the BAS, leading to a penta-coordinated or tetra-coordinated Al species, followed by a 1,2-dissociation of the water molecule on an adjacent framework oxygen atom with axial substitution of the silanol (figure V-3-a). A concomitant rotation of the proton residing on a framework oxygen atom in order to establish a hydrogen bond with the silanol in anti position leading to a more stable intermediate I2. However, the present investigation was started before the alternative route for the dealumination of T4O4 was found, which is 1,2 dissociation on an adjacent framework oxygen atom with equatorial substitution (figure IV-4, chapter IV). Thus, regarding Al-O bond breaking, we focus only on intermediates issued from 1,2 dissociation with axial substitution. In its final state after removal from the framework, the Al resides in the 12MR as an EFAL species of the form Al(OH) 3 H 2 O.

Regarding Si-O bond breaking, we undertook a preliminary study to try to identify stable intermediates obtained after interaction of a purely silicic framework. A single reaction appeared as exothermic, which is depicted in Figure V-3-b. This Si-O hydrolysis was conducted in the same spirit as the dealumination reaction, i.e. an anti attack of the water molecule on Si with simultaneous Si-O bond break, where the newly formed silanol groups point in opposite directions and can form hydrogen bondsdepending on the local structurewith nearby framework oxygen atoms. At this stage, it is important to stress out, that no water adsorption on Si, leading to the formation of a penta-coordinated Si species, in analogy to I0 (Figure V-3-a) could have been stabilized, so that the envisaged mechanism resembles a dissociative water adsorption with concomitant Si-O hydrolysis, resulting in the formation of an EFSI Si(OH) 4 located in the 12MR. Note also that contrary to Malola et al. 16 , vicinal disilanol within a silicic framework was not found as the most stable intermediate.

With these elementary steps the "consecutive" or "simultaneous" dealumination and desilication approaches have been conducted. The corresponding thermodynamic energy profile is reported in Figure V-4, and is discussed in the next sections. 

Consecutive Dealumination and Desilication

The intermediates are depicted in Once the Al is extracted from the zeolitic framework, in a next step we envisaged the hydrolysis of Si-O bonds on the T2 site adjacent to the T4O4 and also located in the 12MR. This was achieved by keeping the previous EFAL species in the vicinity in order to compare energy profile consistently with the second mechanism. As already one Si-O-Al bond was broken during the dealumination stage, three additional water molecules only are needed to generate the EFSI Si(OH) 4 . Each Si-O bond breaking, is highly exothermic (Figure V-4), contrary to Al-O bond breaking. However, note that barriers were not evaluated so far.

Simultaneous Dealumination/Desilication reactions

In what follows, we will explain the reaction step by step. The numbers of each step correspond to the number of the images in Figure V-6. 12. -forth water molecule: 6. At the same silicon atom, and hence the pre-EFSI, the same last mentioned reaction took place.

-fifth water molecule 7. The fifth water molecule is adsorbed on Al (in anti position). 8. After a water dissociation on a neighbouring framework oxygen atom a vicinal disilanol is formed, e.g. the same reaction product as for the T1O3 site in H-MOR.

Note that this step is endothermic. 9. However, due to the flexibility of this partially dislodged pre-EFAL, an inversion can take place (i.e. Si-O and Al-O bond break) leading to the formation of an Al(OH) 3 . However, this EFAL is still adsorbed on an OH-group of a silanol nest.

-sixth water molecule: 10. After a dissociative water adsorption on Si, with a simultaneous Si-O bond break, the EFSI (Si(OH) 4 ) is created.

-seventh water molecule: 11. A water adsorption on in anti position on Al creates the Al(OH) 3 H 2 O EFAL. 12. the desorption of the EFAL species.

Conclusions

The first difference between the "consecutive" versus "simultaneous" reaction paths comes by the addition of the third water molecule. For the "consecutive" path, an adsorption on Al occurred whereas for the "simultaneous" one, the first Si-O bond breaking between the pre-EFSI and the framework took place. In the latter case, the reaction energy for the Si-O breaking is about -10 kJ/mol and thermodynamically in the same range as a Si-O bond breaking near an Al atom. This Si-O bond breaking took place at a non-defect site in the zeolite. It is also worth to recall that this step involves a direct dissociation of the water molecule with simultaneous Si-O bond breaking. In particular, no precursor of a molecular adsorption of water occurs on the Si IV site. We suspect that the kinetic barrier should be significantly higher than the competitive steps leading to the EFAL species.

However, once the pre-EFSI lost the first bond to the framework, a subsequent Si-O bond break is highly exothermic (typically, -70 kJ/mol). The same can also be observed for the "consecutive" path. This is a fundamental finding, since it shows, that the desilication preferentially takes place at defect sites, i.e. either in the neighbouring of an Al atom, which is partially or completely dislodged from the framework, or at defect sites created upon the zeolite synthesis. This was inferred experimentally by Holm et al. 17 , even if desilication conditions are very different in these experiments (desilication in aqueous alkaline medium) and in our simulations (steaming-like).

At this stage it is too premature to determine which of both approaches is favoured. This results from the fact, that a vicinal disilanol appears for the simultaneous dealumination/desilication (figure V-6, step 8). In order to create the EFSI one has to pass over this intermediate which is from the thermodynamic point of view less favourable. Thus, to determine the optimal pathway, reaction barriers have to be calculated for each step.

Whatever the preferred pathway, it appears from the stability of the intermediates, that desilication is a very favourable reaction on defect site (partially or totally dealuminated), which supports the idea of possible extraction of EFSI in the course or during dealumination, under steaming conditions. This supports the idea that mesopore can occur by such a mechanism, in agreement with the earlier proposal of Marcilly.

Conclusions and perspectives

Zeolites are crystalline microporous aluminosilicates widely used in refining, petrochemistry and biomass conversion. However, diffusion limitation and confinement effect can promote the formation of undesired products. The introduction of mesopores by dealumination and/or desilication (giving birth to hierarchical zeolites) is a possible solution. Dealumination is usually performed by steaming or leaching in acidic solution, whereas desilication is obtained by treatment in aqueous basic media. Despite a considerable empirical knowledge acquired over several decades regarding the optimization of synthetic procedures leading to these mesopores, the mechanisms of the underlying reactions are poorly known at the molecular scale. The present PhD project thus focused on the unraveling of the mechanisms of the formation of extra-framework species, by means of periodic firstprinciples periodic density functional theory (DFT corrected from dispersion contributions, performed with the VASP code) and hybrid QM/QM (QMPOT) calculations. We focused first and in depth on the dealumination reaction, determining relevant intermediates and transition states for each reaction step, whereas results regarding desilication of zeolitic frameworks are only preliminary (stability of the intermediates only were evaluated). We focused on MOR, FAU, MFI and CHA zeotypes, and added water molecules in a step-by-step approach.

Contrary to well-admitted ideas, it appeared that promoting the first Al-O bond breaking within a perfect zeolite framework is a non-straightforward process. Some intermediates only can be formed with reasonable energy gain, in particular water adducts with Brønsted acid sites (hydrogen bonding) and with Lewis acid sites (Al IV framework atoms). The latter is favourable only when the water molecule attacks the aluminium atom in anti to the Brønsted acid sites, which is a major finding, as this interaction mode is at the origin of the dislodgment of Al from its framework position. A subsequent 1,2-dissociation of water on adjacent framework oxygen with axial substitution of the silanol group leads to the first Al-O(H) bond break. Local effects, in particular hydrogen-bonding and confinement effect, play a huge role in the regioselectivity of the zeolite-water reaction at each stage (formation of the Al-water bond in anti to the Brønsted acid sites, then 1,2-dissociation, then rotation of the newly formed Al-(OH)-Si group), making reactivity prediction on structural basis rather difficult. However, we were able to establish a Brønsted-Evans-Polanyi (BEP) relationship which will be of great help in the future to investigate larger amounts of sites within various zeolitic frameworks. These findings were compared to experimental features when available.

Then, full reaction pathways leading to extraframework species were established. Once the first Al-O bond is broken and the Al atom becomes more flexible in terms of structural changes, alternative pathways are possible. In particular, the occurrence of 1,2-dissociation of water with equatorial substitution of Si-OH becomes competitive. Moreover, we were able to show, that the very first Al-O bond breaking step is not always kinetically determining for the formation of EFAL. The activation energies are within the interval of 86-114 kJ/mol for all zeotypes studied here (excluding one MFI site), which are significantly weaker than the one reported in the previous work by Swang et al. 1,2 This result thus ensures the robustness of our revised dealumination mechanisms.

In addition to the heterogeneous local effects (aforementioned), non local effects such as confinement effects induced by van der Waals contribution are also playing a fluctuating role in the course of demetallation till the genesis of extraframework species. So the subsequent Al-O bond breaking steps as well as the confinement effect on an EFAL species imposed by the zeolites cavities and channel systems represent also a driving force for Al dislodgement to extraframework positions, which is likely to explain some experimental features. Despite a strong structural heterogeneity of T sites, we attempted to build BEP relationships for the entire dealumination pathway. The limitation of these BEP relations clearly appear from the third water addition when local and non local effects impact differently the transition state and its "sister" intermediates.

Finally, from the stability of intermediates obtained by this step-by-step approach, we showed that desilication occurs preferentially near defect sites (partially or totally dealuminated), and that dealumination/desilication pathways are more favorable than a single dealumination, which is in good agreement with the mechanism proposal of Marcilly regarding the genesis of mesopores by steaming.

Our work has some immediate perspectives. The BEP relationships established in the present work could be exploited for prediction purposes, on other sites of the studied zeotypes or on other frameworks. In particular, extending such dealumination simulation for frameworks with higher Si/Al ratio will be of great interest. The evaluation of the impact of the exchange cation (Na + , NH 4 + , etc., instead of H + ) will also be of practical relevance. Moreover, it will be crucial to determine transition states and activation barriers for the desilication and dealumination/desilication pathways. Indeed, it could well be that the thermodynamically favourable desilication intermediate are quite hard to obtain for kinetic reasons. This is crucial also to get an atomic insight in the preliminary step of the formation of a mesopore, linked to the propagation of the destruction of the framework.

Confinement effect on EFAL species can further be analysed by means of ab initio molecular dynamics (AIMD) in the same spirit of Benco et al. 3 (Gmelinite) where they analysed dynamical behaviour of EFAL Al(OH) 3 H 2 O and Al(OH) 3( H 2 O) 3 in the channel system. They found that in the small gmelinite cage only a four coordinated Al(OH) H 2 O EFAL can be stabilized due to the small cage size whereas in the larger super cage a pentacoordinated Al(OH) 3 (H 2 O) 2 species with a loosely bond water molecule may exist. Once the EFAL is extracted from the framework and resides adsorbed on a silanol, such an approach might also be envisaged to study the desorption behaviour and the subsequent favoured localisation of the EFAL in the cavity which then can be compared to experimental data on the preferred residence of the extra-framework species in analogy to ref 4 . Also, quantifying enthalpies and entropies for each intermediate and transition state would be an improvement to the description of the thermodynamics of the system. This will improve the connection of our work to experimental results. In the same spirit, the calculation of spectroscopic feature (vibration frequency, NMR chemical shifts in particular) for relevant intermediates could be undertaken to check the relevance of our proposal with regards to experimental observations. Moreover, as underlined in the first chapter of the present thesis, the molecular and step-by-step approach undertaken here will also find some limitations regarding its relevance to the real dealumination / desilication procedure. For the steaming procedure, were water vapour is involved, considering the effect of water pressure will require the investigation of the presence of several water molecules at the same time, rather than a step-by-step approach. Such collective effects will be even more crucial to take into account to simulate acid leaching and desilication in basic aqueous media, were water plays the role of the solvent. AIMD approaches may be compulsory to tackle these issues. Force-Field simulation tools could also be more pragmatic for such a goal, rather than ab initio calculations, but the breaking and formation of bonds are to be modelled accurately, which is not well rendered by usual forcefields. Reactive force-fields on the other hand could be thought of, based on our DFT benchmarking.

Concerning the mesoscale features of the final demetallated zeolite, an explicit quantum simulation by itself is clearly out of the scope of current state-of-the-art periodic DFT, due to the huge cell sizes required (probably several thousands of atoms). It should be combined to mean-field or statistic approaches better designed to answer part of the questions raised by mesopore formation. For instance, Kinetic Monte Carlo (KMC) calculations were undertaken by Ban et al. 5 assuming arbitrary rate constants for aluminium removal, silicon migration and self-healing, according to a simplified Marcilly's mechanism. Such an approach could be refined by including relevant barriers for each step of the reaction, such as those estimated in the present work. Thus, the combination of KMC parameterized with sufficient DFT data may enable to overcome the multi-scale problem and provide a complete dynamic understanding of the formation of mesopores and possible extra-framework species accumulation. However, for that purpose, we still need first to make our DFT database more exhaustive on the relevant elementary steps.

Our work could also motivate new experimental research programs. Indeed, there are very few studies focusing on the very first steps, at the molecular scale, of demetallation reactions. This is due to the difficult characterization of Al location within zeolitic frameworks and their in situ or operando monitoring in the course of the reaction. Taking advantage of the location of Al atoms within the MFI framework achieved by van Bokhoven et al. 6 , the monitoring of the position of the Al atoms and of their environment could be performed, in the spirit of ref. 4 . Extracting demetallation intrinsic kinetics, in the spirit of ref.

, would be a major advance in the field.

A.1. Optimization of unit cell parameters

A.1.1. Method

When optimising cell parameters including a volume change plane wave DFT codes are prone to an error which is referred to as Pulay Stress 1 . It results from the incompleteness of the plane wave basis set with respect to change of the cell volume and generally tends to underestimate the volume compared to calculations with a constant energy cut-off. Since all volume/cell shape relaxation algorithms used in VASP work with a constant basis set, two alternative approaches can be applied to avoid Pulay Stress related problems: either performing calculations with fixed volumes employing the same energy cut-off and fitting the final energies to an equation of state, or using a very large energy cut-off (VASP recommendation: cut off energy = 1.3*default value). However, it has to be mentioned that the first method is from the practical point of view more time-consuming than the latter one due to many calculations at fixed volumes in order to obtain an E(V) curve which determines the equilibrium volume.

For the pure silica mordenite both methods have been tested to verify their reliability and effectiveness. The E(V)-curve has been constructed by the following manner. The starting structure, i.e. a primitive cell, has been contracted and expanded from -0.6 to +0.6 Å per lattice parameter. For every of the fixed cell volumes only an ionic relaxation (400eV) has been performed and the corresponding energies were plotted against the cell volume (Figure A-1). The Bulk modulus is an intensive and system dependant physical property describing the uniform change in pressure which is necessary to evoke a certain change in volume without a change of phase. To describe the reduction in volume, in our case a solid, for an increase in pressure one uses the equations of state for solids which describes the compression of materials on a quantitative level by comparing the strength of materials. For condensed matters one can use the following simple equation of state (EOS) to determine the bulk modulus K 0 The curve can be approximated by a second order polynomial expansion 2 0 0 0 0
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and one can obtain an expression for K 0 :

0 0 2b K V  Eq. A-5
Another method to obtain the bulk modulus is via the more sophisticated second order EOS (Eq. A-6) developed by Birch-Murnaghan. Its origin lies in the fact that strains, at higher pressures, are no longer taken as infinitesimal as for the simple EOS. But this EOS holds only true if the strains do not exceed the range of some percents, which means, it is applicable up to pressures of about 10 GPa. In many dense packed material the pressure derivative of the bulk modulus (K' 0 ) equals 4. In order to verify whether our model system reproduces the physical properties of real mordenites, the variation of the energy as a function of the cell volume has been fitted using two approaches (simple and second order Birch Murnaghan EOS). Figure 29 shows a fit of simple equation of state. The minimum of this EOS defines the equilibrium lattice parameter, however a non zero external pressure results at this minimum (V 0 = 2801.74 Å 3 ). Even though the minimum of the curvature do not exactly coincide with the minimal energy of the cell and the corresponding volume (V 0 = 2721.90 Å 3 ), the agreement with experimental data is reached. The results reported in A-1 highlight that depending on the chosen exchange functional and calculation methods, the calculated bulk moduli differ quite strongly. However, our findings show the well description of our model system compared to available experimental data on the bulk modulus of natural mordenites 2 . Another approach in order to avoid the Pulay stress is a full cell relaxation including all degrees of freedom and by dint of a large energetic cut-off. Therefore an energetic cut-off of 800eV has been employed and four different cases have been tested. A primitive cell has been used with k-points 111 and 112 (111 single c, 112 single c) and primitive cell doubled along c with k-points 111 and 112 (111 doubled c, 112 doubled c). A doubled along c cell was also tested because of its subsequent use when introducing an Al atom within the framework. Since the c axis is quite short a doubled cell along this axis minimizes a too strong interaction between periodic images. As Table A-2 shows, the cell parameters are nearly the same for every approach. A slightly elevated cell volume was found for 111 single c compared to the other approaches. However, all data is in very good agreement with extrapolated experimental data on H-MOR with increasing Al content. Because of the combination of calculation time and accuracy the most convenient approach is the one taking a primitive or conventional cell and depending in which direction a minimisation of the interaction between periodic images is desired, the corresponding k-point mesh. For this case, the chosen cell parameters for following calculations were the ones from the primitive cell, single c and for the k-point 112.

As known from literature the Al content plays an non negligible role on the cell parameters [5][6][7] . However, since our model system contains a high Si/Al ratio, this effect can be neglected and the pure silica results can also be transposed to the Al exchanged zeolite, without reoptimisation of the structure. By dint of this detailed study on MOR the full cell relaxations for siliceous MFI, siliceous FAU and siliceous CHA were performed with an energy cut off of 800eV and the Brillouin-zone sampling was restricted to the Γ point.

A.1.2. Calculated cell parameters

Table A-3 reports the results of a full cell relaxation, including the ionic positions, for the pure silica zeolites compared with experimental data. Since there are no data available for the siliceous mordenite, experimental results from detailed studies [5][6][7] were extrapolated to obtain an approximated value for this lattice parameters. Moreover, it is very difficult to obtain precise and to literature comparable data, because experimentally measured zeolites differ in, e.g. their chemical composition (cationic species), water content, etc, and moreover we optimized our pure silica models in absence of any cations or hydration. The introduction of one Al atom within our MOR model system leads to a slight and quasi negligible cell expansion, when comparing the pure silica form and experimental extrapolated data of H-MOR Si/Al = 47. Calculated lattice parameter are in good agreement with experimental values. Only a shows the highest deviation, i.e. a contraction of about 2%, whereas for b and c a slight dilatation of 1% and 0.7%, respectively, has been found. Concerning the cell volume, our data diverges only by 0.3% from the extrapolated value. These calculated versus experimental discrepancies are rather common if one considers both, the experimental uncertainties and the theoretical approximations used in DFT.

The same assumption holds true in the case of Si-FAU. As our optimized model system does not contain any aluminium, the expected cell parameters are in very good agreement with experimental results, i.e. a small contraction of about 1.6% for a.. For pure silica ZSM-5 the deviation of the unit cell parameters is much higher, e.g. one finds for a the strongest deviation of about 3.8%. This results from the fact, that the crystal structures of as synthesized pure silica ZSM-5 and H-ZSM-5 belong to different space groups and show a temperature dependence. Since for our calculations a symmetry group of triclinic character was imposed, in the literature one finds for low temperature H-ZSM-5 (T < 340 K, MONO) a monoclinic framework structure whereas the as-synthesized ZSM-5 and hightemperature H-ZSM-5 (T > 340 K, ORTHO) possess an orthorhombic framework 10 . Nevertheless, these structural changes do only affect the internal descriptors (e.g. bond lengths and angles) in a very minor way as Table A-4 shows. Hence, these structural differences should not influence the local chemistry at a given T site. a) If the proton is located in such a way, that it points into a small cavity (MOR: T4O4; MFI: T10O2) no water adsorption can take place on the BAS and the water is restituted in the pore in a physisorbed state.

A.3. First Al-O/Si-O bond breaking including one water molecule: exhaustive investigation of plausible intermediates

non-dissociative water adsorption non-dissociative water adsorption

b) Although there is enough space for the stay of a water molecule on the Si atom of T4O4 in H-MOR (water pointing in the 8 MRc) the release of a water molecule is observed, for any molecular adsorption of water on Si. This observation holds also true for the other two T sites. This is an illustration of the intrinsic peculiar stability of Si IV with regards to Si V .

c)

1. By adsorbing the water molecule on any other direction than anti to the Brønsted acid site, water desorbs from the Al atom and resides within the cavities being physisorbed. In fact, this observation holds true for any other T site.

2. This interaction mode is the most favourable initiation point leading to the first Al-O bond The adsorption energy can in some cases be as high as a water adsorption on a BAS (Table S1). However, the stability and existence of such an Al IV or Al V species depends on: sterical constraints, i.e. an unhindered attack on the Al atom where the water molecule does not reside in a small cavity where the interaction water-cavity becomes unfavourable hydrogen bonding; i.e. the adsorbed water molecule and the silanol moiety can be stabilised by hydrogen bonds with framework oxygen atoms d) No stable product, i.e. Si-OH 2 , could be observed. The water molecule was desorbed within the cavity. e) This product only occurs if "sterical constraints" and "hydrogen bonding", as explained in c) 2., are applicable. Else, no Al-O(H) bond breaking was observed. f) To analyse the water dissociation on Si-O-Si and to check whether there is an energetic correlation to the Al distance, two possibilities were analysed. First, a water dissociation at a symmetry equivalent T site (in the Si/Al exchange zeolite) distanced to the Al atom was investigated. Second, the same reaction on a Si-O-Si bond in the near proximity of the Al atom.

distanced to Al-O(H)-Si:

Water splitting on a Si-O-Si bond distanced to T4O4 in H-MOR is not possible but results in a water recombination within the cavities. Contrary to T4O4, a water splitting at T10O2 in H-ZSM-5 was found but appears to be highly unfavourable (Table S1).

near Al-O(H)-Si: However, if the dissociation takes place at a Si-O-Si bond in the near proximity to the Al atom, the reaction energy is still endothermic but less than for a bond breaking distanced to Al-O(H)-Si. The high energy decrease compared to the dissociation distanced to the Al results from stronger hydrogen bonds with framework oxygen atoms in the proximity of the Al.

g) The reaction products strongly depends on the T sites within the zeolite and the way the water molecule is split. Only a water dissociation onto an Si-O-Si in anti position (via proton jump) leads to a bond breaking with the framework (Figure S3). The water molecule is split in such as a silanol group is formed on the backside of the second one. Otherwise all other

A.4. Water adsorption on Brønsted acid site versus Lewis acid site A.4.1. MOR

Exhaustive results are provided in Table A-9, and discussed hereafter.

T1

The T1 site, being part of both, the 12 and 8 MR and thus having protons pointing in either case inside the cavities is a potential candidate for a water molecule's attack concerning its accessibility. For all possible H site localizations in T1 an adsorption on BAS is the most stable structure compared to water adsorption on the Al site in anti position. In general this difference lies at around -30 kJ/mol, except for one position, T1O3, with a very slight difference of 5 kJ/mol between the BAS and the Al site. Adsorption energies are strongly dependent on the local structures (interaction between BAS and framework oxygen atoms) and on the possibility of a water molecule of reaching the T site. For this purpose T1O3 is a very adequate example. In general one can say, that the adsorption on BAS is more stable than an anti attack (if no BAS relaxation occurs) and can additionally be stabilized if the cavities allow the water to form supplementary hydrogen bonds with framework oxygen atoms (e.g. T1O3, Figure A-6). But not in every cavity, since sometimes a sterically difficult surrounding is the reason for water rejection and physisorbed water within the cavities. The distinctive feature at T1O3 and the associated energy gain for the anti attack lies within the individual Al location. A water molecule attacking from anti can be additionally stabilized by framework oxygen atoms since it is located within the 8MRc. These supplementary hydrogen bonds with framework oxygen atoms raise the adsorption energy for the anti attack to the same order of magnitude as the adsorption on BAS. As the structures show and the adsorption energies on BAS reflect, for every adsorption mode on BAS a favourable framework oxygen surrounding exists to additionally stabilize the water molecules whereas only the anti attack on T1O3 exhibits this feature. In none of the cases an anti attack of a water molecule lead to an Al IV formation and thus, no bond break occurred between the Al atom and the framework, although there is a weakening of the Al…OH-Si bond as illustrated by its elongation of about 0.199 Å on average. By contrast, after adsorption on BAS, this bond is nearly not affected (0.060 Å on average) but only the Al-O…H is elongated by about 0.138 Å on average.

T2

Concerning the role of hydrogen bonds involving framework oxygen atoms, the same analysis can be made for the T2 site (e.g. T2O2, T2O5: water at the intersection between 8MRb and 12MRc). Nevertheless, this site displays a different behaviour compared to T1. Firstly, an anti attack of a water molecule on the Al atom at T2O2 and T2O5 leads to endothermic adsorption energies. This is so because of the aforementioned small cavities where the water molecule has to reside in order to effect the anti attack (repulsive interaction with the cavities due to sterical hindrance)strong confined environment). On the other hand, at position T2O8 (Figure A-7) and only with a slight energy gain (about -3 kJ/mol), the water adsorption in anti position leading to an Al IV is thermodynamically more favourable than a water adsorption on BAS. One can explain this fact by the presence of a nearby framework oxygen atom stabilizing the water molecule on Al and by the fact, that the water molecule has enough "space"; as being located in the 12MRc. Another fact, explaining the stability of an Al IV species, is the creation of a terminal silanol which can form a hydrogen bond with a framework oxygen atom. On the other hand, a destabilizing effect, being the BAS relaxation occurs at this T site and diminishes the adsorption energy on BAS.

T3

The only difference at this site compared to the other ones, is the strong exothermal Al IV formation (T3O4) after anti-attack, which is about -15 kJ/mol more stable than the BAS. Additionally, the difference between the Al...OH-Si bond length before and after adsorption reflects an evident bond break. It increases from 1.907 Å to 2.914 Å. Again, the water molecule is strongly stabilized by framework hydrogen bonds, as it lies perfectly within the 8MRc. 

T4

This site contains all aforementioned characteristics being: -T4O2: accessible Al atom for anti attack and accessible BAS, where the adsorption on BAS is favoured since the water molecule in anti position does not reside within a cavity being able to stabilize it via hydrogen bonds by framework oxygen atoms -T4O4: inaccessible BAS as pointing toward a narrow cavity, leading to physisorbed water within the 8MRb instead of an adsorption and the preferentially formation of an Al V -T4O10: constrained accessibility for the water molecule to be adsorbed on the Al atom by an anti attack, resulting in strong endothermic adsorption energies. 
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 11 Figure I-1 a.1) Primitive unit cell (dashed frame) and conventional orthorhombic cell (solid frame) on the (001) projection of siliceous mordenite. Four inequivalent T sites (yellow, T = Si or Al) and ten inequivalent oxygen atoms (red, O). a.2) Schematic representation of the mordenite monodirectional "pipe system" (adapted from 48 ). b.1) Primitive unit cell of siliceous Faujasite comprising the supercage. Due to the high symmetry only one T site (yellow, T = Si or Al) and four inequivalent oxygen atoms (red, O). The ball and stick model highlights the hexagonal prism. b.2) Schematic representation of the Faujasite structure. The corners denote the position of T sites (T = Si or Al) and the lines the bridging oxygen atoms. c.1) Primitive unit cell of siliceous MFI; 12 T sites: yellow: Si or Al atoms, red: O atoms c.2) Schematic representation of the ZSM-5 "pipe system". Vertical 10MR parallel to the b axis, sinusoidal and parallely to the a axis lying 10MR. d.1) Primitive unit cell of siliceous chabazite containing one T site and four inequivalent oxygen atoms. d.2) Schematic representation of the chabazite channel system. Illustrated in white the 8MR opening to access the chabazite cage.

Figure I- 2

 2 Figure I-2 Brønsted acid site located in the main channel: a), b)and c) and in the side pockets d) (extracted from ref.54 ).

  having an Si/Al ratio of nearly 1. The faujasite framework (Figure I-1, b.1)) is build up by sodalite cages connected over hexagonal prisms (Figure I-1, b.2)

Figure I- 3

 3 Figure I-3 a) Illustrative representation of the Si/Al ratio on the desilication of MFI zeolite upon alkaline treatment and the schematic mechanism of pore formation (extracted from93 ). b) Overview of postsynthetic approaches (green) allowing to turn and conventional zeolite (red) with its given features (blue), such as Si/Al ratio and micropore dimensionalities, into a hierarchical one (extracted from23 ).

Figure I- 4

 4 Figure I-4 SEM images of three areas of a ZSM-5 steamed crystal. Straight channels are highlighted as orange areas, whereas sinusoidal channels are blue. The images show that the sinusoidal pores are more affected by dealumination than the straight channels (extracted from 107 ).

Figure I- 5

 5 Figure I-5 27 Al MQ MAS NMR spectra a) H-MOR calcinated at 923 K, b) ammonium gas treatment, c) ammonium-water treatment and d) ammonium-water treated sample calcinated at 673 K (extracted from 124 ).

  Figure I-6 shows the Al K-edge XANES spectra for tetrahedrally (of NH 4 -Beta containing only framework tetrahedral Al according to 27 Al MAS NMR) and octahedrally coordinated aluminium (of corundum: crystalline Al 2 O 3 ). For the tetrahedral Al a bond length Al -O of around 1.65 -1.75 Å is a typical value.

Figure I- 6

 6 Figure I-6 Al K-edge XANES spectra for octahedral Al (as in NH 4 -Beta) and tetrahedral Al (as in corundum, crystalline Al 2 O 3 ) (extracted from 126 ).

Figure I- 7

 7 Figure I-7 In vacuum Al K-edge spectra of H-MOR a) room temperature (°) and 925 K (∆) arrow shows appearance of three-coordinated Al. b) room temperature (°), 675 K () and 925 K (∆) (extracted from 126 ).

Figure I- 8

 8 Figure I-8 Schematic picture of the Mechanism of Marcilly showing the mesopore formation upon dealumination (adapted from 1 ).

Figure I- 9

 9 Figure I-9 FT-IR spectra at room temperature of dehydrated H-ZMS-5-PARENT and desilicated H-ZSM-5 using different NaOH concentrations (0.05M and 0.20M) (only the ν(OH) parts are shown) (extracted from 117 ).

Figure I- 10

 10 Figure I-10 Scheme illustrating a possible route for the mesopore formation upon desilication. Upper part: structural defects within the zeolite crystal. Lower part: preferential mesopore formation near crystal defects (adapted from 117 ).

Figure I- 11

 11 Figure I-11Optimized structures of some chosen tetrahedral aluminium hydroxy-aquo species optimized at HF/6-31* level [extracted from ref.33 ).

  et al. studied the dynamical behaviour of EFAL species (Al(OH) 3 (H 2 O) 3 and Al(OH) 3 (H 2 O)) in Gmelinite 144 and showed a localisation depending mobility of these aluminium-hydroxide clusters. When the EFAL is placed in the main channel, both, the two non-coordinated H 2 O molecules and the EFAL are mobile, whereas within the cage a network of hydrogen bonds suppresses its mobility and the EFAL occludes the pore (Figure I-12).

Figure I- 12

 12 Figure I-12 EFAL species Al(OH) 3 (H 2 O) occluded in the cage of gmeilinite. The acidic proton of the Brønsted acid site is transferred to the hydroxyl group of the EFAL. Dotted lines represent hydrogen bonds with framework oxygen atoms (extracted from 144 ).

  Figure I-13 a) Reaction steps comprising intermediate configurations for the dealumination and desilication and b) reaction paths for the dealumination and desilication from nudged elastic band 146 calculations (adapted from ref. 145 ).

  does not include the antisymmetry principle and therefore are not apt to correctly describe the wave function of fermions. By   ii x  one understand the one electron wave function, called spin orbitals, being composed of a spatial orbital   i r  and one of the two spin orbitals

  is replaced by a simpler one-electron operator   HF Vi constituted of the following two terms:

  electron repulsion and () vr the external potential. The Hohenberg-Kohn functional    HK F

  . The kinetic energy term    T of the real system can be divided in two terms, namely the kinetic energy of a non-interacting system

  describes the non-classical contribution to the electron-electron interaction containing all the effects of exchange, Coulomb correlation and self-interaction correction.

6 s

 6 : a global scaling factor depending on the employed functional at N : number of atoms in the system 6 ij C : dispersion coefficients for atom pair ij ij R : interatomic distance damp f : damping function allowing to avoid problems at short distances and the double counting of van der Waals interactions already included in the functional d : damping parameter r R : sum of the atomic radii d) Other functionals: Meta GGAs, and Hybrid functionals

  r the eigenfunction can be written in the form is a periodic function that has the period of the crystal lattice with

Figure II- 1

 1 Figure II-1 Schematic representation of the potential energy surface of an arbitrary reaction. The minimum energy path (MEP) and the nudged elastic band path (NEB) are shown as well as the NEB forces acting on image i (adapted from 22 ).

Figure II- 2

 2 Figure II-2 T8 cluster containing the T4O4 site, cut out from the periodic structure of zeolite MOR and employed for QMPOT calculations (yellow : Si, purple : Al, red : O, white : H).

Figure III- 1

 1 Figure III-1 a) Primitive unit cell (dashed frame) and conventional orthorhombic cell (solid frame) on the (001) projection of siliceous mordenite. Four inequivalent T sites (yellow, T = Si or Al) and ten inequivalent oxygen atoms (red, O). b) Primitive unit cell of siliceous Faujasite comprising the supercage. Due to the high symmetry only one T site and four inequivalent oxygen atoms. The ball and stick model highlights the hexagonal prism. d) Primitive unit cell of siliceous MFI; 12 T sites (for the sake of clarity, the terminology of O sites is not given) d) Primitive unit cell of siliceous chabazite; T site.

Figure III- 2

 2 Figure III-2 Distribution of the relative energy, the O-H and Al-OH bond lengths and the Si-OH-Al angles in H-MOR for all T sites (pink squares: intrazeolite hydrogen bonds).

Figure III- 3

 3 Figure III-3 T4O4 in H-MOR: Intrazeolite hydrogen bond formation between the Brønsted acidic proton and a neighbouring framework oxygen atom (hydrogen bonds are given in Å).

Figure III- 4

 4 Figure III-4 Relative stability of the T sites in H-MOR as a function of the Al-OH-Si angle, the O-H bond length of the BAS and the Al-OH distance.
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Figure III- 5

 5 Figure III-5 Distribution of the relative energy, the O-H and Al-OH bond length and the Si-OH-Al angle in H-FAU for all T sites (red squares: intrazeolite hydrogen bonds).

Figure III- 6

 6 Figure III-6 T1O2 position in H-FAU: Intrazeolite hydrogen bond formation between the Brønsted acidic proton and neighbouring framework oxygen atoms being part of the sodalite cage (values given in Å).

  An attempt to correlate the relative stability of T sites present in H-FAU, as a function of the Al-OH-Si angle, the O-H bond length and the Al-OH distance (Figure III-7 and Appendix A.2.2.) shows as for the case of H-MOR no strict correlation to one of these three simple structural descriptors apart from the Al-OH-Si angle which shows an increase in the relative stability of a given T site with decreasing angle. However, this linear correlation for H-FAU result from the few points examined, since FAU contains only one T site comparing to H-MOR with 14 different T sites and hence a larger fluctuation in the structural environment is present in H-MOR.

Figure III- 7

 7 Figure III-7 Relative stability of the T sites in H-FAU as a function of the Al-OH-Si angle

  -Si angle an indicator for heterogeneous OH groups and ii) neither ammonia adsorption experiments nor IR or microcalorimetric tests confirm the heterogeneity of OH-groups in H-ZSM-5.

Figure III- 8

 8 Figure III-8 Distribution of the relative energy, the O-H and Al-OH bond length and the Si-OH-Al angle in H-ZSM-5 for all T sites (red squares: intrazeolite hydrogen bonds).

Figure III- 9

 9 Figure III-9 displays the variety of intermediates considered for the initiation of the first Al-O/Si-O bond breaking.

Figure III- 9

 9 Figure III-9 Envisaged interaction modes (red: non-dissociative water adsorption; green: dissociative water adsorption; blue: vicinal disilanol) between one water molecule and a Al/Si atom within the zeolite framework, initiating an Al-O/Si-O bond breaking.

Figure III- 10

 10 Figure III-10 Generic products obtained after water molecular adsorption on Al, in anti to the Brønsted acid site.

Figure III- 11

 11 Figure III-11 Most stable adsorption energies ΔU ads for H-MOR including one water molecule as a function of the OH distance in the dry zeolite (blue diamonds: adsorption on BAS; pink squares: adsorption on Al; Al IV formation included)

Figure

  FigureIII-13 shows the presence of four different classes of protons within H-MOR classified by the initial rOH and rAl-OH. The left down quadrant bears highly accessible BAS (no hydrogen bond with framework oxygen) and strong Al-OH bonds. Contrary, the right upper quadrant contains little accessible protons with established hydrogen bonds to framework oxygen atoms and elongated Al-OH bonds. For the two other zones the effects are competing with each other and it is more difficult to make predictions, since local effects have to be taken into account. Another criteria reflecting the preferential adsorption tendency on the Al atom before the BAS, which is the initial rAl-OH bond length in the dry zeolite. The longer the bond is (critical value: rAl-OH = 1.890 Å), the more probable the Al adsorption and furthermore the Al IV /Al V formation. Thus, a criterion reflecting the adsorption mode around a given T site is the combination and synergy effect of the initial O-H and Al-OH bond in the dry zeolite. Additionally, this figure shows that both criteria have to be fulfilled in order to preferentially favour the adsorption on Al. The colour code indicates the difference between ΔU ads (LAS) and ΔU ads (BAS). The longer both bond lengths are, the larger the difference and hence a preferred adsorption on Al.However, it can be inferred that at higher water loadings, this is a sufficient and not necessary condition. It could be that once the BAS are saturated by water molecules, the adsorption on Al atoms become thermodynamically more stable. On the other hand, the free anti attack of the water molecule on the Al atom is preliminary in order that a subsequent reaction, e.g. Si...OH-Al bond break, can take place.

Figure III- 13

 13 Figure III-13 Bond lengths, i.e. r(OH) and r(Al-OH) in Å in the dry MOR zeolite (colour code determined by the value of: ΔU ads (LAS)-ΔU ads (BAS), values are given in kJ/mol; red squares: adsorption on Al more stable; Al IV formation included)

  other T sites, i.e. T1O1, T1O6 and T1O7, reveal a non negligible weakening of the Al...O(H)-Si bond with values within the range of 2.110 to 2.140 Å (0.101 -0.212 Å) and relatively favourable adsorption energies. Additionally, the adsorption of water on T4O4 leads to a selective Al V formation and exclude the BAS adsorption due to sterical effects induced by the small cavity where the proton is located. Apart from the last mentioned T site, all other structures have two common features for the Al...O(H)-Si bond break:

  The susceptible T sites under consideration are shown in Figure III-14. As one can observe the two sites leading to an Al IV formation are either within the 8MRc (T3O4) or at the intersection between 8MRb and 12MRc (T2O8) both containing nearby framework oxygen atoms that can stabilize the water molecule.

Figure III- 14

 14 Figure III-14 Schematic representation of the MOR pipe system indicating the susceptible T sites where an Al IV formation is observed upon the first water attack.

Figure III- 15

 15 Figure III-15 Most stable adsorption energies ΔU ads for H-FAU including one water molecule as a function of the OH distance in the dry zeolite (blue diamonds: adsorption on BAS)

Figure III- 16

 16 Figure III-16 Bond lengths, i.e. r(OH) and r(Al-OH) in Å in the dry FAU zeolite (colour code determined by the value of: ΔU ads (LAS)-ΔU ads (BAS), values are given in kJ/mol).

  , H-MOR and H-MFI show globally the same adsorption energies on LAS (~ -60 to -80 kJ/mol).

Figure III- 17 50 <0

 1750 Figure III-17 Most stable adsorption energies ΔU ads for H-ZSM-5 including one water molecule as a function of the OH distance in the dry zeolite (blue circles: adsorption on BAS; pink squares: adsorption on Al; Al IV formation included)

Figure III- 19

 19 Figure III-19 Water adsorption in H-ZSM-5 on a) BAS at T2O3 and b) Al at T8O1

Figure III- 20

 20 Figure III-20 Schematic representation of the MFI pipe system indicating the susceptible T sites where an Al IV formation is observed upon the first water attack.

  Figure III-21 illustrates relevant intermediates initiating the first Al-O(H) bond breaking we identified.

Figure III- 21 .

 21 Figure III-21. Thermodynamically most favorable intermediates and reaction products for an Al-O(H) bond breaking; (a) non-dissociative water adsorption on Al in anti position to BAS, (b) formation of vicinal disilanol, (c) 1,2 dissociation of water on adjacent framework oxygen with (d) concomitant axial bond breaking, (e) recombination of vicinal disilanol.

  -2 and Figure III-23 summarize the thermodynamic and kinetic data of the seven T sites studied here. Appendix A-5 gathers structural and vibrational features for each intermediate and transition state calculated.

Figure III- 23

 23 Figure III-23 Potential energy surface for the Al-O(H) bond breaking within zeolite FAU, CHA, MOR and MFI. Illustrating ball and stick model corresponds to the T3O4 site located at the intersection region in H-ZSM-5.

  Figure shows the Al-O(H) bond elongation (ΔAl-O(H)), being the difference in the bond length before (R) and after water adsorption on Al in anti position (I0), as a function of the TS1 stability (E(TS1)). Thus, calculating R and I0 allows a first estimate to determine the appertaining activation barrier for the Al-O(H) bond breaking.

Figure III- 24

 24 Figure III-24 Al-O(H) bond elongation (r3), being the difference before and after water adsorption on Al in anti position, as a function of the TS1 stability (E(TS1))

Figure III- 25

 25 Figure III-25 Brønsted-Evans-Polanyi relationship for an Al-O(H) bond breaking; α-Al 2 O 3 extracted from ref.58 (not included for R² evaluation).

Figure IV- 1

 1 Figure IV-1 Anti attack of a water molecule (n = 1) on an Al atom in anti position to the BAS (I0(1H 2 O)) followed by a 1,2-dissociation with axial substitution via a transition state composed of a four membered ring (TS1(1H 2 O)) giving rise to I1(1H 2 O). Establishing a hydrogen bond between the newly created BAS and a silanol, via a proton rotation (TS2(1H 2 O)), leads to a more stable intermediate I2(1H 2 O).

  Figure IV-2, the full energy diagram being plotted in Figure IV-3.

Figure IV- 2

 2 Figure IV-2 Reaction intermediates for EFAL formation starting from the T4O4 site in MOR. The terminology is the same as in figure IV-3, as well as the color code. (a) 1,2-dissociation with axial substitution leading to I2(2H 2 O), (b) 1,2-dissociation with equatorial substitution leading to I2'(2H 2 O). (c) further transformation of I2(2H 2 O), by 1,2-dissociation with axial substitution reactions, (d) further transformation of I2'(2H 2 O), by 1,2dissociation with equatorial substitution reactions.

Figure IV- 3

 3 Figure IV-3 Energy profiles with energy barriers of the two possible dealumination pathways of the T4O4 site in H-MOR including four water molecules and leading to an EFAL Al(OH) 3 H 2 O. The structure of the relevant intermediates are reported in Figure IV-2.

Figure IV- 4

 4 Figure IV-4 Anti attack of a water molecule (for n > 1) on an Al atom in anti position to the BAS (I0(nH 2 O)) followed by: (a) a 1,2-dissociation with axial substitution via a transition state composed of a four membered ring (TS1(nH 2 O)) leading to I1(2H 2 O), (b) a 1,2-dissociation with equatorial substitution via a transition state composed of a four membered ring (TS2'(2H 2 O)) leading to I'2(2H 2 O). The difference between the (a) and (b) routes is the nature of the Al-O bond broken, depicted in light blue in the transition states.

Figure IV- 5

 5 Figure IV-5 Energy profiles and activation energies of the dealumination pathway of the T1O3 site in H-CHA including four water molecules and leading to an EFAL Al(OH) 3 H 2 O.

Figure IV- 6

 6 Figure IV-6 Reaction pathway at T1O3 in H-CHA at 3H 2 O. The pre-EFAL undergoes a 90° rotation followed by a concerted proton jump leading to the formation of an Al(OH) 3 (pink: Al; red: Si; yellow: O; pink: Al; white: H). Dashed lines depict directions of O-H bond formation and breaking.

Figure IV- 7 72

 7 Figure IV-7 Energy profiles and activation energies for the preferred dealumination pathway of the of the T3O4 (intersection straight and sinusoidal channels), T10O2 (sinusoidal channel) and T11O3 (straight channel) site in H-MFI including four water molecules and leading to an EFAL Al(OH) 3 H 2 O.

Figure IV- 8

 8 Figure IV-8 Water adsorption on Al in anti position to BAS at T10O2 in H-MFI (pink: Al; red: Si; yellow: O; pink: Al; white: H).

Figure IV- 9

 9 Figure IV-9 TS2'(2H 2 O) at T3O4 in H-MFI (pink: Al; red: Si; yellow: O; pink: Al; white: H).

Figure IV- 10

 10 Figure IV-10 Energy profiles and activation energies along the dealumination pathways of the T1O3 and T1O3 site in H-FAU including four water molecules and leading to an EFAL Al(OH) 3 H 2 O.

Figure IV- 11

 11 Figure IV-11 Plot of the reaction energy (ΔE) as a function of the activation energy (EA) for Al-O hydrolysis reactions occurring in zeolites (grey triangle in brackets removed from correlation due to different hydrolysis mechanism; see 3.2.2).

Figure IV- 12

 12 Figure IV-12 EFAL Al(OH) 3 H 2 O upon dealumination of T1O1 in H-FAU confined in sodalite cage (pink: Al; red: Si; yellow: O; pink: Al; white: H).

Figure IV- 13

 13 Figure IV-13 reports the energy of the EFAL species Al(OH) 3 H 2 O (using the zeolite and 4 water molecules as reference) as a function of the cavity diameter according to ref.40 .The Lennard-Jones like potential curve reflects that for to small cavities, e.g. the hexagonal prism (d < 4 Å) present in zeolite Faujasite, the Pauli repulsion destabilizes the residence of an EFAL species in such a confined surrounding. On the other hand, for to large apertures, like for instance present in Chabazite (d > 8 Å), a missing confinement effect from the zeolitic framework can be observed. The highest stabilization of Al(OH) 3 H 2 O was found in the intersection region between sinusoidal and straight channels of MFI zeolite (d = 6-8 Å). This

Figure IV- 13

 13 Figure IV-13 Qualitative plotting of EFAL Al(OH) 3 H 2 O stability as a function of the channel and cavity diameter of the zeolitic frameworks MOR, FAU, CHA and MFI. Note: the FAU hexagonal prismatic cage and MOR 8MR, are added to provide additional examples (not treated before) illustrating EFAL configuration in constrained cavity.

Figure V- 1

 1 Figure V-1 Schematic picture of the Mechanism of Marcilly showing the mesopore formation upon dealumination (adapted from 8 ).

)Figure V- 2

 2 Figure V-2 Location of dealuminated (T4) and desilicated (T2) sites investigated, shown by blue ellipse and circle, respectively.

Figure V- 3

 3 Figure V-3 Intermediates considered in the present chapter for the reaction of the framework with a single water molecule, for a) Al-O bond breaking, b) Si-O bond breaking. Intermediates are depicted here for n(H 2 O) = 1, but they were also calculated for higher n values.

Figure V- 5 .

 5 The pathway starts by a pure dealumination (Figure V-4 dashed line) on the T4O4 site by hydrolysis reactions. Upon each water adsorption on Al in anti position, which is an exothermic process (ΔU = -60 to -70 kJ/mol) a penta-coordinated Al species I0(nH 2 O) is formed. Three subsequent Al-O hydrolysis reactions via 1,2-dissociation of the water molecule on an adjacent framework oxygen atom with axial substitution of the silanol and water adsorption of a fourth water molecule lead to a tetracoordinated Al, where each Al-O bond breaking is an endothermic process (ΔU = 30 to 70 kJ/mol) and leading to the formation of a tetrahedral Al(OH) 3 H 2 O EFAL, which after desorption resides in the 12MR channel. Note, that with this mechanistic approach being a 1,2-dissociation of the water molecule with axial substitution the Al atom is slightly more stable in a framework position I0(2H 2 O) comparing to a 1,2-dissociation with equatorial substitution as presented in the preceding chapter, resulting from the missing contribution of hydrogen bonds between silanols and hydroxyl groups of the EFAL occurring only during the latter pathway.

Figure V- 5

 5 Figure V-5 Intermediates for the "consecutive" dealumination and desilication pathway.

Figure V- 6

 6 Figure V-6 Structures of intermediates for combined dealumination/desilication at T4O4 in H-MOR. Green circle: EFSI Si(OH) 4 ; red circle EFAL Al(OH) 3 H 2 O.

2

 2 After rearrangement of the last equation and with dE p dV  from thermodynamics one obtain an equation to determine K 0 by dint of solving

Figure A- 1

 1 Figure A-1 E(V) curve for pure silica-mordenite.

4 R²

 4 this study: a)simple EOS b)II-BM-EOS B' 0 =

Figure A- 2 Figure A- 3

 23 Figure A-2 Relative stability of the T sites in H-FAU as a function of the Al-OH-Si angle, the O-H bond length of the BAS and the Al-OH distance.

Figure A- 4

 4 Figure A-4 displays an exhaustive mechanistic approach for the initiation of the first Al-O/Si-O bond breaking. These interaction modes were tested on one T site within MOR (T4O4) and one T site within MFI (T10O2) which are: water molecularnon dissociative -adsorption on a) BAS (Brønsted acid site) b) Si in the vicinity of Al; without bond breaking c) 1. on Al in non-anti and 2. in anti position to the proton; without bond breaking d) Si in the vicinity of Al; with Si-O bond breaking e) Al; with Al-O bond breaking water dissociation on f) Si-O-Si; without bond breaking g) Si-O-Si; with bond breaking h) Si-O-Al; without bond breaking i) Si-O-Al; with bond breaking water dissociation with formation of vicinal disilanol j) in the vicinity of the BAS k) within the BAS Their thermodynamic stabilities are presented in Table A-8. Analysis of each result is provided hereafter.

Figure A- 4

 4 Figure A-4 Envisaged interaction modes (red: non-dissociative water adsorption; green: dissociative water adsorption; blue: vicinal disilanol) between one water molecule and a Al/Si atom within the zeolite framework, initiating an Al-O/Si-O bond breaking.

Figure A- 6

 6 Figure A-6 Water adsorption in anti position on Al at T1O3 in H-MOR and hydrogen bond formation with neighbouring framework oxygen atom.

Figure A- 7

 7 Figure A-7 Water adsorption in anti position to Al at T2O8 in H-MOR leads to the formation of an Al IV

Figure A- 8

 8 Figure A-8 Water adsorption in anti position to Al at T3O4 in H-MOR leads to the formation of an Al IV This also explains the very strong adsorption on BAS at T3O9 where the water molecule resides within the 8MRc (Figure A-8).

A. 5 .

 5 Reaction path of the first Al-O(H) bond breaking for zeolites MIF, CHA, MOR and FAU: structural and vibrational featureTable A-12 shows the evolution of the Al-O(H) bond length r3 for the species R, I0, TS1, I1, TS2 and I2 during the hydrolysis path, as well as the bond length r1, r2 (see FigureA-9) for TS1. The latter, being a late transition state and thus structurally related to I1, is a function of the imaginary frequency of TS1. Figure A-10 shows the O-Al-O...H bond length r1 (see Figure A-9) as a function of the imaginary frequency. For T sites in our zeolitic model systems a linear correlation could have been found. By analyzing intermediate steps in the hydrolysis of alpha-alumina Ranea et al. 17 could find a structurally related transition state and intermediate which perfectly fits our BEP correlation (see Figure III-25 in the main text). However, the deviation in the correlation shown in Figure A-10 can be explained by the fact, that the hydrolysis of an Al-O bond in alpha-alumina is an exothermic process, whereas for an Al-O bond breaking in zeolites, this reaction is endothermic. Thus, the TS1 (Figure A-10)alpha-alumina is an early TS compared to a late one for zeolites, resulting in an inversion of the bond lengths r1 and r2. For alpha-alumina r1 and r2 are 1.31 Å and 1.20 Å, respectively, whereas for zeolites r1<r2.

Figure A- 9

 9 Figure A-9 TS1 of the 1,2 dissociation of the first adsorbed water molecule
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   and  must therefore be antisymmetric by the interchange of the spatial and spin coordinates of any two electrons

		1 x x 2 , ,...,	, i j x x	,...,	x	N	2	1 dx dx dx . This signifies the probability of finding electron 1, 2, 2 ... N
	..., N simultaneously in volume elements given by 12 ... N dx dx dx . Electrons are fermions with
	spin	s	1 2					

Table II - 1

 II1 Adsorption energy (I0), stability of TS1 and appertaining reaction barrier (E a ) for the first Al-O bond break at T4O4 in MOR, obtained by dint of the hybrid MP2:DFT-D scheme and corresponding periodic PBE-D values given in kJ/mol.

	Basis set			I0	TS1 Ea
		 cluster PBE D E	-35.3 62.1 97.4
	cc-pVTZ	HF SCF MP2 corr	-11.7 104.2 115.9 -37.4 -36.7 0.7
	cc-pVQZ	HF SCF MP2 corr	-4.5 109.1 113.6 -32.4 -35.9 -3.5
		HF SCF / CBS limit -2.5 110.5 112.9
		MP2 corr / CBS limit -28.8 -35.4 -6.6
		MP E	2 CBS	-31.2 75.1 106.4
		MP	2	4.1 13.0 8.9
		final estimate	-63.2 46.1 109.3
		 PBE D S E	-67.3 33.0 100.3

  -1). However, it has to be stressed out that the difference between values obtained by Hansen et al. and Svelle et al. result from a different set-up of the VASP calculations.

Table III - 1

 III1 Relative stabilities (in kJ/mol) of different proton positions at T12 position in H-ZSM-5 and two different sets of unit cell parameters (UCP)

Table III - 2

 III2 2MR vicinal disilanol. In the case of FAU, activation energies are 83 and 98 kJ/mol, which are also reasonable values compatible with experimental observations that the dealumination is already activated at moderate temperature.33 This would not be the case with a reaction pathway involving vicinal disilanol intermediate. Moreover, the local structure of the intermediates I0, I1 and I2 (involving distorted Al IV species) are all compatible with the NMR analysis made by Agostini et al.33 Stability for the species I0 and I2 and the reaction barrier E a leading to I1 along the reaction path of the Al-O bond breaking (values are given in kJ/mol, and referenced to R, see figureIII-22).

			Zeolite	T site	Al siting	I0	Ea	I1 I2
			FAU	T1O1	4MR	-63	98	29	-15
				T1O3	4MR	-54	83	21	-16
			CHA	T1O3	4MR	-55	76	21 -35
			MOR	T4O4	4MR -67 (-63) a	100 (109) a	26 -38
			MFI T3O4 (inter.)	5MR	-70	86	0	-44
			T10O2 (sin.)	4MR	-59	120	60	24
			T11O3 (str.)	5MR	-68	101	34	19
								I2
	Al-O(H) = 1.90 Å	2.28 Å	3.09 Å	3.14 Å		3.34 Å	3.19 Å
	20							reaction coordinate
	-20 0	R	I0		TS1	I1		TS2	I2
	-40						
	-60			E a (TS1): 86 kJ/mol	ΔE = E(I1) -E(I0)	
	80						

Table IV - 1

 IV1 Rate limiting reaction barrier at a given number of water molecules and appertaining mechanism for zeolites and T sites

	Zeolite (T site)	E a [kJ/mol] rate limiting step	n(H 2 O)	Mechanism
	CHA (T1O3)	114	2	axial subs
	MOR (T4O4)	100	1	axial subs
	MFI (T3O4)	86	1	axial subs
	MFI (T11O3)	114	3	equ. subs
	MFI (T10O2)	161	3	equ. subs
	FAU (T1O1)	100	2	axial subs
	FAU (T1O3)	102	3	equ. subs

Table A - 1

 A1 Calculated bulk moduli for pure silica mordenite and experimental data for the natural counterpart Na 6 Al 6.02 Si 42.02 O 96 *19H 2 O (Si/Al = 6.98) 41(2) 2

		K 0(calc) (GPa)	K 0(exp) (GPa)
	pure-silica mordenite	PZ81 3 (LDA) LDA 4 PW91 3 (GGA) 68.07 74.04 57.00 PBE+D 53.35 a)	44.68 b)

Table A - 2 .

 A2 Unit cell parameter for siliceous mordenite evaluated at different k-points and lengths of the cell -1153.863 17.72 20.44 7.51 90.00 90.00 81.84 2719.24 82182 0.03 112 doubled c -1153.875 17.71 20.46 7.51 90.00 90.00 81.75 2722.13 208020 0.00

	parameter c						
		energy	a	b	c	α	volume	calc time ext. pressure
				Å			Å 3	sec.	Kbar
	111 single c	-1153.315 17.73 20.51 7.52 90.00 90.00 81.69 2734.26	3143	0.03
	112 single c	-1153.859 17.71 20.47 7.51 90.00 90.00 81.73 2721.90	4900	-0.04
	111 doubled c						
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 A3 Cell parameters for calculated pure siliceous zeolites and experimental data (cell parameters in Å; cell volume in Å 3 ) Na 1.5 K 1.8 Ca 2.1 Al 9 Si 39 O 96 *29H 2 O

		a	b	c	cell volume
	MOR				
	experimental				
	Si-MOR 5-7	18.00	20.20	7.40	2730.0
	H-MOR: Si/Al=47 5-7	18.06	20.27	7.46	2732.0
	Si/Al=4.3 8	18.09	20.52	7.52	2792.9
	calculations				
	Si-MOR a)3	18.26	20.71	7.61	2875.7
	Si-MOR b)	17.71	20.47	7.51	2721.90
	FAU				
	experimental				
	Y (Si/Al ~ 5.8) 9	24.67	24.67	24.67	15014.4
	X (Si/Al ~ 1.3) 9	24.96	24.96	24.96	15550.1
	calculations				
	Si-FAU b)	24.27	24.27	24.27	14269.7
	ZSM-5				
	experimental				
	H-ZSM-5 (Si/Al = 299) 10	20.11	19.88	13.37	N/A
	silicalite-1 (Si/Al = 10000) 11	20.10	19.87	13.37	N/A
	calculations				
	Si-ZSM-5 b)	19.34	19.58	12.90	4883.3
	CHA				
	experimental				
	Si-CHA 12	13.54	13.54	14.76	N/A
	Si-CHA 13	13.53	13.53	14.73	N/A
	calculations				
	Si-CHA b)	13.61	13.61	14.58	N/A

a) PW91 300eV, E(V) curve b) present study: PBE+D, 800eV, full cell relaxation c) present study: PBE+D, 400eV, E(V) curve
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 A4 Comparison between the monoclinic (MONO) and orthorhombic (ORTHO) crystal system of H-ZSM-5 (according to ref.10 ) 

	A.2. T sites stability		
	A.2.1. MOR		
		MONO	ORTHO
	Si-O bond length (Å)	1.582-1.607	1.567-1.605
	av. Si-O/tetrahedron	1.588-1.601	1.584-1.591
	O-Si-O angle (°)	107.1-111.5	106.0-112.0
	av. O-Si-O/tetrahedron	109.5	109.5
	Si-O-Si angle (°)	141.3-169.0	144.9-175.9
	av. Si(SiO) 4 angle (°)	147.1-158.8	150.5-162.8
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 A 5 relative energies of relaxed T sites with adjacent H-atom as charge compensating cation and appertaining Al-OH-Si bond angle, O-H bond lengths and Al-OH bond lengths in Å In italic: experimentally the most occupied T sites with corresponding H site according to14 

		rel. energies	Al-OH-Si-angle	rOH	rAl-OH
		kJ/mol		Å	
	T1				
	O1	0	126.76	0.978	1.917
	O7*	4	130.23	0.976	1.917
	O3	27	136.51	0.979	1.909
	O6	31	135.76	0.978	1.913
	T2				
	O3	2	139.05	1.007	1.887
	O5	11	130.93	0.977	1.896
	O2	16	126.31	0.977	1.902
	O8	22	139.17	1.001	1.922
	T3				
	O4	2	137.80	1.001	1.907
	O1 (2x)	8	131.91	0.979	1.915
	O9	24	138.77	0.980	1.907
	T4				
	O4 (2x)	12	139.30	1.018	1.900
	O2	13	132.49	0.977	1.896
	O10	14	134.62	0.980	1.881
	*				

A.2.2. FAUTable A -

 A 6 relative energies of relaxed T sites with adjacent H-atom as charge compensating cation and appertaining Al-OH-Si bond angle, O-H bond lengths and Al-OH bond lengths in Å

		rel energy	Al-OH-Si-angle	rOH	rAl-OH
		kJ/mol		Å	
	T1				
	O1	6	127.29	0.976	1.883
	O2	8	128.46	0.983	1.892
	O3	0	124.42	0.982	1.929
	O4	12	130.32	0.977	1.871
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 A7 Relative energies of relaxed T sites with adjacent H-atom as charge compensating cation and appertaining Al-OH-Si bond angle, O-H bond lengths and Al-OH bond lengths in Å. italic: experimentally most occupied T sites according to15, 16 

		rel energy	Al-OH-Si-angle	rOH	rAl-OH		rel energy	Al-OH-Si-angle	rOH	rAl-OH
		kJ/mol		Å			kJ/mol		Å	
	T1					T7				
	O1	17	135.04	1.005	1.896	O1	24	125.78	0.980	1.880
	O2	17	136.23	1.021	1.865	O2	28	131.51	0.995	1.855
	O3	15	126.86	0.984	1.885	O3	20	132.43	1.016	1.852
	O4	29	126.13	0.975	1.890	O4	39	121.16	0.982	1.905
	T2					T8				
	O1	28	136.67	1.008	1.856	O1	14	132.33	1.002	1.894
	O2	14	132.27	1.011	1.887	O2	10	133.44	1.010	1.856
	O3	8	130.48	1.012	1.876	O3	17	129.78	0.999	1.874
	O4	29	126.92	0.976	1.886	O4	15	131.26	1.005	1.899
	T3					T9				
	O1	23	128.59	0.976	1.869	O1	39	132.45	0.978	1.871
	O2	27	133.01	0.977	1.885	O2	16	129.08	1.005	1.896
	O3	0.4	130.89	1.012	1.903	O3	34	132.58	0.978	1.875
	O4	32	143.33	0.996	1.903	O4	44	135.07	0.980	1.912
	T4					T10				
	O1	7	135.65	1.006	1.913	O1	20	127.21	0.983	1.870
	O2	28	140.89	1.001	1.922	O2	16	133.53	1.017	1.909
	O3	0	125.43	0.982	1.889	O3	32	130.91	0.977	1.861
	O4	19	131.04	0.983	1.887	O4	4	133.84	1.008	1.878
	T5					T11				
	O1	38	129.76	0.977	1.898	O1	14	133.83	0.993	1.887
	O2	30	132.45	0.983	1.915	O2	30	122.39	0.983	1.905
	O3	31	121.88	0.974	1.877	O3	9	135.29	1.003	1.891
	O4	16	135.84	0.993	1.908	O4	32	124.03	0.975	1.893
	T6					T12				
	O1	16	131.02	1.001	1.900	O1	28	135.52	0.979	1.894
	O2	21	131.62	1.008	1.859	O2	10	130.26	0.991	1.925
	O3	33	120.95	0.974	1.878	O3	22	123.38	0.974	1.902
	O4	38	131.77	0.977	1.874	O4	28	139.48	0.989	1.889
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 A8 Thermodynamic stability of each species presented in Figure A-4, for two relevant sites..

				MOR	MFI
		Interaction	Geometry	T4O4	T10O2
	a) H-Bond	H-Bond/restitution of water	-39	-48
	b molecular ads of H 2 O on Si	restitution of water	-54	-31
	c)	molecular ads of H 2 O on Al (intermediate I0)	Al V	-67	-59
			Al IV		
	d) hydrolysis Si-OH-Al, H 2 O on Si	restitution of water	-38	-28
	e) hydrolysis Si-OH-Al, H 2 O on Al	restitution of water	-67	-59
	f) dissociation on Si-O	water splitting on Si-O-Si (distanced to Al-OH-Si)	---	161
			water splitting on Si-O-Si (near to Al-OH-Si) (SiV formation)	47, 79	61
			(depending on splitting side)		
	g) hydrolysis Si-O-Si	Si-OH HO-Si (distanced to Al-OH-Si)	-6, 1, 2	1, 53, 98
			Si-OH HO-Si (near to Al-OH-Si)	-10	66
			(depending on splitting side)		
	h) dissociation on Al-O	---	---	---
	i) hydrolysis Si-O-Al	Si-OH HO-Al (before rotation) (intermediate I1)	17, 26, 30	60
			Si-OH HO-Al (after rotation) (intermediate I2)	-38, -23, -17	15, 24, 25
			(depending on splitting side)		
	j) vicinal silanol on Al-O-Si	vicinal silanol	-18, 41, 56	46, 62
			(depending on insertion side)		
	k) vicinal silanol on Si-OH-Al	vicinal silanol	88, 117	31

(depending on insertion side and proton location after insertion)

Table A -

 A 12 Al-O(H) bond length r3 for the species R, I0, TS1, I1, TS2 and I2 during the hydrolysis path, and r1 and r2 bond lengths (see FigureA-9) for TS1 (Å).

		r1	r2	r3
	FAU			
	T1O1			
	R			1.88
	I0			2.04
	TS1	1.03	1.66	2.33
	I1	0.99	2.55	2.93
	TS2			2.99
	I2			3.09
	T1O3			
	R			1.93
	I0			2.17
	TS1	1.10	1.45	2.79
	I1	0.99	2.24	3.16
	TS2			3.21
	I2			3.30
	CHA			
	T1O3			
	R			1.92
	I0			2.17
	TS1	1.16	1.34	2.89
	I1	0.98	2.83	3.38
	TS2		barrierless rotation	
	I2			3.31
	MFI			
	T3O4			
	R			1.90
	I0			2.28
	TS1	1.17	1.34	3.09
	I1	0.99	2.05	3.33
	TS2			3.34
	I2			3.19
	T10O2			
	R			1.91
	I0			2.19
	TS1	1.07	1.50	2.86
	I1	1.00	1.86	3.10
	TS2			3.19
	I2			3.39
	T11O3			
	R			1.89
	I0			2.11
	TS1			no TS1
	I1	1.00	1.90	2.66
	TS2			2.94
	I2			3.25
	MOR			
	T4O4			
	R			1.90
	I0			2.12
	TS1	1.16	1.42	2.96
	I1	1.00	1.92	3.19
	TS2			3.30
	I2			3.34

1.76 2.27

dissociative water adsorption (with hydrolysis) dissociative water adsorption (with hydrolysis) vicinal disilanol vicinal disilanol

CHAPTER III:

i) and j) These interaction modes are discussed in the core of the manuscript and we will not go further in any detail.

k) Formation of a vicinal disilanol species within the BAS with water splitting on an adjacent framework oxygen atom leads for both T sites to an endothermic product whereas its stability is linked to the oxygen atom the water is split on. 

Abstract

Zeolites are crystalline microporous aluminosilicates widely used in refining, petrochemistry and biomass conversion. However, diffusion limitation and confinement effect can promote the formation of undesired products. The introduction of mesopores by dealumination and/or desilication (giving birth to hierarchical zeolites) is a possible solution widely used experimentally. Nevertheless, the mechanisms of these demetallation reactions are poorly described at the molecular scale. We determine the mechanisms of the formation of extraframework Al species (EFAL) for zeotypes MOR, FAU, MFI and CHA occurring during the dealumination process, possibly associated with desilication. First-principles periodic density functional theory (DFT) and hybrid QM/QM calculations have been employed in order to analyze full reaction paths leading to extraframework species and to quantify the activation energies of the determining steps. It has been demonstrated that the initiation of an Al-O(H) bond break takes place via water adsorption on the Al atom in anti-position to the Brønsted acid site, via a penta-or tetra-coordinated Al species. Such species are shown to be at the initiation of the Al dislodgement from the zeolitic framework. A subsequent 1,2-dissociation of water on adjacent framework oxygen with axial substitution of the silanol group leads to the first Al-O(H) bond break. Once the first Al-O bond is broken and the Al atom becomes more flexible in terms of structural changes, alternative pathways are possible, which were investigated. In particular, the occurrence of 1,2-dissociation of water with equatorial substitution of Si-OH becomes competitive. Despite a strong structural heterogeneity of T sites, we determined of Brønsted-Evans-Polanyi (BEP) relationships for the entire dealumination pathway. Moreover, it is shown that not only the initiation and propagation mechanisms are primordial for the understanding of an Al extraction, but also the confinement effect on EFAL species within the zeolites cavities. Finally, from the energy profile of combined dealumination/desilication pathways, we show that it is thermodynamically favored to extract EFSI in the course dealumination..