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Silence is full of the unspoken, of deeds not performed, of confessions to secret love, and of wonders not expressed. Our truth is hidden in

cations per unit cell, 27 % of the silanol sites were healed. These results were further supported by DFT calculations. Moreover, by following CO2 adsorption on nanosized CHA samples with different Cs + cationic contents, it was found that upon adsorption of CO2, the strength of hydrogen bonding increases and CO2 adsorption capacity is linearly proportional to the total silanol sites concentration of these samples.

Finally, a new concurrent dealumination and silylation post-synthetic method was developed to increase the Si/Al ratio of nanosized CHA. Utilizing this new method, a series of nanosized CHA zeolites were synthesized with Si/Al ratios in the range of 2.0-4.0. The dealumination was confirmed using 29 Si MAS NMR; new Q 4 species at -113 ppm were observed, characteristic of the silylated samples. 1 H MAS NMR spectroscopy revealed that during post-synthetic treatment all high hydrogen bonded silanol sites were healed, however, the total silanols concentration was almost doubled while increasing the Si/Al ratio from 2.0 to 4.0. The newly generated silanol sites were identified as isolated or weak/medium hydrogen bonded.

Synthesis of nanosized zeolites opens new opportunities for applications such as biomedicine where highly stable injectable nanomaterials are desired. The use of nanozeolites for cancer treatment holds a great promise since these materials can deliver O2 or drugs to treat cancer cells. The kinetics of the internalization process and the intracellular localization of nanosized zeolite X (FAU-X) into glioblastoma cells were studied. A rapid cell membrane adhesion of zeolite nanoparticles for less than 5 min in the cell medium was observed. Additionally, TEM and flow cytometry analyzes, confirmed that the zeolite nanoparticles accumulate over time into the cytoplasm and were mostly located into vesicles visible at least up to 6 days. No toxicity of zeolite nanoparticles was detected after 72 h. These results suggest that it is safe to use nanosized zeolites for biomedical applications.

Abstract (French)

Le CO2 est l'un des principaux gaz à effet de serre. Le développement et la caractérisation de nouveaux matériaux pour la capture et la séparation du CO2 sont d'une grande importance pour l'environnement. La zéolite chabazite (CHA) possède une excellente capacité de CO2 grâce à ses grandes cages. En outre, elle peut être synthétisée selon une approche respectueuse de l'environnement en utilisant un mélange de cations alcalins (c'est-à-dire Na + , K + et Cs + ). En suivant la cristallisation de la zéolithe CHA de taille nanométrique à l'aide de différentes méthodes élémentaires, microscopiques et spectroscopiques, nous avons constaté qu'en augmentant le temps de vieillissement de 4 à 17 jours, il est possible de synthétiser des cristaux de CHA dont la taille des particules est dix fois inférieure (60 vs 600 nm).

Le mélange de Na + , K + , et Cs + est nécessaire car (i) les cations Na + aident à solubiliser la source de Si et à obtenir une suspension colloïdale stable, (ii) une quantité élevée de K + aide à diriger la formation d'unités de construction secondaires (SBUs : d6r, 8MR) de la structure de type CHA pendant le traitement hydrothermique, et (iii) les cations Cs + favorisent la formation d'un ordre cristallin à longue portée résultant en la cristallisation de la zéolite chabazite.

Des études d'adsorption de CO2 et de N2 sur différentes formes alcalines de ces zéolithes nanométriques CHA (Na-, K-, et Cs-CHA) ont montré que (i) les cations Na + dans l'échantillon Na-CHA nanométrique ne bloquent pas les ouvertures des pores CHA (8MRs) aux molécules invitées (CO2 ou N2). Alors que (ii) l'échantillon de K-CHA nanosisé présente une capacité d'adsorption de CO2 élevée (4,5 mmol g -1 à 60 kPa et 273 K) et une très faible admission de molécules de N2 dans les résultats d'adsorption de gaz à un seul composant. (iii) L'échantillon de Cs-CHA de taille nanométrique présente des résultats similaires à ceux de l'échantillon de K-CHA ; cependant, la capacité d'adsorption du CO2 diminue de moitié (2,1 mmol g -1 contre 4,5 mmol g -1 ) en raison de la taille plus importante des cations Cs + et de la diffusion restreinte des molécules invitées qui en résulte. Le suivi de l'adsorption du CO2 par in situ FTIR a révélé que la physisorption est le principal mode d'adsorption du CO2 VII sur toutes les différentes formes alcalines de CHA. Par conséquent, la régénération de ces échantillons est facile et peut se faire sous vide ou par chauffage.

De plus, des méthodes spectroscopiques avancées (in situ FTIR et 1 H MAS NMR) ont révélé que l'échange d'ions des zéolithes CHA nanométriques avec des cations K + ou Cs + modifiait de façon significative la concentration en silanol. Ceci est dû au rôle stabilisateur des cations Cs + dans la structure du CHA, l'augmentation de la teneur en Cs + , de 1 à 10 cations par cellule unitaire, guérit 27 % des sites silanol.

Ces résultats ont été confirmés par des calculs DFT. De plus, en suivant l'adsorption de CO2 sur des échantillons de CHA de taille nanométrique avec différents contenus cationiques Cs + , il a été trouvé que lors de l'adsorption de CO2, la force de la liaison hydrogène augmente et que la capacité d'adsorption de CO2 est linéairement proportionnelle à la concentration totale de sites silanol de ces échantillons.

Enfin, et dans le but de synthétiser de nouveaux matériaux, une nouvelle méthode de post-synthèse simultanée de désalumination et de silylation a été développée pour augmenter le rapport Si/Al des CHA nanométriques. En utilisant cette nouvelle méthode, une série de zéolites CHA nanométriques ont été synthétisées avec des rapports Si/Al compris entre 2,0 et 4,0. La désalumination a été confirmée en utilisant la 29 Si MAS NMR alors que de nouvelles espèces Q 4 au déplacement chimique 29 Si de -113 ppm ont été observées, caractéristiques de l'étape de silylation. La spectroscopie 1 H MAS NMR a révélé que pendant le traitement post-synthétique, tous les sites silanol à forte liaison hydrogène ont été guéris ; cependant, la concentration totale de sites silanol a presque doublé lors de l'augmentation du rapport Si/Al de 2,0 à 4,0. Les sites silanol nouvellement générés ont été identifiés comme étant isolés ou faiblement/moyennement liés à l'hydrogène.

La synthèse des zéolithes en nano-dimension ouvre de nouvelles opportunités telles que les applications biologiques. L'utilisation des nanozéolites pour le traitement du cancer est très prometteuse puisque ces matériaux peuvent délivrer de l'oxygène ou des médicaments pour traiter les cellules cancéreuses. La cinétique du processus d'internalisation et la localisation intracellulaire de la zéolite X VIII nanométrique (FAU-X) dans les cellules de glioblastome ont été étudiées. Les images SEM ont montré une adhésion rapide des nanoparticules de zéolithe à la membrane cellulaire (< 5 min après application dans le milieu cellulaire). De plus, les images TEM et les analyses de cytométrie en flux ont confirmé que les nanoparticules de zéolite s'accumulent au fil du temps dans le cytoplasme et sont principalement localisées dans des vésicules visibles au moins jusqu'à 6 jours.

Aucune toxicité des nanoparticules de zéolithe FAU-X n'a été détectée après 24 et 72h. Ces résultats suggèrent qu'il est sûr d'utiliser des zéolithes nanométriques comme substrats de livraison dans des applications biomédicales.

Goals and composition of this Ph.D. thesis

The Ph.D. thesis started November 2019 with the following goals: (1) development of synthesis methodology for nanosized chabazite-type (CHA) zeolites,

(2) control of the crystal size and morphology of CHA nanocrystals free of organic templates, (3) understanding the roles of different alkali cations in synthesis of nanosized CHA, and (4) study the CO2 adsorption behavior of different alkali forms of CHA zeolites.

Chapters 1 to 6 present four consequent works to reach the goals of this Ph.D.

The crystallization process of nanosized CHA samples was studied in details (chapter 4). The CO2 adsorption properties of nanosized CHA samples were studied and the results are presented in chapters 3, 5, and 6. Chapter 7 presents a new method to alter the atomic order and distributions of silanol sites in nanosized CHA zeolites. The Si/Al ratio of nanosized CHA zeolites was tuned from 2.0 to 4.0 using post-synthesis treatment at various pH and addition of silica. Chapter 8 presents a novel application of nanosized zeolites in biomedicine related to the adsorption and controlled release of oxygen for glioblastoma treatment.

Goals and composition of this Ph.D. thesis (French)

La thèse de doctorat a débuté en novembre 2019 avec les objectifs suivants :

(1) développement d'une méthodologie de synthèse de zéolithes nanométriques de type chabazite (CHA), (2) contrôle de la taille des cristaux et de la morphologie des nanocristaux de CHA exempts de gabarits organiques, (3) compréhension des rôles des différents cations alcalins dans la synthèse de CHA nanométriques, et (4) étude du comportement d'adsorption du CO2 de différentes formes alcalines de zéolithes CHA.

Les chapitres 1 à 6 présentent quatre travaux conséquents pour atteindre les objectifs de ce doctorat. Le processus de cristallisation d'échantillons de CHA nanométriques a été étudié en détail (chapitre 4). Les propriétés d'adsorption du CO2 des échantillons de CHA nanométriques ont été étudiées et les résultats sont présentés dans les chapitres 3, 5 et 6. Le chapitre 7 présente une nouvelle méthode pour modifier l'ordre atomique et les distributions des sites silanol dans les zéolithes CHA nanométriques. Le rapport Si/Al des zéolites CHA nanométriques a été ajusté de 2,0 à 4,0 en utilisant un traitement post-synthèse à différents pH et l'ajout de silice.

Le chapitre 8 présente une nouvelle application des zéolithes nanométriques en biomédecine, liée à l'adsorption et à la libération contrôlée d'oxygène pour le traitement du glioblastome.

Chapter 1: General introduction 1.1. Methods for CO2 capture

Ever since the industrial revolution, the CO2 concentration in the atmosphere has been increased dramatically. 1,2 During the past two centuries the atmospheric CO2 concentration increased from 280 ppm to around 400 ppm, which is higher than at any time during the last 6500 centuries. 3 This increase is of great worldwide concern due to its environmental impact especially regarding climate change and ocean acidification. 2,3 To reduce the CO2 emissions, it is possible to reduce the consumption of carbon fuels and increase their efficiencies, or switching from these fuels to renewable energies. 2,4 Basically, to prevent CO2 emissions to the atmosphere, three steps are needed as described in Scheme 1: 1. CO2 capture/separation, 2. Compression, 3. Sequestration or recycling. Moreover, the most energy intensive step is the separation of CO2 from the gas mixture. 2,4,5 Scheme 1. General schematic representation of a CO2 capture/separation and storage process.

Among the CO2 capture and separation technologies, the most widely applied are the post-combustion capture, the oxyfuel combustion, the pre-combustion capture, and the supercritical CO2 cycles. 4 The amine-based post-combustion capture is today the most developed CO2 capture technology. Even if a significant progress has been made by technology vendors to reduce the energy penalty associated with amine sorbent regeneration, new cost-effective and highperformance technologies still need to be researched, and consequently, the design of new materials with the ability to efficiently and sustainably separate CO2 from other gases should be developed. 4 To reduce the CO2 emissions, the treatment of the following three sources are promising: (a) CO2 recovery from flue gas streams (CO2/N2), (b) CO2 separation from (shifted) syngas in hydrogen production (CO2/H2), and (c) CO2 removal from natural gas in natural and biogas sweetening (CO2/CH4). Table 1 shows the different characteristics of each stream. 2 Table 1. Typical gas stream compositions and benchmark conditions of CO2 separation processes. 2 Four technologies are developed for the CO2 capture/separation and are described and represented in Scheme 2: absorption, cryogenic distillation, membranes, and adsorption technologies. 2,4 Scheme 2. Schematic representation of the main CO2 separation technologies, absorption, adsorption, cryogenic distillation, and membranes.

Gas stream

Absorption

Removal of CO2 by solvent absorption can proceed either physically or chemically. Typical physical absorbents are ethers, alcohols or carbonyl compounds which can either form hydrogen bonds with CO2 molecules or interact by Lewis acidbase interactions. 4 For chemical absorption, amines are the most common and mature separation method especially in the natural gas sweetening applications 6 Upon contact with the amine, CO2 in the gas stream reacts chemically with the amine and is absorbed by it. The typical amine solvent used in the industrial level is monoethanolamine (MEA). 4 However, the major drawbacks of the absorption method are degradation of amines which can cause corrosion, regeneration of the rich amines, and environmental problems connected to evaporation of amines and degradation products of amines. 2

Cryogenic distillation

The cryogenic distillation technique utilizes the boiling point (TB) differences of gases. In this separation method, a mixture of gases is cooled down (from -100 to -135 °C) so that all gas components condense. Then, the liquid is progressively heated to control the evaporation of the gas components, while others remain in the condensed state. 4 This method has been used to separate atmospheric air into its

components; yet, it is a new technology for CO2 separation. 4 Typically, the CO2 separation using the cryogenic distillation focuses on the separation of CO2 (TB = -57 °C) from N2 (TB = -196 °C) and CH4 (TB = -164 °C). 4 The major drawbacks of this method are the high energy intensity and high cost of the refrigerants used to cool down the system. 6 Moreover, another disadvantage of this method is the need to remove the water from the feed stream because of ice formation during the process. 2

Membranes

A membrane is a selective barrier between two media, which can preferably pass one or several components under the effect of a particular driving force such as pressure or concentration difference between two sides of it. Membrane gas separation technology was one of the earliest applications of the membranes, as described by Thomas Graham in 1866, and it became an important research field ever since. 7,8 Membranes have proven to be a reliable technology for CO2 separation. 9 The main advantages of using membrane technology are listed here: i) small scale systems compared to other techniques, ii) relatively small environmental impact, iii) ease of incorporation into existing processes, iv) low energy consumption and, v) low operating costs. 4 Yet, having membranes which can compete with the other separation technologies, are challenging. Making high permeable and selective membranes, developing materials with good thermal/chemical resistance, and increasing the mechanical stability are challenges membrane technology has to face. 4

Adsorption

The adsorption technique uses a porous solid adsorbent material, such as zeolites, molecular sieves, activated carbons, or metal-organic frameworks (MOFs).

The gas stream is brought in contact with the bed and the gas components are cyclically physiosorbed/desorbed by the surface of the bed. 6 Utilizing porous solids gives some advantages over using solvent-based absorption systems, such as: easy operation, rapid adsorption rates, low system corrosion, almost no leakage as well as toxic chemicals contaminations, and low energy demand for adsorbent regeneration. 4

Zeolites

Zeolites are tetrahedrally coordinated aluminosilicates crystalline porous materials. [10][11][12][13] This specific interconnection forms a three-dimensional network structure, resulting in microporous space, channels and/or cavities, which gives them molecular sieve characteristics. [10][11][12][13] There are more than 250 types of synthetic zeolites, all of them listed on the International Zeolite Association website (IZA). 14 they are categorized by framework topology established by arrangement of primary, secondary and polyhedral building units. 10 The particle size of conventional zeolites are typically in the order of micrometers and are composed of aggregates of several individual crystals. 15 One of the major drawbacks of conventional zeolites is diffusion limitations, however, this can be addressed by decreasing the zeolite particle size. 10 Nanosized zeolites have dimensions of less than 200 nm and unlike conventional zeolites are typically composed of discrete particles (single crystals), exhibit greater external surface area, and possess a greater number of available active sites. 11,15,16 Zeolite-based adsorbents are advantageous compared to other porous materials due to their non-toxic nature, high thermal stability, high selectivity dictated by their structure and chemical composition, and affordability. 17,18 Zeolites can be divided into four different categories based on their pore sizes: (i) small (3.0-4.5 Å), (ii) medium (4.5-6 Å), (iii) large 6.0-8.0 Å), and (iv) extra-large (> 8.0 Å). 19 Smallpore zeolites are suitable candidates for CO2 capture from N2 or CHA4-containing mixtures; the kinetic diameters of these small molecules is similar (3.3, 3.6, and 3.8

Å for CO2, N2, and CH4 respectively). The CO2 capacity of different zeolites is already reviewed by Cheung and Hedin, 20 revealing that among the known small-pore zeolites the chabazite-type (CHA) has the highest CO2 capacities. 1,20 The CHA zeolite is described by a three-dimensional pore system containing supercages of 6.7

× 10 Å (t-cha) which are accessed by six 8MRs of 3.8 × 3.8 Å connected along the c-axis by double six-membered rings (d6rs). 1,21 Significantly different CO2 adsorption properties can be expected based on different composition of its T-sites or extraframework cationic environments in CHA zeolites (vide infra).

Synthesis of chabazite-type zeolite

Conventional synthesis methods for CHA zeolites involves utilization of organic structure-directing agents (OSDAs) (e.g. N,N,N-1-trimethyladamantammonium hydroxide (TMAdaOH)) to tune the Si/Al ratio from 2.9 to pure silica CHA. 22,23 Synthesizing CHA using TMAdaOH as OSDA is well studied in the literature and by using this approach, it is possible to tune the Si/Al ratio of CHA from 4.0 to all silica CHA. 22,24,25 Other examples of reported OSDAs to synthesize CHA structure are Choline chloride and Cu-tetraethylenepentamine (Cu 2+ TEPA) and presented in Fig. 1. 28 However, synthesis of zeolites using OSDAs have a relatively high cost, toxicity due to the presence of organic template, and require energy extensive calcination step to remove the template followed by release of CO2 in the atmosphere. 11,13 Thus, it is of great interest to synthesize CHA zeolites without using OSDAs for economic and environmental benefits. Typical OSDA-free synthesis routes of CHA are (i) interzeolite transformation of Al-rich FAU (Si/Al = 2.5) to CHA framework and (ii) utilizing a mixture of alkali cations (Na + , k + , and Cs + ) In a basic condition to direct CHA structure. 13,29,30 Both mentioned methods result in CHA crystals with Si/Al ratio of around 2.0. Si/Al ratio of 7.7 and a mixture of Na + , K + , and Cs + alkali cations. 31 However, TMAdaOH OSDA is still needed for the synthesis of the initial CHA seeds. 31 Goel et al. reported synthesis of various CHA crystals with Si/Al ratios of 11-19 using a double seeded interzeolite transformation method. 32 In their work, to prepare CHA crystals with Si/Al ratios of 11 to 19, seeds of Si-rich FAU (Si/Al = 40) and Al-rich CHA (Si/Al = 2.5) are needed. 32 The latter Al-rich CHA seeds may also be synthesized using another Interzeolite transformation synthesis using FAU seeds with Si/Al ratio of 2.5. 29,30,32 However, the final CHA crystals with Si/Al ratios of 11 to 19 suffer from significant loss in the crystallinity (up to 50%) and too many fabrication steps using this method. 32 However, rigid protocols are still missing in the literature to synthesize CHA zeolites without using OSDAs in the range of Si/Al ratios between 2.0-4.0.

Conclusions

CO2 is one of the main greenhouse gasses and it is a product of any combustion process. It is also present in the natural reservoir of our energy source (CH4 

Synthesis

To synthesize the CHA nanosized zeolites (labeled also as reference sample or AP-CHA), 0. To prepare different alkali forms of CHA nanosized zeolite, 250 mg of AP-CHA was ion-exchanged with 10 mL of 1 M NaCl, KCl, or CsCl (liquid/solid ratio of 40), and the mixture was stirred for 2 hours. Afterwards, the different alkali-metal forms of CHA nanocrystals were recovered by centrifugation and washed with water three times. This procedure was repeated three times and the recovered CHA nanocrystals were dried in an oven at 60 °C overnight. The ion-exchanged samples with Na + , K + and Cs + were labeled as Na-CHA, K-CHA, and Cs-CHA, respectively. 3 To prepare CHA nanosized zeolites with different Si/Al ratios, 200 mg of nanosized CHA reference sample (AP-CHA) was added to an already hydrolyzed TEOS in water (0.45-0.90 mmol TEOS in 3 g of water stirred for two hours) under stirring. The pH of the gel was adjusted using ammonia or hydrochloric acid followed by insertion of the gel into autoclaves and the samples were hydrothermally treated for 24 h at 90 °C. Finally, the resulted samples were purified by three cycles of centrifugation and washing with water followed by drying at 60 °C overnight.

To synthesize parent Na-form of faujasite-X zeolite (Na-FAU-X), Solution A was made by dissolving 2.5 g of NaOH in 3.0 g of water, followed by gradual addition of 0.297 g aluminum powder. The mixture was stirred until a clear solution was obtained.

Solution B was prepared by dissolving 1.1 g of NaOH in 1.0 g of water, followed by the addition of 10 g LUDOX HS-30. The resultant turbid suspension was placed in an oven at 100 °C for 5 min in order to obtain a clear suspension. After, Solution A was added dropwise to solution B in an ice bath, under vigorous stirring. The resulting clear suspension was aged at room temperature for 24 h under stirring followed by dehydration using freeze-drying in order to adjust the desired water content. The hydrothermal treatment was performed at 50 °C for 26 h. Na-FAU-X nanocrystals were diluted with 80 °C double distilled water, purified by centrifugation and finally redispersed in water to obtain a suspension with 2.5 wt% concentration of Na-FAU-X. 4,5 To obtained Gd-exchanged FAU-X, 5 mL of Na-FAU-X (2.5 wt%) was added to 25 mL of Gd (NO3)3⋅6H2O (3 mM) and stirred for 1 h at room-temperature. Afterwards, the sample was washed by water; this procedure was repeated twice and the final suspension was purified with water using high speed centrifugation and the sample was re-dispersed in water to obtain a suspension with 2.5 wt% concentration of Gd-FAU-X. 5 To obtain Ru(bpy)3-FAU, 0.128 g RuCl3, 0.06 g of LiCl, and 0.096 g of 2.2'bipyridyl were introduced in 5 mL of DMF. The solution was heated under stirring at 90 °C for 7 h and then left to cool down to room temperature. The obtained product was purified by crystallization in diethyl ether, dissolved in acetonitrile, and then passed over Büchner funnel to eliminate LiCl. The obtained red solution was added under N2 atmosphere to 300 mg of FAU readily preheated at 200 °C under vacuum for 2 h; the resulting suspension was stirred for 18 h at room temperature. At the end of the reaction, the powder was collected by centrifugation and washed several times with acetonitrile until the supernatant became colorless. The collected brownish zeolite was dispersed in 50 mL of ethanol, and then an excess of the ligand 2,20bipyridyl (0.528 g) was introduced. The mixture was refluxed for two days during which the color evolved from green to brownish-red to orange. The product (Ru(bpy)3-FAU) was separated by centrifugation and washed three times by acetonitrile and two times by ethanol using centrifugation. 6

Main characterization methods

Powder X-ray diffraction (XRD) was used to determine the crystalline phase of the samples. The technique is based on the diffraction patterns of X-rays by the atoms of a given sample, measuring the intensity versus different Bragg-Brentano angles (2θ). 7 This characterization method gives information regarding the longrange order of repetition through space. It emits X-ray photons onto the sample which generats interferences as a function of the symmetry. The more the solid is ordered, the more interference will be generated. 7 The photons are emitted toward the solid and are deflected in specifics directions depending on the crystal framework structure, and the photon wavelength. By measuring the angles and intensities of the diffracted photons, it is possible to gain insight in the geometry of the framework structure (size of unit cell, symmetries). Since each zeolite phase have different crystalline structure, their XRD patterns are also unique.

While long-range crystallinity is observed using XRD, short-range atomic orders can be investigated using nuclear magnetic resonance (NMR) spectroscopy. 8 NMR can be observed by atoms with non-zero spin values when placed in an external magnetic field. Not only each isotope has a different gyro magnetic moment, so the NMR analysis allows to observe each isotope independently, but also different atomic environments show different resonances. So, this technique is sensitive to chemical bonding, molecular conformation, inter-atomic distances, magnetic or electric interactions between nucleus, geometry, oxidation state, etc. 8 This method can be performed both in liquid and solid-state. In this thesis all the spectra were acquired using a magic angle (MAS = 54.74°). Table 1 summarizes the main NMR properties of the nuclei used in this thesis. Fourier transform infrared (FTIR) spectroscopy is one of the most widely used techniques to characterize zeolites. 9,10 FTIR has been used for zeolites in (i) investigation of framework properties, (ii) study of sites of the zeolite lattice, being relevant, e.g., for adsorption or catalysis, (iii) characterization of zeolite/adsorbate systems, and (iv) measurements related to the motion of guest molecules in the pores and cavities of the zeolites. FTIR spectra can be divided into three categories of (i) near IR which is the range of 12000 to 3000 cm -1 , middle IR from 4000 to 400 cm -1 (mostly used), and far IR for the range bellow 400 cm -1 . 9,10 Far infrared range is especially useful to observe framework vibrations of the zeolitic materials (i.e. KBr technique). Middle IR range is the most common and is widely used to observe information regarding active sites of zeolite by different probe molecules (ex. CO2). 9,10 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are both imaging techniques based on the interaction of electrons with matter.

Before the imaging, zeolites are dispersed in a solvent (i.e. water or ethanol) on a holey carbon grid for TEM imaging, or they are scattered on a carbon tape followed by metal (Pt/Pd) vapor deposition for SEM imaging. 10 In these techniques, electrons are directed with electromagnetic lenses, and a 2D projection of detected electrons is retrieved. The different between SEM and TEM is the mode of electron detection.

In SEM imaging, the reflected electrons are detected while in TEM, the transmitted electrons are detected for image construction. Due to the high interaction of electron with matter, only small sized samples can be analyzed in TEM. Both techniques are complementary, and can be adapted with add-on equipment such as energy dispersive spectroscopy (EDS) for elemental analysis. TEM resolution goes down to less than 1 Å while SEM resolution only goes down to 10-20 nm due to the less wavelength of electron beam used for TEM imaging, making TEM particularly efficient for detailed analysis of samples. 10 Thermo gravimetric analysis (TGA) is a thermal analysis in which changes in the mass of a sample is measured as a function of increasing temperature (constant heating rate), or as a function of time (constant temperature). TGA can bring about information about second order physical transition (such as adsorption, desorption, chemisorption, de-composition, etc.).

Inductively coupled plasma analysis combined with mass spectrometry (ICP-MS) technique was used to assess the elemental compositions of zeolite samples. This is done by digestion of 50 mg of a zeolite sample in a mixture of aqua regia (HCl+HNO3) and hydrofluoric acid (HF), in closed PTFE vessels at 90 °C. The HF is then neutralized using boric acid (H3BO4). Then, the final solution is diluted with water to a certain concentration prior analysis. The ICP-MS analysis consists in the atomization/ionization of the elements contained in the analyte solution using high energy Ar-plasma. The ionized elements are then accelerated in a mass spectrometer, allowing the acquisition of the mass spectrum of the analyte solution.

This analytical method is efficient in determining with precision low amount of most of the isotopes in a given sample. However, the precision of the equipment is highly dependent on possible environmental contaminations of the samples, and on the efficiency of the sample digestion process.

The gas adsorption is one of the most powerful and widely applied methods to study physical adsorption and textural characterization of porous materials to acquire information regarding surface area, pore volume and sizes, etc. 11 Moreover, it could be used to assess ideal separation performances of different gasses species such as CO2, CH4, N2. Physisorption occurs when the adsorbate gas (adsorptive) interact with the surface of a solid (adsorbent). During such process chemical bonds are not being broken or formed as only van der Waals forces are involved. Nitrogen adsorption at 77 K is being used widely as a standard method to characterize porosity of porous materials. According to updated IUPAC recommendations, the isotherms are classified into six types as presented in Fig. 1. 12,13 Fig. 1. IUPAC classification of physisorption isotherms. 12,13 The type I(a) and I(b) isotherms are characteristic for microporous materials with pore width < 0.7 nm and 0.7 -2 nm, respectively. Type II isotherms are found in non-porous or macroporous materials, govern by mono-and then multi-layer surface adsorption. 12,13 Point B usually indicates the completion of the monolayer coverage.

Type III isotherm is also typical for nonporous or macroporous solids, but in this case the lack of Point B indicates very weak adsorbent adsorbate interactions. Type IV(a)

and IV (b) isotherms are representative for mesoporous materials. Type IV(a)

isotherm presents a hysteresis appears when the pores of the samples are wider than 4 nm. 12,13 While in type IV(b) isotherm, the absence of hysteresis loop indicates completely reversible process characteristic for mesopores of smaller pores.

Additionally, type IV(b) isotherms appear when the analysis is performed on conical and cylindrical mesopores that are closed at the tapered end. The shape of type V isotherm is comparable to type III at low relative pressures, indicating weak adsorbent-adsorbate interactions. However, with increasing relative pressure the pore filling process begins, which is usually seen in case of water adsorption on hydrophobic microporous and mesoporous solids. Type VI isotherm represents typical layer-by-layer adsorption on nonporous surfaces. 

Introduction

Zeolites are microporous materials with an important role in chemical industries; they are catalysts, gas adsorbents and ion exchangers participating in many processes. [1][2][3] Different approaches were applied to control the accessibility and selectivity of zeolites and consecutively manipulate the guest molecules' admission and release. [4][5][6][7] The observed selectivity towards adsorbed and separated gas molecules was recently regarded as result of zeolite frameworks' flexibility. 8 These flexing structures were studied and the relevant characterization techniques revealing zeolite flexibility were documented. 8 Yet, there is no general established definition in the literature for the "flexibility of zeolites". This latter may be defined as a reversible framework deformation, an intrinsic property of zeolitic frameworks due to the string-like behavior of Si-O and Al-O bonds and the distortion of Si-O-Al and Si-O-Si angles as a response to an outside trigger such as gas adsorption/desorption, changes in chemical composition, temperature, or pressure. 5,[9][10][11] This string-like distortion behavior was used in the development of flexible force fields parameters for modeling of porous materials (zeolites) using as Monte Carlo calculations or molecular dynamics simulations for many years. [12][13][14][15][16][17][18][19][20] These models allow to simulate the dynamics related parameters in zeolites such as diffusion coefficients. [21][22][23][24][25] Moreover, theoretical calculations of minimum and maximum possible framework densities showed that above 97 % of zeolitic frameworks exhibit a flexible window in their all silica forms and almost all of them show some degree of flexibility in their aluminosilicate forms. [26][27][28] As a result of these framework density calculations, twenty five zeolitic frameworks were highlighted as potential extensively flexible structures: ACO, AST, ASV, DFO, EAB, EMT, ERI, FAU, KFI, LEV, LTA, LTL, MER, MOZ, MTN, OFF, PAU, RHO, SAS, SOD, SSF, TSC, UFI, UOS, and UOZ. 29,30 The term flexible window and their related parameters are merely theoretical and they have been used to predict the synthesis of millions of hypothetical zeolitic frameworks as future possibility. 29,31 However, a cohesive experimental factor describing the zeolites flexibility is still not established. Different aspects of zeolite flexibility are not explored fully. So far, the different aspects of zeolite flexibility can be summarized in three categories: (i) thermodynamically-induced deformations, (ii) guest-induced deformations, and (iii) compositionally-induced deformations.

Thermodynamically-induced deformations

Temperature-induced deformations

The change in zeolites' lattice parameters as a response to temperature change was the first to be highlighted in literature. [32][33][34][35][36] The most prominent example is the work reported for RHO zeolite in 1984. 32 RHO zeolite has shown a unit cell deformation and subsequently, a change in its symmetry from acentric (I-43m) to centric (Im-3m) when heated from 11 to 573 K and these results were supported by both theoretical and experimental proofs. 33,37,38,38 Another example is the encapsulation of Ar and Kr atoms (kinetic diameters of 3.3 and 3.6 Å, respectively) inside sodalite framework with pore diameter of 2.4 Å. 39 Admission of these gasses were possible by deforming the sodalite framework in elevated temperatures. This was also supported by molecular dynamics simulations. 40 Similar behavior was observed for other zeolite topologies e.g. MFI, MEL , CHA, etc. 34,41,42 The temperature-induced zeolite flexibility is not limited to the deformations of the zeolite lattice; structural changes within the frameworks are also triggered by temperature changes. 35,36,43,44 For example, if cadmium-exchanged zeolite RHO (Cd-RHO) is heated up to 300 °C, the pore blocking Cd 2+ cations relocate from the double eight-ring to the six-ring site which is 5.7 Å apart. 35 This phenomenon were also reported for Ba 2+ and Sr 2+ cations which migrate from single to double eight-rings of RHO. 36 Another well-known example for cationic movements triggered by temperature is potassium exchanged CHA zeolite (K-CHA). 10 By increasing the temperature of K-CHA, it is possible to open its pores, and relocating the blocking K + cations. 10 This behavior is of great importance for gas storage applications and was observed for different zeolitic frameworks. [43][44][45] 

Pressure-induced deformations

Reversible zeolitic framework deformation when triggered by external pressure exhibits a threshold pressure limit. Beyond that pressure, an irreversible change in the zeolite topology occurs reaching amorphization at high pressures. 11,[46][47][48][49] The threshold pressure limit is a distinct quality of zeolite frameworks. 11,46,47 The flexibility observed in zeolites under pressure is mainly governed by tilting of rigid tetrahedra around O atoms that behave as hinges within the framework. 50 The channel content, i.e. adsorbed gasses (H2O, CO2, etc.) or extra-framework cations, governs the compressibility of the cavities, leading to different degrees of unit cell volume changes. 50 For instance, sodium-exchanged LTA (Na-LTA) and natural yugawaralite zeolites can exhibit 18.4 % and 15 % reversible volume changes, respectively, while they are under non-penetrating pressure medium up to 10 GPa. 51 All zeolites related to the ANA framework family with initial space groups of Ia-3d, I41/a, Ia-3d, and I2/a for analcime 52 , leucite 53 , pollucite 54 , and wairakite [START_REF] Ori | Pressure-Induced Structural Deformation and Elastic Behavior of Wairakite[END_REF] , respectively change and converge their symmetry to triclinic (P-1) under pressures as low as 1.08 GPa followed by reducing the Si-O-T angle from 150 to 123°. 47,[START_REF] Sartbaeva | Flexibility Window Controls Pressure-Induced Phase Transition in Analcime[END_REF][START_REF] Wells | Flexibility Windows and Phase Transitions of Ordered and Disordered ANA Framework Zeolites[END_REF][START_REF] Sartbaeva | Framework Flexibility and Rational Design of New Zeolites for Catalysis[END_REF] Similar behavior was observed for NAT zeolite with reduction of its Si-O-T angle from 133 to 119° under 8.5 GPa of pressure. [START_REF] Gatta | A Comparative Study of Fibrous Zeolites under Pressure[END_REF][START_REF] Ballone | High-Pressure Deformation Mechanism in Scolecite: A Combined Computationalexperimental Study[END_REF][START_REF] Comodi | High-Pressure Structural Behaviour of Scolecite[END_REF] CHA and MFI zeolites show 10% and 16% volume changes under pressure up to 8 GPa, respectively. 11,47 ZK-5, RHO, and sodalite zeolites with frameworks KFI 46 , RHO 38,[START_REF] Lee | Discovery of a Rhombohedral Form of the Li-Exchanged Aluminogermanate Zeolite RHO and Its Pressure-, Temperature-, and Composition-Induced Phase Transitions[END_REF][START_REF] Corbin | Flexibility of the Zeolite RHO Framework: In Situ x-Ray and Neutron Powder Structural Characterization of Divalent Cation-Exchanged Zeolite RHO[END_REF][START_REF] Lee | Phase Transition of Zeolite RHO at High-Pressure[END_REF] , and SOD 26,[START_REF] Knorr | Compression Mechanism of Cubic Silica Sodalite [Si12O24]: A First Principles Study of the Im3̅ m to I4̅ 3m Phase Transition[END_REF][START_REF] Werner | Single Crystal Study of Sodalite at High Pressure[END_REF] , respectively with initial space group of Im-3m change their symmetry to I4/mmm, I-43m, and I-43m, correspondingly under pressure.

Guest-induced deformations

The first trials to describe guest-induced flexibility in zeolites were done using molecular dynamics simulations. [START_REF] Zimmermann | In-Depth Study of the Influence of Host-Framework Flexibility on the Diffusion of Small Gas Molecules in One-Dimensional Zeolitic Pore Systems[END_REF][START_REF] Vlugt | Influence of Framework Flexibility on the Adsorption Properties of Hydrocarbons in the Zeolite Silicalite[END_REF][START_REF] Leroy | Self-Diffusion of n-Alkanes in Silicalite Using Molecular Dynamics Simulation: A Comparison between Rigid and Flexible Frameworks[END_REF][START_REF] Guliants | Force Fields for Classical Atomistic Simulations of Small Gas Molecules in Silicalite-1 for Energy-Related Gas Separations at High Temperatures[END_REF] Rigid zeolitic force fields were dynamically modified using transition state theory to include lattice flexibility and the results obtained by these new models were in a good agreement with the experimental data. [START_REF] Zimmermann | In-Depth Study of the Influence of Host-Framework Flexibility on the Diffusion of Small Gas Molecules in One-Dimensional Zeolitic Pore Systems[END_REF][START_REF] Vlugt | Influence of Framework Flexibility on the Adsorption Properties of Hydrocarbons in the Zeolite Silicalite[END_REF][START_REF] Leroy | Self-Diffusion of n-Alkanes in Silicalite Using Molecular Dynamics Simulation: A Comparison between Rigid and Flexible Frameworks[END_REF][START_REF] Awati | Efficient and Accurate Methods for Characterizing Effects of Framework Flexibility on Molecular Diffusion in Zeolites: CH4 Diffusion in Eight Member Ring Zeolites[END_REF][START_REF] Caro-Ortiz | Effects of Framework Flexibility on the Adsorption and Diffusion of Aromatics in MFI-Type Zeolites[END_REF] It was shown that framework flexibility in silicalite (MFI framework) is responsible of the adsorption of big molecules such as isobutane and heptane with inflection behavior at high loadings, [START_REF] Vlugt | Influence of Framework Flexibility on the Adsorption Properties of Hydrocarbons in the Zeolite Silicalite[END_REF] while enhanced self-diffusivity at low loadings of short alkanes (i.e. methane and n-butane) was observed. [START_REF] Leroy | Self-Diffusion of n-Alkanes in Silicalite Using Molecular Dynamics Simulation: A Comparison between Rigid and Flexible Frameworks[END_REF] Framework flexibility is also crucial for accurate aromatics adsorption calculations on MFI zeolite especially at high pressures. [START_REF] Caro-Ortiz | Effects of Framework Flexibility on the Adsorption and Diffusion of Aromatics in MFI-Type Zeolites[END_REF][START_REF] Caro-Ortiz | Adsorption of Aromatics in MFI-Type Zeolites: Experiments and Framework Flexibility in Monte Carlo Simulations[END_REF] While using rigid zeolitic models underestimates the aromatics adsorption in MFI zeolite by a factor of two. [START_REF] Caro-Ortiz | Effects of Framework Flexibility on the Adsorption and Diffusion of Aromatics in MFI-Type Zeolites[END_REF][START_REF] Caro-Ortiz | Adsorption of Aromatics in MFI-Type Zeolites: Experiments and Framework Flexibility in Monte Carlo Simulations[END_REF] Using flexible models to simulate diffusion coefficients of various alkanes in silicalite zeolite resulted almost one order of magnitude lower than those obtained using rigid zeolite models. [START_REF] O'malley | Molecular Dynamics Simulations of Longer N-Alkanes in Silicalite: A Comparison of Framework and Hydrocarbon Models[END_REF] These values were much closer to the experimental findings which is another proof of guestinduced deformations in zeolites. [START_REF] O'malley | Molecular Dynamics Simulations of Longer N-Alkanes in Silicalite: A Comparison of Framework and Hydrocarbon Models[END_REF] For the diffusion of small gas molecules such as methane through AFI and LTL pores, larger diffusion coefficients were calculated and measured for high loadings. [START_REF] Zimmermann | In-Depth Study of the Influence of Host-Framework Flexibility on the Diffusion of Small Gas Molecules in One-Dimensional Zeolitic Pore Systems[END_REF] Calculations of methane adsorption in LTA zeolites showed that using flexible zeolitic models largely influences the diffusion coefficients and it is dependent on the type of extra-framework cations, the loading of methane in the structure, and the force field parameter used for simulations. [START_REF] García-Sánchez | Modeling Adsorption and Self-Diffusion of Methane in LTA Zeolites: The Influence of Framework Flexibility[END_REF] Small-pore ITQ-55 zeolite with minimal pore aperture diameter of 2.38 Å showed expansion of these minimal aperture to 3.08 Å while ethylene is adsorbed which was used for separation of ethylene from ethane with superior selectivity of ~100, owing to this zeolite's framework flexibility. [START_REF] Bereciartua | Control of Zeolite Framework Flexibility and Pore Topology for Separation of Ethane and Ethylene[END_REF] Experimental water adsorption on Na-LTA zeolite showed a phase transition with firstly a small contraction followed by expansion of the LTA framework, suggestive of a hydration-driven flexibility transition, with a two phase region separating hydrated zeolite A from its dehydrated form. [START_REF] Guo | Hydration Dynamics in Zeolite A -An X-Ray Diffraction and Infrared Spectroscopic Study[END_REF] Moreover, it was also found experimentally that preferential water adsorption sites are in the beta cages of zeolite A. [START_REF] Castillo | Water Adsorption in Hydrophilic Zeolites: Experiment and Simulation[END_REF][START_REF] Guo | Thermodynamic Evidence of Flexibility in H2O and CO2 Absorption of Transition Metal Ion Exchanged Zeolite LTA[END_REF] Thus, water molecules diffusion can only be simulated when flexible models are employed. [START_REF] Castillo | Water Adsorption in Hydrophilic Zeolites: Experiment and Simulation[END_REF] Water adsorption in silicalite (MFI) showed a transition from monoclinic to orthorhombic and this behavior was successfully modeled using flexible framework parameters during molecular dynamics simulations. [START_REF] Bordat | Host and Adsorbate Dynamics in Silicates with Flexible Frameworks: Empirical Force Field Simulation of Water in Silicalite[END_REF] Similar behavior was recorded for both water and CO2 adsorption on Na + and Rb + forms of gismondine (Na-GIS and Rb-GIS) where the ellipticity of the pores of the guest-molecule empty of these samples reduces significantly upon CO2

and water adsorption to more circular shape with up to 14 % expansion of the unit cell volume. [START_REF] Choi | Framework Flexibility-Driven CO2 Adsorption on a Zeolite[END_REF] Ni exchanged zeolite Y (FAU framework type) undergoes a series of structural rearrangements during dehydration from 293 to 673 K. During which the Ni 2+ cations start migrating towards tightly confined sites when water molecules desorb, thus a unit cell contraction happens with a strong deformation of the hexagonal prism of FAU framework. [START_REF] Louisfrema | Cation Migration and Structural Deformations upon Dehydration of Nickel-Exchanged NaY Zeolite: A Combined Neutron Diffraction and Monte Carlo Study[END_REF] Similar behavior was also observed for Na-Y sample. [START_REF] Guo | The Thermodynamics of Gas Absorption and Guest-Induced Flexibility in Zeolite Y. Microporous Mesoporous Mater[END_REF] All these studies suggested the zeolite framework deformation in presence of guest molecules. The best example is still the dehydration of RHO zeolite which shows fifty percent shrinkage of its pore while changing the pores' shape from circular to elliptical, a totally reversible behavior after adsorption of H2O or CO2 molecules. 9,42,84-86

Cation gating phenomenon

Similar to cationic relocations within zeolite frameworks triggered by temperature (vide supra), it is shown in the literature that sorption of guest molecules can also trigger such cationic movements. 9,[START_REF] Gor | Adsorption-Induced Deformation of Nanoporous Materials-A Review[END_REF][START_REF] Shang | Discriminative Separation of Gases by a "Molecular Trapdoor" Mechanism in Chabazite Zeolites[END_REF] Using electron spin resonance spectroscopy, the migration of iron cations inside the FAU cages was observed after dehydration. [START_REF] Włoch | Cation Environment and Migration in Iron-Exchanged Zeolite Na Y Studied by ESR[END_REF] These cationic relocations are known as "cation gating" phenomenon (also known as "trapdoor behavior"), they were proposed simultaneously by P. Wright and P. Webley and co-workers in 2012. [START_REF] Shang | Discriminative Separation of Gases by a "Molecular Trapdoor" Mechanism in Chabazite Zeolites[END_REF][START_REF] Lozinska | Understanding Carbon Dioxide Adsorption on Univalent Cation Forms of the Flexible Zeolite Rho at Conditions Relevant to Carbon Capture from Flue Gases[END_REF] It was shown that the gating movement of cations is responsible for opening or closing the pore access depending on the nature of guest molecules. [START_REF] Shang | Discriminative Separation of Gases by a "Molecular Trapdoor" Mechanism in Chabazite Zeolites[END_REF][START_REF] Lozinska | Understanding Carbon Dioxide Adsorption on Univalent Cation Forms of the Flexible Zeolite Rho at Conditions Relevant to Carbon Capture from Flue Gases[END_REF][START_REF] De Baerdemaeker | Trapdoors in Zeolites[END_REF] The extra-framework cations reject or admit the guest molecules based on their attraction and repulsion with them. 6,[START_REF] De Baerdemaeker | Trapdoors in Zeolites[END_REF][START_REF] Lozinska | Cation Gating and Relocation during the Highly Selective "Trapdoor" Adsorption of CO2 on Univalent Cation Forms of Zeolite Rho[END_REF] Based on DFT calculations, door-keeper cations have to pay an energy penalty to move away from the center of pore aperture (thus allow gas admission) in a typical trapdoor zeolite (such as Cs-CHA, Li-RHO, Na-RHO, etc.). [START_REF] Guo | Thermodynamics of H2O and CO2 Absorption and Guest-Induced Phase Transitions in Zeolite RHO[END_REF][START_REF] Lozinska | Cation Gating and Relocation during the Highly Selective "Trapdoor" Adsorption of CO2 on Univalent Cation Forms of Zeolite Rho[END_REF][START_REF] Shang | A Density Functional Theory Study for the Adsorption of Various Gases on a Caesium-Exchanged Trapdoor Chabazite[END_REF] The difficulty of this pore opening process is reflected by the energy barrier associated with the cation movement path from its most stable position (where it blocks the entrance of the pore aperture) to the second most stable one inside the zeolite (where the pore aperture is open). [START_REF] Shang | A Density Functional Theory Study for the Adsorption of Various Gases on a Caesium-Exchanged Trapdoor Chabazite[END_REF] The energy difference between these two configurations can qualitatively feature the actual energy barrier. The presence of polarizable gas molecules that possess some sort of dipole or quadrupole interactions with the door-keeper cations (such as CO2 and CO) can substantially lower the energy difference, whereas those non-polar molecules (such as N2, CH4, and H2) can hardly change the energy difference. [START_REF] Shang | A Density Functional Theory Study for the Adsorption of Various Gases on a Caesium-Exchanged Trapdoor Chabazite[END_REF] Hence, the polarizable guest molecules (ex. CO2) induce the doorkeeper cations to move out from the center of the pores of the zeolite and selectively admit CO2 to the CHA or RHO structure while rejecting nonpolar molecules such as N2 and CH4. 3,10,[START_REF] Shang | Discriminative Separation of Gases by a "Molecular Trapdoor" Mechanism in Chabazite Zeolites[END_REF][START_REF] De Baerdemaeker | Trapdoors in Zeolites[END_REF][START_REF] Shang | A Density Functional Theory Study for the Adsorption of Various Gases on a Caesium-Exchanged Trapdoor Chabazite[END_REF][START_REF] Shang | Potassium Chabazite: A Potential Nanocontainer for Gas Encapsulation[END_REF][START_REF] Shang | Adsorption of CO2, N2, and CH4 in Cs-Exchanged Chabazite: A Combination of van Der Waals Density Functional Theory Calculations and Experiment Study[END_REF] Another interpretation of the "cation gating" phenomenon namely "swinging door" mechanism focuses on the thermal motions of door-keeper cations rather than its movement. [START_REF] Coudert | Molecular Insight into CO2 "Trapdoor" Adsorption in Zeolite Na-RHO[END_REF] Based on this interpretation, the amplitude of the thermal motion of the door-keeper cations is always large and that CO2 is able to squeeze in while the gate is swinging because of the stronger attraction to the framework (quadrupole interactions of CO2 and the cations) while nonpolar guests such as methane cannot. [START_REF] Coudert | Molecular Insight into CO2 "Trapdoor" Adsorption in Zeolite Na-RHO[END_REF] The consequence of the "cation gating" phenomenon, regardless of which interpretations ("trapdoor behavior" or "swinging door" mechanism) are true, is superior selectivities for separation of CO2 from CH4 or N2 (CO2/CH4 up to 583 and CO2/N2 up to 688 for K-CHA with Si/Al = 1.9). [START_REF] Du | An Optimal Trapdoor Zeolite for Exclusive Admission of CO2 at Industrial Carbon Capture Operating Temperatures[END_REF] In addition, a high opportunity is available to design materials for gas separation applications, already proved experimentally by many works. 3,10,[START_REF] Shang | Discriminative Separation of Gases by a "Molecular Trapdoor" Mechanism in Chabazite Zeolites[END_REF][START_REF] De Baerdemaeker | Trapdoors in Zeolites[END_REF][START_REF] Shang | A Density Functional Theory Study for the Adsorption of Various Gases on a Caesium-Exchanged Trapdoor Chabazite[END_REF][START_REF] Shang | Potassium Chabazite: A Potential Nanocontainer for Gas Encapsulation[END_REF][START_REF] Shang | Adsorption of CO2, N2, and CH4 in Cs-Exchanged Chabazite: A Combination of van Der Waals Density Functional Theory Calculations and Experiment Study[END_REF][START_REF] Verbraeken | Understanding CO2 Adsorption in a Flexible Zeolite through a Combination of Structural, Kinetic and Modelling Techniques[END_REF] Compositionally-induced deformations

Compositional changes in zeolites were also shown to play an important role in framework flexibility. The calcium exchanged deuterated RHO zeolite is a clear example, partial exchange of deuterium with calcium in RHO zeolites resulted in 21% decrease in its unit cell volume. [START_REF] Corbin | Flexibility of the Zeolite Rho Framework. Neutron Powder Structural Characterization of Ca-Exchanged Zeolite Rho[END_REF] Depending on the cationic composition, RHO zeolites have shown significantly different unit cell volume, pore diameter, and pore shapes. [START_REF] Corbin | Flexibility of the Zeolite RHO Framework: In Situ x-Ray and Neutron Powder Structural Characterization of Divalent Cation-Exchanged Zeolite RHO[END_REF][START_REF] Corbin | Flexibility of the Zeolite RHO Framework: Effect of Dehydration on the Crystal Structure of the Beryllophosphate Mineral, Pahasapaite[END_REF]100 For example, a proton form of RHO (H-RHO) shows a circular pore size of 3.9 Å while a lithium form shows an elliptical pore size of 1.9 Å. 5 This is attributed to the polarizing power of these cations. 101 Similarly, different alkali (Li + , Na + , K + , Rb + , and Cs + ) 102,103 and alkaline earth (Mg 2+ , Ca 2+ , Sr 2+ , and Ba 2+ ) 104 forms of zeolites PST-3 and PST-4 (NAT framework) show significantly different pore shape and sizes with unit cell volumes ranging from ~2120 Å 3 (for Li-form of natural NAT) to ~2680 Å 3 (for Cs-PST-4). Using different alkali cations, it is possible to tune the pore opening of different GIS samples with final unit cell volumes of 877, 853, and 851 Å 3 for Na-GIS, K-GIS, and Rb-GIS, respectively. [START_REF] Choi | Framework Flexibility-Driven CO2 Adsorption on a Zeolite[END_REF] The tuneability of the pore diameter of LTA by changing the chemical composition of extra-framework cations is another good example. 105 Sodium form of LTA presents a pore diameter of 4 Å that can be reduced to 3 Å by exchanging 40% of sodium by potassium. 105 It was found that the flexibility of LTA zeolite depends also heavily on the Al content. 106 Larger Al amounts result in longer Al-O bond lengths and more flexibility of Si-O-Al bridging angles which creates a more open and more flexible framework. 106 The ability to engineer the pore diameter and pore shape of zeolites is another important aspect of zeolite flexibility especially for gas separation applications.

Evaluation of zeolites' framework flexibility

A major effort to identify and explain flexibility in zeolites was done by Sartbaeva and co-workers 107 , they have analyzed the geometry of the structural polyhedra in fourteen pure silica zeolites structures determining a flexibility window explained by the coulombic inflation: a repulsion between close oxygen atoms that appeared to play a role in stabilizing the open frameworks of zeolites when dehydrated. 107,108 The flexibility index is defined as the ratio of the maximum over the minimum feasible framework densities for a particular framework type (ρmax/ρmin). 108,109 It has been tabulated for most of the known zeolite framework types but remains a limited descriptor of actual framework flexibility because most framework types can be folded along multiple paths starting from the maximum symmetry point, which almost always occurs at the minimum framework density. 109 Furthermore, real zeolite materials tend to occupy the low-density end of the flexibility window, so flexibility behavior at higher densities may not play a key role in determining flexibility in this method. 109 In addition, to compare the flexibility of different zeolitic frameworks to each other (both pure silica and aluminosilicates), and perhaps to other porous materials like Metal Organic Frameworks (MOF), a quantitative parameter is missing in the literature.

Having this in mind, the selection of a characterization technique that describe the zeolitic porous network under equilibrium adsorption conditions maybe a key step in determining such parameter and an immediate prospect of this perspective review.

As it is mentioned, zeolitic flexibility is an intrinsic quality of different frameworks and More works are required to establish a protocol targeting experimental evaluation of zeolite flexibility. This can substantially help in designing smart materials for selective separation or catalysis in porous materials.

Conclusions and outlook

In 

Chapter 4: Role of mixed alkali metal cations on the formation of nanosized chabazite zeolite from colloidal precursor suspension

This work is published as a research article with the following citation: 

Abstract:

A clear understanding of the crystal formation pathways of zeolites remains one of the most challenging issues to date. Here we investigate the synthesis of nanosized chabazite (CHA) zeolites using organic template-free colloidal suspensions by varying the time of aging at room temperature and the time of hydrothermal treatment at 90 °C. The role of mixed alkali metal cations (Na + , K + , Cs + ) on the formation of CHA in the colloidal suspensions was studied.

Increasing the aging time of the precursor colloidal suspension from 4 to 17 days resulted in faster crystallization of CHA nanocrystals (3 h instead of 7 h at 90 °C) to afford significantly smaller particles (60 nm vs 600 nm). During the crystallization a considerable change in the content of inorganic cations in the recovered solid material was observed to coincide with the formation of the CHA nanocrystals. The Na + cations were found to direct the formation of condensed and pre-shaped aluminosilicate particles in the colloidal precursor suspensions, while K + cations facilitated the formation of secondary building units (SBUs) of the CHA type framework structure such as d6r and cha cages, and the Cs + cations promoted the longrange crystalline order facilitating the crystallization of stable zeolite nanocrystals. Alkali metal cations influence the CO2 adsorption capacity of nanosized chabazite: modeling vs experiment

Introduction

Zeolites play a critical role in industrial applications such as separation and catalysis due to their molecular-sized pore openings (0.3-2 nm) and shape selectivity. [1][2][3][4] Zeolites consist of ordered corner-sharing TO4 tetrahedra (typically T = Si, Al) which can be arranged to produce a variety of different frameworks allowing for the tuning of their chemical and physical properties. 5,6 The particle size of conventional zeolites are typically in the order of micrometers and are composed of aggregates of several individual crystals. 7 Due to their size one of the major drawbacks of conventional zeolites is diffusion limitations, however, this can be addressed by decreasing the zeolite particle size. 8 Nanosized zeolites have dimensions of less than 200 nm and unlike conventional zeolites are typically composed of discrete particles (single crystals), exhibit greater external surface area, and possess a greater number of available active sites. 5,7,9 There are several methods for synthesizing nanozeolites including from clear suspensions, 10,11 using crystal growth inhibitors, 12 confined space synthesis, 13,14 and from organic solvents. 15,16 Features shared across these synthesis methods include the use of a basic synthesis media, an organic structure-directing agent (OSDA), and amorphous sources of silica and alumina. The formation of nanozeolites is typically achieved by heating the reaction mixture in a sealed reactor. 9 However, nanozeolites synthesized using OSDAs have a relatively high cost, toxicity due to the presence of organic templates, and require a post-synthetic calcination that can cause partial collapse of the zeolite structure and necessitates additional energy and release of CO2. 5 A promising alternative for the synthesis of nanozeolites is the organic template-free method. 17 In this method the ionic interactions of cations with SiO44and AlO45-tetrahedra are used to direct the formation of the nanozeolites. 5 In addition, the nanozeolites are prepared at relatively low temperatures (e.g. < 100 °C)

to favor the uniform nucleation of particles with a similar size. 5 By careful tuning of the type and content of cations, aging time, and hydrothermal temperature, various zeolites with nanoscale dimensions have been synthesized without the use of OSDAs. 3,[17][18][19] However, key aspects of the organic template-free method such as the crystal formation and the role of different cations in directing the zeolite structure require further investigation.

We recently reported the synthesis of nanosized chabazite (CHA) using a highly alkaline mixture containing three monovalent alkali metal cations as templates (Na+, K+, and Cs+). 20 The CHA framework is described by a three-dimensional pore system containing super cages of 6.7 × 10 Å which are accessed by eight-membered rings (8MRs) of 3.8 × 3.8 Å. 21 Here, we describe the crystal formation in two series of samples from colloidal precursor suspensions by varying the aging time and the synthesis time resulting in nanosized CHA zeolites with different particle sizes (60 nm and 600 nm). The role of the mixed inorganic cations in directing the CHA structure was identified. The combination of ICP-MS and EDX analyses revealed the dynamic exchange of cations between the amorphous and crystalline nanoparticles during the hydrothermal synthesis in the colloidal precursor suspensions. Of note, the Si/Al ratio of the fully crystalline CHA remained constant for both series (Table S1).

Experimental

Materials and synthesis

All reagents were used as received unless otherwise specified. Sodium 

Sample characterization

Powder X-ray diffraction (XRD) patterns of zeolites were collected with a PANalytical X'Pert Pro diffractometer equipped with a Johansson monochromator using the Cu Kα1 radiation (λ = 1.540598 Å). Scanning electron microscopy (SEM)

of samples was performed using a Tescan Mira I LMH under 20 kV. Energy dispersive X-ray (EDX) analysis of samples was performed using two Bruker XFLASH 6/30 EDX cameras. The crystal size and morphology of solids were determined by high-resolution transmission electron microscopy (HR-TEM) using a FEI LaB6 TECNAI G2 30UT operated at 300 kV. Viscosity measurements of the colloidal suspension of series K04 and K17 were performed using a rotational rheometer from Kenexus and a PU20 SC0085 SS geometry.

Magic-angle spinning nuclear magnetic resonance (MAS NMR) spectra of 27 Al, 29 Si, 23 Na and 133 Cs nuclei were recorded with a single pulse on a Bruker Avance 400 MHz (9.4 T) spectrometer using 4 mm-OD zirconia rotors with a spinning frequency of between 12 and 14 kHz. Details are listed in Table S2.

The FTIR spectra of samples were recorded with a Nexus IR spectrometer (1300-450 cm -1 , resolution of 1 cm -1 , 132 scans) using the KBr pellet technique.

Inductively coupled plasma mass spectrometry (ICP-MS) measurements were recorded using a 7900 ICP-MS from Agilent Technologies.

Results and discussion

Macroscopic characterization of nanosized CHA zeolites

The XRD patterns of the samples from the K04 and K17 series are presented in Fig. showed that fully crystalline CHA was obtained after 7 h; no further changes were observed in the XRD patterns at longer HT treatment times (Fig. S1). In comparison, for the K17 series the CHA structure is formed after 3 h of HT treatment showing that increasing of the aging time of the colloidal suspension leads to faster crystallization of the CHA zeolite. The fully crystalline CHA zeolite is formed more rapidly in the K17 series as evidenced by the identical XRD patterns for samples K17-3, -5 and -7 (Fig. S2). Microscopic analysis of CHA samples from the K04 and K17 series revealed clear morphological differences between them as a result of the different aging times.

Figure 2 presents SEM images of the K04 and K17 samples showing the transformation from amorphous matter to crystalline CHA zeolite over the 7 h of HT treatment. Sample K04-3 (Fig. 2a) consists of micron-sized amorphous agglomerated aluminosilicate particles while after 5 h of HT treatment crystalline CHA particles can be seen together with amorphous material (Fig. 2b). The CHA particles have an average size of ≈600 nm in diameter while the amorphous material exhibits micrometer sized particles. After 7 h of HT treatment all of the amorphous material converts to crystalline CHA particles ≈600 nm in diameter with morphology defined by rough spheres of smaller intergrown crystallites (Fig. 2c). For the K17 series, sample K17-1 shows similar amorphous appearance to sample K04-3 (Fig. 2d).

However, sample K17-3 consists of fully crystalline nanosized CHA crystals 60 nm across (Fig. 2e). This is consistent with the appearance of the Bragg peaks of the CHA structure after 3 h of HT treatment of the colloidal precursor suspension presented in Fig. 1b. Increasing the HT treatment beyond 3 h does not affect the size or morphology of the CHA nanocrystals (K17-5, Fig. 2f), which is consistent with the XRD results (Fig. 1). TEM analysis was also performed on the fully crystalline samples K04-7 and K17-3 (Fig. 3). The TEM image for the sample K04-7 clearly shows that the particles are primarily between 400 to 600 nm in size and are composed of smaller polycrystalline intergrown crystallites (Fig. 3a), consistent with the SEM results.

Smaller particles (< 200 nm) with similar morphology were also observed. In comparison, TEM analysis of the sample K17-3 shows discrete nanosized CHA crystals with sizes of less than 60 nm (Fig. 3b) significantly smaller than the CHA reported in our previous work (~200 nm). 20 Rheometric analysis of the CHA samples from the K04 and K17 series are presented in Fig. 4 showing the changes in the viscosity of the colloidal precursor suspension during the HT treatment. As shown in Fig. 4a for sample K04-1, the viscosity of the colloidal suspension increases substantially from 2 cPs to 50000 cPs and remains high until 3 h of HT treatment due to the formation of micron-sized amorphous agglomerated aluminosilicate particles (Fig. 2a). Only after 5 h of HT treatment does the viscosity value decrease (from 46000 cPs to 7500 cPs) due to the transformation of the large amorphous agglomerates to smaller CHA crystals (Fig. 1a and Fig. 2b). Increasing the HT treatment to 7 h transforms all of the micron-sized amorphous agglomerates into crystalline CHA particles (shown in Fig. 2c) and the viscosity decreases significantly from 7500 cPs to 0.9 Cps. In comparison, the viscosity of the K17 series changes over a shorter period of time. Sample K17-1

shows a high viscosity similar to K04-3 followed by a significant reduction in viscosity after 3 h of HT treatment due to the transformation of the colloidal precursor suspension into crystalline nanosized CHA (Fig. 1b, Fig. 2e, and Fig. 3b). The significant changes (increase followed by decrease) in viscosity of the colloidal suspension during the crystallization process can be attributed to the polymerization of the cation-coordinated SiO4 4-and AlO4 5-tetrahedra followed by the establishment of long-range crystallinity facilitated by the dynamic changes in the cation content between the solid and liquid phases in the colloidal suspension (vide infra). 

Spectroscopic characterization of nanosized CHA zeolites

To further understand the evolution of the colloidal precursor suspensions and the formation of the CHA zeolite during the crystallization process, the two series of samples were analyzed by FTIR and NMR spectroscopy. The FTIR spectra of the K04 and K17 series of samples in the range of 450-1300 cm -1 are presented in Fig. 5. The formation of the secondary building units (SBUs) relative to the CHA zeolite during the crystallization process was studied. A broad vibration band related to the asymmetric stretching of Si-O-T (T = Al or Si) can be seen at 950-1200 cm -1 for all samples, 22,23 while the symmetric vibration of Si-O-T also appears at 670-820 cm - 1 . 24,25 This suggests that prior to the detection of the long-range crystalline order in the CHA zeolite observable by XRD, polymerization of silica and alumina resulting in the formation of amorphous aluminosilicates possessing short range crystalline order (i.e. crystal nuclei) is observed by FTIR spectroscopy. In the K04 series, the sample K04-5 contains a peak at 466 cm -1 corresponding to the O-Si-O bending mode. 26,27 After 7 h two new bands at 518 and 635 cm -1 appeared which can be attributed to double six-membered rings (d6r) and the 8MR as a secondary building unit (SBU) in the cha cage, respectively. In comparison, in the spectrum of sample K17-3 the shoulder at 466 cm -1 attributed to the O-Si-O bending mode is already present. Both the d6r and 8MR bands also appear in the spectrum of sample K17-3 and remain relatively unchanged with further HT treatment of the colloidal suspensions (Fig. S3).

These results suggest that the crystallization of the CHA zeolite starts with the formation of d6r and cha structures and that their further development into a longrange crystalline structure requires a template such as an appropriate organic or inorganic cation, or a mixture of both. K17-1, K17-3, and K17-5 synthesized from colloidal precursor suspensions aged four and seventeen days, respectively. 27 Al MAS NMR analysis of the K04 and K17 series were performed and the spectra are presented in Fig. 6a,b. All samples in these series show a resonance at 57 ppm which is related to the tetrahedrally coordinated Al atoms, and no signal corresponding to extra-framework Al is observed. This agrees with the appearance of Si-O-T (T = Al or Si) stretching and vibrational bands in the FTIR spectra presented in Fig. 5, suggesting the formation of a polymerized aluminosilicate amorphous or crystalline (depending on the HT treatment time) species after aging of the samples. For the K04 series (Fig. 6a), sample K04-3 shows a broad asymmetric resonance which suggests a heterogeneous surrounding of Al typical of amorphous aluminosilicates. Increasing the HT treatment to 5 h sharpens the resonance while 7 h of HT treatment reveals a more intense sharp symmetric resonance related to the fully crystalline tetrahedral Al. For the K17 series (Fig. 6b) the sample K17-1 shows an asymmetric resonance in the 27 Al spectrum related to the amorphous aluminosilicates observed similarly in sample K04-3. However, after 3 h of HT treatment the 27 Al spectrum reveals a symmetric resonance at 57 ppm typical of crystalline structures. The band at 57 ppm does not change with increasing the HT treatment time to 5 h. These results are consistent with the XRD, electron microscopy and FTIR analyses.

Fig. 6. 27 Al MAS NMR spectra of the nanosized CHA samples (a) K04-3, K04-5, and K04-7, (b) K17-1, K17-3, and K17-5. 29 Si MAS NMR spectra of CHA samples (c) K04-3, K04-5, and K04-7, (d) K17-1, K17-3, and K17-5 of CHA samples. 29 Si MAS NMR analysis for the K04 and K17 series are presented in Fig. 6c,d. ) species. 20 For the K17 series (Fig. 6d), sample K17-1 shows similar results to the samples K04-3 and K04-5 while for samples K17-3 and K17-5 the different crystallographic Si environments can be observed and are similar to those of sample K04-7. The increased HT treatment from 3 h to 5 h does not result in any changes in the 29 Si NMR spectra for the K17 series, similar to the results shown for XRD and FTIR, thus confirming that fully crystalline CHA was obtained after 3 h. The Si/Al ratio of the fully crystalline samples K04-7 and K17-3 calculated by the Engelhardt and Michel equation is 2.1 (Table 1). For comparison the Si/Al ratio of the samples obtained from ICP-MS and EDX are presented. 28 As shown, the Si/Al ratio of the fully crystalline samples (K04-7 and K17-3) is similar, which suggests a similar amount of alkali metal cations are present.

To study the placement and migration of the extra-framework cations, 133 Cs and 27 Na MAS NMR analyses were performed on amorphous, semicrystalline, and crystalline samples from both series of CHA zeolites synthesized from the colloidal suspensions (Fig. S4). 133 Cs MAS NMR spectra reveal a symmetric resonance at -61 ppm in samples K04-5, K04-7, K17-3, and K17-5. This is assigned to a single Cs + extra-framework site located in the middle of the 8MR opening of the CHA structure, consistent with our previous results. 20 However, the 27 Na MAS NMR spectra (Fig. S4 c,d) reveal more complex resonances related to several possible Na + extraframework sites in the CHA crystals. [29][30][31] A separate study dedicated to understanding the exact location and dynamics of the Na + cations using 27 Na MQMAS NMR and Rietveld analyses will be presented in future work. In addition to determining the Si/Al ratio, the content of the extra-framework cations used to template the CHA structure was measured by ICP-MS and EDX. The atomic percentage of extra-framework cations (Na + , K + , Cs + ) in the recovered solid material of the K04 and K17 series based on ICP-MS is presented in Fig. 7. For the K04 series (Fig. 7a), the Na + content decreases consistently until 5 h, coincident with an increase in the K + cation content to its maximum value. The Cs + content begins increasing after approximately 3 h of HT treatment at which time the crystallization of the CHA structure begins. Beyond 5 h the K + content decreases slightly, coincident with a continued increase in the Cs + content and further crystallization of the CHA until 7 h. These results suggest that the high Na + content is required to stabilize the colloidal precursor suspension containing amorphous nanosized particles. The K + cations direct the formation of SBUs such as the d6rs and 8MRs of the CHA type framework. After the formation of the SBUs in sample K04-5, the first CHA crystals are observed (see Fig. 2b, Fig. 5a). During the crystallization, the Cs + partially replaces the Na + and K + cations leading to the formation of long-range crystalline matter, where a sufficient connectivity between the SBUs is achieved leading to the formation of fully crystalline CHA zeolite crystals (sample K04-7), see Fig. 1a and Fig. 7a. The same trend in the K17 series is observed. The changes in the cation content in the K17 series are corroborated with the macroscopic and spectroscopic results (Fig. 1b and Fig. 5b). The ICP-MS results are in good agreement with the EDX data (Supplementary Information, Fig. S5). The role of the mixed inorganic cations used for the synthesis of CHA zeolite is presented schematically in Scheme S1. Initially, a colloidal precursor suspension containing a high concentration of inorganic cations (Na + , K + and Cs + ) was stabilized at room temperature and subjected to aging at RT for 4 days (K04) and 17 days (K017). After 4 days of aging (K04 series), the colloidal precursor mixture contains large micron-sized amorphous aluminosilicates with a broad size distribution (Fig. 2a). After subjecting this colloidal precursor mixture to 5 h of HT treatment the content of K + and Cs + in the samples increases while the Na + decreases (Fig. 7a). K + cations promote the formation of different structures (d6r and 8MR), and due to the presence of Cs + cations the crystallization of the CHA type zeolite is accomplished. Increasing the HT treatment to 7 h (K04-7) induces further crystal growth resulting in CHA zeolite with a particle size of 600 nm. The CHA polycrystalline particles are composed of intergrown nanosized CHA crystals (Fig. 3a). In comparison, after 17 days of aging (K17 series) the colloidal precursor suspension contains smaller amorphous aluminosilicate particles in comparison to the K04 series (Fig. 2a,d). After 3 h of HT treatment (the amorphous aluminosilicate particles transform into discrete nanosized CHA crystals with a size of less than 60 nm (Fig. 3b). The change in content of alkali metal cations in the recovered solid material is similar to the K04 series; a complete transformation from amorphous into crystalline particles is achieved within 3 h instead of 7 h compared to the K04 series (Fig. 1b and Fig. 7b). While the content of the alkali metal cations changes considerably during the HT treatment of both series. These results clearly highlight the important role of the inorganic cations in the synthesis of CHA zeolite nanocrystals.

Conclusions

The crystallization of nanosized CHA zeolite from highly supersaturated colloidal precursor suspensions containing mixed inorganic structure-directing cations (Na + , K + and Cs + ) subjected to room temperature aging for 4 and 17 days is reported. The crystallization kinetics, size, and morphology of the CHA crystals strongly depends on the aging time of the colloidal precursor suspensions. Four days of aging of the colloidal precursor suspension (K04 series) results in the formation of CHA zeolite composed of intergrown nanocrystals with a final particle size of 600 nm 
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Abstract:

The CO2 adsorption behavior of nanosized chabazite (CHA) containing different compositions of extra-framework alkali metal cations (Na + , K + , Cs + ) with a constant Si/Al ratio of 2.2 was investigated experimentally (adsorption isotherms and in situ FTIR spectroscopy) and theoretically by Grand Canonical Monte Carlo (GCMC) modeling. The CO2 adsorption isotherms were in a good agreement with the GCMC modeling in the pressure range of 0-60 KPa for all samples except the Cs + containing nanosized CHA. The GCMC modeling did not consider the kinetics of adsorption thus the CO2 capacity for the Cs-CHA sample was overestimated; the partial blockage of the pores and inaccessibility of CO2 to the free voids of the CHA structure was experimentally observed by recording adsorption isotherms and in situ FTIR study. The FTIR results revealed the CO2 adsorbed mainly physically on all samples with the sorption capacity decreasing in the following order: Na-CHA ≃ K-CHA > Cs-CHA. The Na-CHA demonstrated significant micropore volume compared to the other samples as measured by N2 physisorption due to the inability of Na + to effectively occupy the 8MRs. This study implies that the different alkali metal cation forms of the nanosized CHA zeolite are of practical interest for flue gas purification where a high CO2/N2 selectivity is required.

Introduction

Since the industrial revolution the concentration of atmospheric CO2 has been continuously increasing. 1 Recent research shows that this value has increased from 280 ppm to approximately 400 ppm in the last two centuries, which is responsible for the current increase in average global temperatures. 2 As a result, capturing CO2 emitted from various industries in the form of flue gas (3-20% CO2, 65-80% N2) is a key strategy to reduce anthropogenic global warming and has received significant attention. [3][4][5][6] Four technologies are currently employed for CO2 capture: absorption with amine-based solvents, adsorption by nanoporous solids, cryogenic distillation, and membranes. 7 Adsorption of CO2 by nanoporous materials is a widely used and attractive technology due to its ease of operation, use of non-corrosive materials, and low energy requirement (specially compared to amine-based absorption). [8][9][10][11][12] Zeolite-based adsorbents are advantageous compared to other porous materials due to their non-toxic nature, high thermal stability, high selectivity dictated by their structure and chemical composition, and affordability. 13,14 Conventional zeolites, which have particle sizes in the order of micrometers, are composed of aggregates of individual crystals. 15 As a result, micron-sized zeolites suffer from diffusion limitations of guest molecules through their pore networks, however, this can be addressed by decreasing the zeolite particle size. 16 Nanozeolites are typically composed of discrete particles (single crystals) which possess a greater external surface area and number of available active sites compared to micron-sized zeolites. 17,18 Zeolites can be divided into different categories based on their pore sizes; small (3.0-4.5 Å), medium (4.5-6 Å), large 6.0-8.0 Å), and extra-large (> 8.0 Å). 19 Smallpore zeolites are suitable candidates for CO2 capture from N2-containing mixtures; the kinetic diameters of these small molecules is similar (3.3 and 3.6 Å for CO2 and N2 respectively). The CO2 capacity of different zeolites is already reviewed by Cheung and Hedin, 20 revealing that among the known small-pore zeolites the CHA has the highest CO2 capacities. 20 In addition, the size and shape of the 8-membered rings (8MRs) of the CHA zeolite which control the access to the zeolite pore network can be controlled by the presence of different extra-framework cations (EFCs) and adsorbates. 19,[21][22][23][24] Two mechanisms for the selective adsorption of CO2 on smallpore zeolites have been proposed: molecular sieving due to the differences between the zeolite pore size and molecule kinetic diameter, and window-keeping mechanism by extra-framework cations (EFCs). 25 The latter, described by Shang et al. as molecular trapdoor behavior, occurs due to the occupation of the zeolite 8MRs by EFCs which control access to the zeolite pore network whereby the EFCs reject or admit different guest molecules based on their interactions with them. 23,26 They showed that the CO2 guest molecules induced the door-keeper EFCs to move out from the center of 8MRs of the zeolite and selectively admit CO2 to the CHA supercages compared to non-polar molecules such as N2 and CH4. 23,24,26 Using thermogravimetric analysis (TGA), we reported selective adsorption of CO2 over CH4 due to molecular trapdoor behavior by a nanosized CHA sample (crystal sizes ~ 190 nm) containing a mixture of alkali metal cations (Na + , K + , Cs + ). 27 In that work, the presence of Cs + located in the 8MR of the CHA structure was identified as the cation responsible for the selective adsorption of CO2 evidenced by its ability to displace about the 8MR aperture in the presence of CO2. 27 The CHA structure is described by a three-dimensional pore system containing supercages of 6.7 × 10 Å (t-cha) which are accessed by six 8MRs of 3.8 × 3.8 Å connected along the c-axis by double six-membered rings (d6rs). 27 Four EFC sites exist in the CHA framework (Fig. 1a): at the center of a d6r prism (SI), at the triad axis of a d6r prism but displaced inside the t-cha (SII), in the t-cha at the corner of a four-ring window of a d6r (SIII), and at the center of an 8MR window (SIII'). [27][28][29] Recently we demonstrated the one-pot synthesis of CHA zeolite with small nanocrystals (< 60 nm) using only alkali metal cations (Na + , K + , and Cs + ) as inorganic structural-directing agents, and their behavior during the crystallization stage was studied. 30 Zhang et al. have reported on the CO2 adsorption capacity and separation performance of alkali (Li + , Na + , and K + ) and alkaline-earth (Mg 2+ , Ca 2+ , Ba 2+ ) metal containing micron-sized CHA zeolites in flue gas streams. From adiabatic simulation calculations it was found that the Na-and Ca-containing CHA zeolites possess advantages for high temperature separation of CO2 compared to NaX due to their greater capture defined by the product of their adiabatic working selectivity and capacity. 7 Here we describe the preparation of four different cationic forms of nanosized CHA with different alkali metal compositions as EFCs (Na + , K + , Cs + , and mixed) with a crystal size of 60 nm and Si/Al ratio of 2.2. The CO2 adsorption capacity of the CHA nanocrystal samples was predicted using Grand Canonical Monte Carlo (GCMC) calculations and was compared to the experimental results from adsorption isotherm measurements and in situ FTIR spectroscopy. Good agreement was observed between the modelling and experimental methods when the EFCs do not cause pore blockage demonstrating that GCMC is a powerful tool for predicting zeolite CO2 adsorption capacities. Experimental CO2 adsorption measurements showed a higher CO2 capacity for nanosized K-CHA compared to the micron-sized K-CHA. Following the adsorption of CO2 on the nanosized zeolite samples using in situ FTIR revealed that CO2 adsorbs mainly by physisorption on all of the samples which was highlighted by three consecutive regeneration cycles by vacuum after CO2 dosing. The results clearly demonstrated that the CHA nanocrystals are prospective candidates for CO2 separation from N2 in vacuum swing applications. 

Experimental and modeling section

Characterization techniques

Powder X-ray diffraction (PXRD) patterns were collected with a PANalytical X'Pert Pro diffractometer using Cu-Kα1 radiation (λ = 1.5406 Å, 45 kV, 40 mA).

Inductively coupled plasma mass spectrometry (ICP-MS) measurements were performed using a 7900 ICP-MS from Agilent Technologies. Magic-angle spinning nuclear magnetic resonance (MAS NMR) spectra of 29 Si nuclei were recorded with a single pulse on a Bruker Avance 500 MHz (11.7 T) spectrometer using 4 mm-OD zirconia rotors with a spinning frequency of 12 kHz. Single pulse excitation (30° flip angle) of 3 μs was used for 29 Si MAS NMR experiment and 30 s of recycle delay.

Tetra-methylsilane (TMS) was used as a reference for 29 Si nuclei. Scanning electron microscopy (SEM) was performed using a Tescan Mira I LMH under 20 kV. N2 adsorption and desorption isotherms were recorded at 77 K and CO2 adsorption isotherms recorded at various temperatures (248, 273 and 298 K) were measured on a Micromeritics 3Flex Surface Characterization unit (Norcross, GA, USA). The samples were outgassed under vacuum at 623 K for at least 8 h prior to measurement. The specific surface area was calculated using the Brunauer-Emmet-Teller (BET) equation and following the procedure described by Rouquerol et al. 31 Micropore volumes were determined by applying an advanced NLDFT method assuming N2 adsorption at 77 K in cylindrical siliceous zeolite micropores. Isosteric heat of adsorption calculations were computed based on the Clausius-Clapeyron equation applied to CO2 adsorption isotherms between 248 and 298 K using the ASiQwin 5.2 software provided by Quantatec (Anton Paar, Boynton Beach, FL, USA). 32,33 Thermogravimetric analysis (TGA) was performed using a Setsys SETARAM analyzer. The cycling experiments were performed under heating in the presence of Ar and flowing CO2 from 298 to 623 K (heating rate of 10 K min -1 ) and held at 623 K for 1.5 hours under Ar, followed by cooling down to 298 K (cooling rate of 20 K min - 1 ), followed by flowing CO2 (40 mL min -1 ) for 2 hours.

In situ FTIR spectroscopic measurements of zeolite samples were performed on a self-supported pellet (~20 mg and a diameter of 16 mm); the transmission spectra were recorded with a Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with an MCT detector, at a spectral resolution of 4 cm -1 . The infrared cell used here for the CO2 adsorption isotherm experiments is the Carroucell, an in situ cell recently developed at the LCS laboratory for concomitant multi-samples analyzes. 34 The specificity of this cell is to be able to accommodate 12 samples simultaneously in a single chamber (same experimental conditions for all samples). While, two of the sample positions can be left unoccupied in order to be able to perform a background or an IR spectrum of the gas phase. The Carroucell IR-cell is equipped with a heating element in order to activate the samples at 623 K prior to the measurements. The cell was connected to a pumping system for the treatment under high vacuum (up to 10 -6 kPa). The samples were activated by heating with a ramp rate of 3 K min -1 followed by heating at 623 K for 4 h under high vacuum. All IR spectra relating to CO2 adsorption were recorded at room temperature. The molar absorption coefficients used in this work to obtain the physisorption and chemisorption isotherms were 16 and 40 cm μmol -1 , respectively. 35,36 

Grand Canonical Monte Carlo calculations of CO2 adsorption in

CHA zeolite

To model the CHA unit cell the structure published by Debost et al. was employed. 27 The unit cell was multiplied three times in each direction (x, y, and z) to create a super cell consisting of 27 unit cells upon which all the molecular modeling calculations were performed. For this study, following previous work 37,38 , the Al atoms in the CHA samples were randomly distributed while respecting Löwenstein's rule 39 and the position of cations were chosen next to the negatively charged Al tetrahedra.

The forcefield parameters used in this work to model the interactions between the alkali cations, the rigid zeolite framework, and the CO2 molecules are those derived by Jeffroy et al. and summarized in Table 1. 40 All interactions between the cations and the framework oxygens (Ozeolite) were considered as Buckingham interactions. Lennard-Jones interactions were considered for the rest of the atom pairs and the Lorentz-Berthelot combination rules [σij = (σii + σjj) / 2 and εij = (εii × εjj) 0.5 ] were used to estimate forcefield parameters for different atom pairs. The GCMC simulations of CO2 adsorbed at 248, 273, and 298 K in CHA nanozeolite samples with different cations were performed consistent with the chemical compositions determined with ICP-MS (see Table 2). The GCMC technique is a stochastic method that simulates a system having a constant volume V (the pore with the adsorbed phase), in equilibrium with an infinite reservoir of particles imposing its chemical potential μCO2 for the adsorbed species and its temperature T. The absolute adsorption isotherm is given by the ensemble average of the number of each adsorbate molecule as a function of the CO2 fugacities (fCO2) of the reservoir (the latter are determined from the chemical potential μ).

Results and discussion

The CHA nanocrystals containing different alkali metal cations were characterized by PXRD, ICP-MS, and 29 Si MAS NMR and the results are presented in Fig. 1b, Table 2, and Fig. S1, respectively. All ion-exchanged samples contain a small content of co-cations (K and/or Cs) in the CHA unit cell (Table 2). The different alkali forms of CHA show minor differences in XRD patterns (Fig. 1b). For instance, the intensity of the Bragg peak at 2θ of 26.62° with hkl of (2 0 -1) and (2 -1 0) is more intense in the Na-CHA sample. 41 Another example is the diffraction peak at 2θ of 9.48° with hkl value of (1 0 0) disappears in the XRD pattern of Cs-CHA sample, while two diffraction peaks at 16.02 and 19.02° of 2θ with hkl of (1 -1 1) and (2 0 0), respectively appear only in this sample. 41 Nevertheless, all the different reflections in the XRD patterns presented in Fig. 1b are attributed to CHA framework. 41 Panezai et al. 42 reported similar results for zeolite X in different cationic forms (Li + , Na + , Ca 2+ ). The CO2 adsorption isotherms predicted for the CHA nanocrystals with different cations using GCMC calculations at 248, 273, and 298 K are presented in Fig. 2. The GCMC results reveal that the CO2 capacity of the CHA nanozeolite decreases upon increasing the size of extra-framework alkali metal cations (Na + , K + , and Cs + ). This is expected as less free space is available in the CHA cages occupied by larger cations. The experimentally measured adsorption isotherms of CO2 on the CHA nanocrystals at the same temperatures (248, 273, and 298 K) as the GCMC modelling are presented in Fig. 3. All CO2 isotherms were fully reversible; the adsorption curves associated with less potential cumulative errors are presented in Fig. 3. Similar to the GCMC results, increasing the adsorption temperature was found to lead to a decrease in the CO2 adsorption capacity of the CHA nanocrystals.

However, unlike the GCMC results the K-CHA sample shows similar CO2 adsorption behavior to the Na-CHA sample, as well as the highest CO2 adsorption capacity.

Nanosized Na-CHA and Cs-CHA samples showed CO2 capacities of 4.5 and 2.1 mmol g -1 respectively at 60 KPa and 273 K which is similar to their micron-sized counterparts. 7,23 While in the nanosized K-CHA sample an increase of CO2 capacity was observed compared to the micron-sized K-CHA counterpart (4.5 vs 4.1 mmol g - 1 at 60 kPa and 273 K). 24 The experimentally measured CO2 adsorption capacity for the nanosized CHA samples decreases in the following order: Na-CHA ≃ K-CHA > AP-CHA > Cs-CHA (Fig. 3). To address the effect of small amounts of co-cations in the nanosized CHA samples, the CO2 adsorption capacity at 50 kPa of CO2 and 273 K vs the amount of alkali EFCs (i.e. Na + , K + , and Cs + ) in the different nanosized alkali forms of CHA is presented (Fig. S2). As shown in Fig. S2c, the CO2 capacity is linearly influenced by the Cs amount present in the CHA. By increasing the content of Cs + EFC (ionic diameter of 3.4 Å) more space within the CHA framework is occupied and hence, the overall CO2 capacity decreases. 43 While such correlations are not seen for the samples with increased amount of Na + and K + EFCs with ionic diameters of 1.9 and 2.7 Å, respectively 43 (Fig. S2a,b). The CO2 adsorption capacity is significantly higher (over 4 mmol g -1 at 50 kPa and 273 K) for Na-CHA, K-CHA, and AP-CHA samples compared to the Cs-CHA sample (2 mmol g -1 at 50 kPa and 273 K). This suggests that the Cs content strictly restrict the access of CO2 to the adsorption sites.

Moreover, the nanosized Cs-CHA sample show a significantly lower experimentally measured CO2 adsorption capacity as compared to the other samples and to the theoretically predicted values by GCMC (Fig. 2 vs Fig. 3). Such discrepancies are discussed in more detail bellow. GCMC calculations are an effective tool to predict CO2 adsorption in different CHA zeolite samples. However, perfect zeolite crystals without defects are used to describe the zeolite structure and adsorbate.

Inconsistencies between experimentally measured and theoretically calculated results may arise from the fact that the defects in zeolites effect the adsorption of CO2. Additionally, large EFCs such as Cs + located within the zeolite pores can affect the CO2 diffusion to the adsorption sites while GCMC calculations do not take into consideration these diffusion limitations. In the case of the nanosized Cs-CHA sample, all SIII' sites in the 8MRs are occupied by Cs + EFCs and the remaining Cs + and K + EFCs most likely occupying the SII sites (see cationic sites in Fig. 1a). [27][28][29]44 The occupation of the SII site by Cs + would significantly decrease the available space within the CHA cages due to the cation size, however, those free spaces are available for the GCMC simulations and resulted in overestimation of CO2 adsorption capacities comparing to the experimental adsorption measurements (Fig. 2 vs Fig. 3). The N2 adsorption and desorption isotherms of nanosized CHA samples with different cations measured at 77 K are presented in Fig. 4; the corresponding specific BET surface area and micropore volume are summarized in Table 3. In samples Kand Cs-CHA, all Na + cations were removed and replaced by the bigger and heavier K + and Cs + cations which occupy the SIII' positions acting as door-keepers and prevent the diffusion of N2 molecules efficiently inside the network at 77 K (Table 2). This phenomenon is not observed for sample Na-CHA with higher BET surface areas (439 m 2 g -1 ). The nanosized AP-, K-, and Cs-CHA zeolite samples exhibit a low micropore volume (0.01 cm 3 g -1 ) compared to the Na-CHA sample (0.14 cm 3 g -1 ).

This value is comparable to that of micron-sized Na-CHA with a similar Si/Al ratio and similar EFC composition reported by Ridha et al. 45 In the case of the nanosized Na-CHA sample, a small difference between the GCMC and experimental results is observed (Fig. 2 vs Fig. 3). This can be explained with the presence of co-cations (K + and Cs + ) in the sample determined experimentally (Table 2). The Na-CHA sample has a significantly higher micropore volume compared to the AP-, K-and Cs-CHA samples due to the preference of Na + occupying the SII site within the supercage (Fig. 4 and Table 3). 46 This behavior is consistent with the results reported previously for micron-sized Na-CHA with similar Si/Al ratios. 24,45 The observation of a high micropore volume and BET surface area determined by N2 adsorption analysis at 77 K as well as a high CO2 adsorption capacity measured at 273 K for the nanosized Na-CHA indicates that the sample does not exhibit molecular trapdoor behavior. For the nanosized K-CHA sample the GCMC results (Fig. 2) are in good agreement with the experimental adsorption isotherms (Fig. 3). The observation of a low micropore volume determined by N2 adsorption analysis at 77 K and a high CO2 adsorption capacity measured at 273 K for the nanosized K-CHA indicates that the sample exhibits molecular trapdoor behavior, consistent with the observations reported previously for micron-sized K-CHA. 23,24 The discrepancy between the experimental and theoretical results for the nanosized Cs-CHA sample can be explained by the restricted accessibility of CO2 guest molecules to the CHA cages due to the presence of Cs + EFCs (vide supra). In the GCMC calculations, CO2 molecules can be inserted and displaced freely subject to the available cavities in order to minimize the grand potential of the system at a given chemical potential (or fugacity) and temperature.

However, in real samples, a significant part of the structure is inaccessible due to the presence of large Cs + cations. As a consequence, the theoretical results deviate from the experimental data for this specific case (Cs-CHA). The modeled CO2 adsorption isotherm of the AP-CHA sample was calculated with respect to the experimentally determined chemical composition (see Table 2). As shown (Fig. 2 vs Fig. 3), the modeled and experimental CO2 adsorption isotherms for the AP-CHA nanocrystals are in a good agreement. The good agreement can be explained by the low Cs + content in this sample (Table 2). In order to better understand the interaction of the CO2 molecules with the different EFCs, the isosteric heats of CO2 adsorption (∆Hiso) for the CHA nanocrystals were calculated as a function of CO2 uptake by applying the Clausius-Clapeyron equation to the experimentally measured CO2 adsorption isotherms between 248 to 298 K (Fig. 5). 32,33 Between the four different nanosized CHA samples, three different types of ∆Hiso behavior can be distinguished due to the different EFC content. (i) For nanosized AP-and K-CHA, the heat of adsorption initially increases slightly from 37.9 kJ mol -1 at 0.3 mmol g -1 loading to 38.7 and 40.8 kJ mol -1 at 1.6 mmol g -1 of CO2 surface coverages, which is consistent with the presence of specific heterogeneous cationic adsorption sites interacting with the quadrupole moment of the CO2 molecules (i.e. strong adsorbate-adsorbent interactions). As the amount of adsorbed CO2 increases, steric (i.e. repulsive) adsorbate-adsorbate interactions become more substantial resulting in ∆Hiso slow decrease to lower values (around 30-35 kJ mol -1 ).

Eventually, a slow decreasing asymptote-like decay is observed. This ∆Hiso behavior is well understood and documented for small pore zeolites. 47 The similar ∆Hiso values for AP-and K-CHA samples is likely a consequence of the similar cations location within the CHA structure; Cs + and K + prefer to occupy the SIII' site in the 8MR while the remaining Na + and K + occupy the SII site above the S6R. This provides similar coordination environments for CO2 which will preferentially orientate along the c-axis (dual-cation site) as discussed by Pham et al. for CHA zeolite with a high Al content. 48 Previously we showed that the adsorbed CO2 was coordinated along the c-axis of the supercage in high Al-containing nanosized CHA. 27 (ii) The Cs-CHA sample shows an almost constant ∆Hiso value with CO2 loading. This sample reaches almost immediately a balance between decreasing adsorbate-adsorbent and increasing attractive adsorbate-adsorbate interactions at a ∆Hiso of about 35 kJ mol -1 . A small decrease to lower ∆Hiso (34.1 kJ mol -1 ) is observed at higher coverages (1.7 mmol g - 1 ) and compared to K-CHA, access to the pore network of Cs-CHA is more restricted. This is due to the larger size of the Cs + EFCs which can interact more strongly with the framework oxygens of the 8MRs, as well as Cs + located at the SII site in the CHA cage, restricting the deviation of Cs + from the 8MR to allow the rapid uptake of CO2. 23,26 The lower ∆Hiso value of Cs-CHA compared to K-CHA is likely due to the lower charge density of Cs + compared to K + despite the presumably shorter coordination distance for CO2 at the dual-cation site, i.e. coordination between cations at either the SII/SII or SII/SIII' sites. 48 The almost constant ∆Hiso is likely due to the limited number of CO2 molecules reaching the CHA supercage, resulting in an overall low adsorption uptake with a fast equilibrium followed. This is followed by a minor decrease of ∆Hiso values at higher coverages due to repulsive adsorbate-adsorbate interactions. For sample Cs-CHA, the cation reversible position deviation due to the trapdoor effect may also play a role on the ∆Hiso and might not be exclusively be related with the CO2 adsorption. (iii) Finally, for the Na-CHA sample, the initial ∆Hiso (20 kJ mol -1 ) is significantly lower compared to the other samples. This is followed by a continuous increase in ∆Hiso up to a maximum of 38.3 kJ mol -1 at 3.4 mmol g -1 of CO2 loading, then followed by a small decrease to 36.8 kJ mol -1 at 4.0 mmol g -1 loading (Fig. 5). A similar shape of the ∆Hiso curve has been observed for Na-Rho (however, the maximum was at half the surface coverage reported here)

and, to a lesser degree, for Na-CHA samples. 7,49 The evolution of the heat of adsorption curve suggests that the surface is "homogeneous" (similar to K-CHA) with a very accessible and open micropore structure being consistent with the smaller size of the Na + ion. 50 The increase is thus due to the growing contribution of the adsorbateadsorbent interactions until higher surface coverage is reached.

Based on these observations, we propose to rationalize all the heat of adsorption patterns using a general data interpretation hypothesis: It is very likely that all CO2 adsorption data should display a so-called "bell-shaped" curve for ∆Hiso as a function of the surface coverages. However, depending on the chemical nature of the adsorbent and the cation, we may not be able to measure accurately the full bell with respect to the technical and kinetic limits associated with volumetric instrumentation up to 1 bar. The substantial presence of the so-called "door-keeping" cations may also affect the ∆Hiso curve shape to some extent. Despite this potential effect, we consider that the general bell curve assumption holds. Therefore, the experimental position of the maximum and our ability to measure it here depends on the cation size. For Na-CHA, the small size of Na + cations results in adsorption of several CO2 molecules before reaching the turning point where the loading is sufficient enough for the repulsive part of the CO2-CO2 contribution to be statistically dominant. While for Cs-CHA, it is the opposite case. Because Cs + is a large cation there is not enough room for the adsorption of many CO2 molecules, even at low CO2 loading, leading to an immediate impact of repulsive steric effects. In other words, with such large cations, much lower relative pressures would be necessary to see the increasing part of the bell curve. As mentioned above, the importance of the heat of adsorption component coming from the reversible molecular trapdoor effect is still unclear and will require further in-depth investigations. Finally, AP-and K-CHA represent more ideal systems where the intermediate cation size and gating effects allow for observing the "full bell". Further in-depth investigations are currently ongoing on this topic to strengthen our hypothesis. However, these investigations go beyond the scope of the present manuscript and will be reported in a dedicated high-resolution low-and high-pressure adsorption study. To shed further light on the CO2 adsorption behavior, the nanosized CHA samples were studied by in situ FTIR spectroscopy. The IR spectra of these samples under an atmosphere of CO2 at different pressures at 298 K are presented in Fig. 6.

Upon exposing the samples to CO2, bands at ∼2346 and ∼2282 cm -1 related to physisorbed CO2 and a series of bands from 1314 to 1734 cm -1 related to chemisorbed CO2 species appear. 51,52 The band at 2346 cm -1 corresponds to the physisorption of 12 CO2 , however, due to the high CO2 concentration applied to all samples, a saturation of the FTIR signal prevents the utilization of this band for evaluation. As a consequence, the 13 C isotope (from natural abundance; 1.11 %) variant of CO2 which can be detected by FTIR at 2282 cm -1 was used to quantify the physisorbed CO2.

Upon exposing the samples in different alkali forms to CO2, four carbonate species are detected (Fig. 6). The AP-CHA nanosized sample show a band at 1416 cm -1 assigned to the free carbonate species, a pair of bands at 1475 & 1595 cm -1 (∆υ3 = 120 cm -1 ) assigned to unidentate carbonates, two pairs at 1349 & 1640 cm -1 (∆υ3 = 291 cm -1 ) and 1380 & 1681 cm -1 (∆υ3 = 301 cm -1 ) assigned to two slightly different chemisorbed bidentate carbonates species, and a pair of bands 1330 & 1720 cm -1 (∆υ3 = 390 cm -1 ) related to the bridged bidentate carbonates. [51][52][53][54] Similar to the AP-CHA sample, in sample Na-CHA the formation of free carbonates at 1397 cm -1 , unidentate carbonates at 1431 & 1601 cm -1 (∆υ3 = 170 cm -1 ), two slightly different chemisorbed bidentate carbonates species at 1349 & 1640 cm -1 (∆υ3 = 291 cm -1 ) and 1381 & 1681 cm -1 (∆υ3 = 300 cm -1 ), and a band at 1734 cm -1 assigned to bridged bidentate carbonate species are observed. [51][52][53][54] While the IR spectrum of sample K-CHA reveals the presence of free carbonate at 1422 cm -1 , unidentate carbonates at 1475 & 1595 cm -1 (∆υ3 = 120 cm -1 ), only one type of bidentate carbonates at 1381 & 1681 cm -1 (∆υ3 = 300 cm -1 ), and bridged bidentate carbonates at 1324 & 1719 cm -1 (∆υ3 = 395 cm -1 ). [51][52][53][54] The IR spectrum of Cs-CHA sample shows the formation of only bidentate carbonates at 1379 & 1677 cm -1 (∆υ3 = 298 cm -1 ) and bridged bidentate carbonate species at 1314 & 1720 cm -1 (∆υ3 = 406 cm - 1 ). [51][52][53][54] The intensity of the peaks in this region (1314 -1734 cm -1 ) were used to quantify the chemisorbed CO2 species . 52 Fig. 7a shows the isotherms corresponding to physisorbed CO2 recorded for different nanosized CHA samples at 298 K based on the integration of the 13 CO2 FTIR band at 2282 cm -1 which was corrected with respect to the natural abundance of 13 C (1.11%) to include both 12 CO2 and 13 CO2 (Table S1). Fig. 7b presents the isotherms corresponding to CO2 chemisorption on the nanosized CHA samples at 298 K based on the FTIR chemisorption region of 1314-1734 cm -1 (Table S2 and Table S3). These results are consistent with the work by Polisi et al. 52 in studying CO2 adsorption on sodium forms of zeolites X and Y. Moreover, these results suggest that the CO2 chemisorption is inversely related to the size of the alkali cations. The main mode of CO2 adsorption for the different alkali forms of nanosized CHA is physisorption since this mode consist over 96 % of the adsorption based on the in situ FTIR (Fig. 7a,b Table S4). This also explains the saturation of the main 12 CO2 adsorption band at 2346 cm -1 presented in Fig. 6 under CO2 adsorption with pressures as low as 6 kPa. FTIR spectroscopy by integration of the 13 CO2 band at 2282 cm -1 corresponding to physiosorbed species corrected with respect to the natural abundance of 13 C (1.11%) (Fig. 8a) and chemisorbed species in the region of 1314-1734 cm -1 (Fig. 8b). Upon applying the first vacuum (V1), all physiosorbed species are successfully removed from the samples as shown in Fig. 8a and Fig. S3. While some chemisorbed species still remain in the zeolites after regeneration using the primary vacuum (Fig. 8b and Fig. S3). The following CO2 dosing and vacuum regeneration (P2 and V2) show that the CO2 physisorption capacity of the samples did not change (Fig. 8a). The third CO2 dosing (P3) reveals that the CO2 physisorption capacity does not decrease (Fig. 8b and Fig. S3) despite the minor accumulation of the chemisorbed species. In fact, after quantification of chemisorption using in situ FTIR results (Table S5), this accumulation only corresponds to less than 0.8 % of the whole adsorption which is the reason why no loss of CO2 capacity was observed.

The adsorption behavior of different alkali forms of nanosized CHA was investigated further by performing multiple thermogravimetric (TG) cycles of heating (623 K) and flowing CO2 at 298 K (Fig. 8c). Similar to the regeneration of samples using a high vacuum, no CO2 capacity loss was observed when heating was used for the regeneration. The XRD patterns of different alkali forms of nanosized CHA were collected after the CO2 cycling experiments and presented in Fig. S4. The crystallinity of the samples is fully preserved thus confirming their high stability under cycling CO2

experiments. The materials can be excellent candidates for the separation of CO2 from N2 or CH4 in both vacuum swing or temperature swing processes. The type and content of alkali metal cations (Na + , K + , or Cs + ) in the nanosized CHA zeolite samples significantly changes both the CO2 adsorption behavior and the CO2 separation performance in the presence of N2. This is due to the different sizes of the cations which dictates their ability to occupy the 8MRs and control the selective uptake of CO2 in the presence of non-polar small molecules such as N2 and CH4. For the nanosized Na-CHA sample, the micropore volume based on N2 adsorption at 77 K (0.14 cm 3 g -1 at 77 K, Table 3) as well as the high CO2 adsorption capacity (4.0 mmol g -1 at 298 K, Fig. 3c) are consistent with the previously published results for micron-sized Na-CHA. The results show that Na + is unable to effectively occupy the 8MRs of the supercages and to control the selective adsorption of small molecules. 24 Hence, an open porosity can be imagined for this sample which can be further supported by the ΔHiso results (Fig. 5) with a wide range of adsorption sites with different energies being available. Conversely, in the nanosized AP-CHA and K-CHA samples, molecular trapdoor behavior is observed due to the extremely low micropore volume in the presence of N2 (0.01 cm 3 g -1 , Table 3) while possessing high CO2 capacity (Fig. 3). The nanosized Cs-CHA sample shows similar behavior to the K-CHA sample, however, the CO2 capacity is lower (1.7 mmol g -1 at 298 K, Fig. 3c) due to the larger size of the Cs + cation. Comparing the CO2 adsorption isotherms obtained from the adsorption measurements and from in situ FTIR spectroscopy (Fig. 3c vs Fig. 7a), one can conclude that all samples mainly contained physisorbed CO2

(over 96 % of the CO2 adsorption) with minor formation of carbonate species (Fig. 6).

Conclusions

The adsorption of CO2 in four different alkali metal cationic forms of nanosized chabazite (CHA) zeolite (AP-, Na, K-, and Cs-CHA) were studied using GCMC modeling, experimental adsorption isotherm measurements, isosteric heat of adsorption calculations and in situ FTIR spectroscopy. Comparing GCMC predictions for CO2 adsorption isotherms with those obtained experimentally for the different alkali metal cationic forms of nanosized CHA samples revealed that this method is a powerful tool to predict the CO2 adsorption capacity of different CHA samples with various cationic compositions where diffusion restrictions of guest molecules due to the size of the extra-framework cations are not foreseen. Experimental adsorption measurements showed that the Na + cations in nanosized Na-CHA sample do not block the CHA pore openings (8MRs) to guest molecules (CO2 or N2). The Na-CHA

sample exhibits an open porosity in contrast to the other samples. This samples shows high CO2 uptake (4.5 mmol g -1 at 60 KPa and 273 K) and high micropore volume upon N2 adsorption (0.14 cm 3 g -1 at 77 K) which is similar to micron-sized zeolites with comparable Si/Al ratios and cation populations. In comparison, the nanosized K-CHA sample shows a high CO2 adsorption capacity (4.5 mmol g -1 at 60

KPa and 273 K) and significantly lower micropore volume based on N2 adsorption measurements (0.01 cm 3 g -1 at 77 K), hence molecular trapdoor behavior is observed for this sample. Similar to the K-CHA sample, the nanosized Cs-CHA sample shows negligible N2 adsorption (0.01 cm 3 g -1 ), however, the CO2 capacity decreases by half (2.1 mmol g -1 vs 4.5 mmol g -1 ) compared to the K-CHA sample due to the larger size of the Cs + cations and the restricted diffusion of guest molecules. A general bell-shaped model is proposed for the isosteric heat of CO2 adsorption with the position of the curve maximum and extent of each part of the bell curve being dependent on the nature of the cations. Moreover, in situ FTIR CO2 adsorption results revealed that CO2 is mainly physically adsorbed on all nanosized CHA sample, and the chemisorption of CO2 can be decreased by exchanging smaller for larger cations.

The CHA nanocrystals may be considered as an excellent candidate for CO2 capture from a mixture containing N2 and possibly CH4 in vacuum swing (especially for lowtemperature regeneration processes) or temperature swing applications. 

Introduction

During the last two centuries, CO2 concentration in the atmosphere increased from 280 ppm to 400 ppm (highest value during the last 6500 centuries) which led to the current anthropogenic global warming. 1,2 In consequence, capturing CO2 became a strategical industrial challenge and has received significant attention in the last years. [3][4][5][6][7] Four technologies are currently employed for CO2 capture: (i) adsorption with amine-based solvents, (ii) adsorption by nanoporous solids, (iii) cryogenic distillation, and (iv) membranes. [8][9][10][11] Between the considered materials for CO2 adsorption, zeolites have the advantage of being inorganic non-toxic materials with high stability and selectivity determined by their crystalline nature and chemical composition. [12][13][14][15][16] Conventional zeolites may suffer from diffusion limitations of guest molecules through their pore networks, being polycrystalline powders with an average particle size of several micrometers. 17,18 Several methods were developed to overcome these limitations by increasing the surface/volume ratio. [17][18][19] Among the approaches developed, nanozeolites represent an attractive candidate being composed of discrete nanoparticles (single crystals) giving rise to a greater external surface area and number of available active sites compared to micron-sized zeolites. 17,18,20 Chabazite (CHA) zeolites with low Si/Al ratios are among the excellent zeolite based CO2 adsorbents used for the separation of CO2 gasses from CH4 or N2 streams. 14,15,21 So far, two mechanisms for the selective adsorption of CO2 on CHA have been proposed: (i) molecular sieving due to the difference between the CHA pore size and the kinetic diameter of the guest molecule, and (ii) window-keeping mechanism due to the presence of extra-framework cations (EFCs). 14,[21][22][23] The latter, firstly described as molecular trapdoor behavior by Dr. Webley's group for micronsized CHA samples, which occurs due to the occupation of the zeolite eightmembered rings (8MR) by EFCs which control the access to the internal zeolite pore network, the EFCs reject or admit different guest molecules based on their mutual electrostatic interactions. [21][22][23] Recently, we reported a study on CO2 single-gas adsorption behavior on different alkali forms of nanosized CHA samples with Si/Al ratio of 2.0 by combining classical modeling, experimental adsorption measurements, and in situ Fourier transform infrared (FTIR). 14 In this study, K + and Cs + forms of nanosized CHA have shown the trapdoor behavior although big Cs + cations significantly restrict the available spaces for guest molecules such as CO2 in CHA cages. 14 Although the two proposed mechanisms, i.e. molecular sieving and trapdoor behavior, have significantly contributed to understand and optimize the CO2 adsorption capacity in zeolites, the relationships are still not straightforward. This may be due to a missing piece of information on potential adsorption sites. To be exact, it is already known that the CO2 adsorption on various amorphous silica nanoparticles is partially due to the hydrogen bonding between residual silanol sites and CO2 guest molecules resulting in significant CO2 adsorption capacities. [24][25][26][27] For instance, Venet et al. studied the CO2 adsorption behavior of hydrophilic and partially hydrophobized (methylated) microporous silica. 25 The CO2 capacity of hydrophilic sample (full of silanol sites) was ~3.0 mmol g -1 (at 1000 kPa CO2 and 303 K) which is almost double comparing to the CO2 capacity of the partially hydrophobized sample with less available silanol sites (~1.6 mmol g -1 , at 1000 kPa CO2 and 303 K). 25 Another example is the work of Cueto-Diaz et al. on the microporous silica nanoparticles with size of 200 nm and CO2 capacity of ~1.0 mmol g -1 at 100 kPa CO2 and 298 K. 26 Consistent with what Gao et al presented for a microporous silica film with mean pore diameter of 1.5 nm and CO2 adsorption capacity of ~0.8 mmol g -1 at 100 kPa CO2 and 303 K. 28 These results provoke the question whether silanol sites participate in CO2 adsorption in zeolitic materials arising the need for a comprehensive study to elucidate the role of silanol sites in zeolites, traditionally known as defect sites, on CO2 adsorption behavior and capacity.

We have recently reported the one-pot synthesis of CHA nanosized zeolites with an average particle size of 60 nm and Si/Al ratio of 2.2 without using organic structure-directing agents and ion exchanged it to potassium and cesium forms. 14,29 In this work, we focus on understanding the role of silanol sites on CO2 adsorption in different alkali forms of CHA zeolite nanocrystals (K + , Cs + , and mixed), using high resolution solid-state nuclear magnetic resonance (NMR) and FTIR spectroscopy.

The Al and Si environments of different alkali forms of nanosized CHA samples were firstly characterized by 27 Al and 29 Si magic-angle spinning (MAS) NMR spectroscopy, and a constant Si/Al ratio and similar Si and Al environments were observed for all samples. FTIR and 1 H MAS NMR spectra of the different alkali forms of nanosized CHA before and after CO2 adsorption revealed that the CO2 adsorption capacity of different alkali forms of nanosized CHA are linearly correlated to the silanol concentrations within the different zeolitic samples and the silanol sites concentration can be tuned by the Cs + cations content inside the framework. This work clearly demonstrated that developing new methods to engineer specific silanol sites could be a prospective area for improving zeolites CO2 capacities in the future.

Experimental section

Materials and synthesis

Nanosized CHA samples were synthesized based on our previously published works. 15,29 Inductively coupled plasma mass spectrometry (ICP-MS) measurements were performed using a 7900 ICP-MS from Agilent Technologies.

Magic-angle spinning nuclear magnetic resonance (MAS NMR) spectra of 29 Si and 27 Al nuclei were recorded with a single pulse on a Bruker Avance 500 MHz (11.7 T) spectrometer using 4 mm-OD zirconia rotors with a spinning frequency of 12 and 14 kHz, respectively. Single pulse excitation (30° and 15° flip angle) of 3 μs was used for 29 Si and 27 Al MAS NMR experiment and 30 s of recycle delay. Tetra-methylsilane (TMS) and Al(NO3)3 were used as references for 29 Si and 27 Al nuclei, respectively.

One dimensional 1 H MAS NMR spectra were acquired at 500.07 MHz on a Bruker Avance III-HD (11.7 T), using 1.9 mm outer diameter probes zirconia rotors spun at 40 kHz, a radiofrequency power of 114 kHz and a recycle delay of 10 s. The modeling of 1 H NMR spectra is done using Lorentzian peaks in Dmfit software. 30 The 1 H MAS NMR spectra were collected after activating the samples at 623 K under vacuum overnight and after dosing the samples with 27.2 kPa of CO2 at equilibrium using a Micromeritics 3Flex Surface Characterization unit (Norcross, GA, USA). The concentration of proton was calculated using adamantane as the reference. We used three 1.9 mm rotors in this work named rotor A, B, and C. For all 1 H MAS NMR results presented in this work, the rotor signals were subtracted during the fitting of spectra.

All empty rotor signals are presented in Fig. S1 of the supporting information.

Fourier transform infrared (FTIR) spectroscopic measurements of nanosized zeolite samples were performed on a self-supported pellet (~20 mg and a diameter of 16 mm) on a Thermo Scientific Nicolet iS50 FTIR spectrometer with a spectral resolution of 4 cm -1 . For all the FTIR measurements we used a homemade cell called Carroucell developed in LCS. 31 The specificity of this cell is to be able to accommodate 12 samples simultaneously in a single chamber (same experimental conditions for all samples). Prior to each measurements the samples were heated to 623 K (3 K min -1 ) under high vacuum (~ 10 -6 kPa). All FTIR spectra relating to CO2

adsorption were recorded at room temperature.

Computational details

Periodic density functional theory (DFT) calculations were done using VASP (Vienna Ab initio Simulation package) [32][33][34] with the semilocal Perdew-Burk-Ernzehof (PBE) functional and the projector-augmented wave (PAW) method developed by Blöchl. 35,36 A Gaussian smearing of σ = 0.05 eV was applied. The plane wave cutoff was set to 400 eV for the relaxation of ionic positions and 800 eV for the initial cell relaxation. The Kohn-Sham equations were solved self-consistently with a convergence criterion of 10 -7 eV. The ionic positions were relaxed until all forces were smaller than 0.01 eV Å -1 . The sampling of the Brillouin zone was restricted to the Γ-point as we used a large supercell (vide infra).

Since long-range dispersion interactions are not included in semilocal DFT functionals, the Tkatchenko-Scheffler scheme with iterative Hirshfeld partitioning (TS/HI) were used. [37][38][39] A correct description of these dispersion interactions is crucial for calculations in zeolites, and the TS-HI correction scheme, taking into account the ionic character of the system, proved to be accurate for such systems. 40,41 All relaxations were performed with this TS-HI correction of dispersion, except the initial cell relaxation which was realized with the less computationally costly D2 dispersion correction of Grimme. 40-42

Structural model used in DFT calculations

In order to compare the formation of silanol sites in the vicinity of K + or Cs + , we prepared a large supercell of CHA with 2 large cavities, one filled with K + cations and the other with Cs + cations, to mimic the synthetized K-CHA and Cs-CHA, while permitting a direct comparison of the final products (the supercell with a Si-O-Si bridge broken in two silanol sites).

A triclinic supercell of CHA with 24 T sites used in previous modeling works (a = 12.712 Å, b = 13.711 Å, c = 9.365 Å, α = 90.32°, β = 96.82°, γ = 89.93°) has been doubled in the c direction to obtain a larger supercell with 48 T sites. 43 expected, these large extra-framework cations occupy SII (inside a six-membered ring (6MR) inside the cavity), SIII (next to a four-membered ring (4MR) of a double six-membered ring (d6r) inside the cavity) and SIII' (at the center of an eightmembered ring (8MR)) sites, as we described in our previous works. 14,15 The cell is depicted in Fig. S2.

Results and discussion

We studied three different alkali metal forms of nanosized CHA as follow: (a)

as-prepared nanosized CHA zeolite, abbreviated as AP-CHA containing Na + (minor amount), K + , and Cs + (b) K-CHA and (c) Cs-CHA containing mainly K + and Cs + , respectively. The chemical compositions are detailed in Table 1. The CHA nanocrystals containing different alkali metal cations were characterized by powder X-ray diffraction (XRD) and the results are presented in Fig. S3. The three patterns correspond to the CHA framework with minor differences such as the absence of (1 0 0) plane at 9.48° for Cs-CHA sample due to the big change in the cationic composition and/or distribution in this sample. 44 Nevertheless, all the different reflections in the XRD patterns are attributed to the CHA framework. 44 Table 1. Chemical formula and silanol concentration of activated nanosized AP-CHA, K-CHA, and Cs-CHA zeolite samples determined by FTIR and 1 H MAS NMR spectroscopy (adamantane was used as a reference). or hydroxyl groups assigned to Q 0-4 species, respectively. 15,29 These results are in accordance with the ones observed by Shang et al. for the micron-sized CHA zeolites and our previous report for nanosized CHA zeolites. 22,29 The Si/Al ratio of the samples obtained by the deconvolution of the 29 Si MAS NMR spectra (Fig. 1b) is the same after ion exchange of the AP-CHA sample with K + and Cs + cations (2.1-2.2), consistent with the inductively coupled plasma mass spectrometry (ICP-MS) results

Sample

presented in Table 1. 27 Al MAS NMR spectra of the different nanosized alkali forms of CHA samples revealed a band at 57.7 ppm corresponding to tetrahedrally coordinated Al (Fig. S4) and no extra-framework Al species were detected at 0 ppm. 22,29 Hence, based on Fig. 1a,b and Fig. S4, the Al distribution within the different alkali forms of nanosized CHA samples remains the same upon ion exchange (with K + and Cs + ). Fig. 2 presents the silanol region of the FTIR spectra for the activated nanosized CHA samples and while 27.2 kPa of CO2 is adsorbed on them at equilibrium. Silanol region of the FTIR spectra of the activated alkali forms of nanosized CHA (Fig. 2a)

show a wide range of silanol sites from 3100 to 3775 cm -1 tentatively separated by different colors based on the strength of the hydrogen bonding of these sites (vide infra). Exact identification and quantification of the different silanol sites by FTIR spectroscopy is not possible due to the complex nature of O-H stretching frequency in the silanol region. [45][46][47][48] However, we can still estimate the overall silanol sites concentration in the activated samples by integration of the band area; the samples show different concentrations of silanol sites following the tendency K-CHA > AP-CHA > Cs-CHA presented in Table 1. FTIR spectra of the different alkali forms of nanosized CHA loaded with 27.2 kPa of CO2 in equilibrium are shown in Fig. 2b. All the bands corresponding to the silanol sites shift by approximately 7 cm -1 after adsorption of 27.2 kPa CO2 in equilibrium (Fig. 2b). As example, the band assigned to the isolated silanol sites (3738 -3742 cm -1 ) shifts towards lower wavenumbers (3733 -3738 cm -1 ), suggesting certain hydrogen bonding within these sites (Fig. 2a vs Fig. 2b). 45,48 Unfortunately, capturing detailed changes in the silanol region after CO2 adsorption is hindered by the CO2 bands at 3700 and 3595 cm -1 assigned to ν3 + ν1 mode and ν3 + 2ν2 mode of adsorbed CO2 guest molecules respectively (ν1 is the symmetric stretching mode and ν3 is the asymmetric stretching mode of CO2). 49 Fig. 2. FTIR spectra of silanol region (3000-3800 cm -1 ) of nanosized AP-CHA, K-CHA, and Cs-CHA zeolite samples at 298 K; (a) pretreated at 623 K under high vacuum (10 -6 kPa) prior to measurement. (b) Under 27.2 kPa of CO2 at equilibrium. Color code: purple for silanol sites interacting with cations, blue for isolated and weakly hydrogen bonded, yellow for moderately hydrogen bonded, and red for strongly hydrogen bonded silanol sites. Peak assignment: isolated silanol sites ∼ 3740 cm -1 , υ3 + υ1 of CO2 at 3700 cm -1 , and υ3 + 2υ2 of CO2 at 3595 cm -1 .

To understand the role of silanol sites on CO2 adsorption, high-resolution 1 H MAS NMR spectra were acquired for the activated zeolite samples prior and after CO2 loading. These proton spectra and their corresponding deconvolutions are shown in Fig. 3, and the total concentration of silanol sites for the different alkali forms of nanosized CHA before and after CO2 adsorption using 1 H MAS NMR spectroscopy are summarized in Table 1. Based on Fig. 3 four distinct regions of silanol sites were identified: (i) silanol sites interacting with cations (in purple) FTIR O-H stretching frequency in the range of 3766-3756 cm -1 , and negative proton chemical shifts, (ii) isolated or weakly hydrogen bonded silanol sites (in blue) FTIR O-H stretching frequency in the range of 3756-3700 cm -1 , and proton chemical shift of 0.0-2.0 ppm, (iii) moderately hydrogen bonded silanol sites (in yellow) FTIR O-H stretching frequency in the range of 3700-3470 cm -1 , and proton chemical shift of 2.0-4.5 ppm, and (iv) strongly hydrogen bonded silanol sites (in red) FTIR O-H stretching frequency in the range of 3470-3100 cm -1 , and proton chemical shifts above 4.5 ppm. 48 Generally as proton chemical shift increases, O-H stretching frequency decreases and the strength of the hydrogen bonding increases. 45,48 The total concentration of the silanol sites changes upon ion exchange with K + and Cs + alkali cations. The AP-CHA sample presents an overall silanol concentration of 3.43 mmol g -1 and 644 cm -1 g -1 based on 1 H MAS NMR and FTIR spectra, respectively (Table 1). Upon ion exchange with Cs + (Cs-CHA sample), the silanol concentration drops to 2.82 mmol g -1 or to 531 cm -1 g -1 while, for the K-CHA sample the total silanol concentration increases to 3.82 mmol g -1 or 726 cm -1 g -1 based on 1 H MAS NMR or FTIR, respectively (Table 1). Both 1 H MAS NMR and FTIR spectroscopy methods show similar behavior regarding the overall concentration of the silanol sites which can be further supported by a constant molar absorption coefficient of ∼ 380 cm -1 mmol -1 presented in Table 1 and calculated in this work for conversion of silanol sites concentration from FTIR to molar data or vice versa. of silanol formation in K-CHA, and Cs-CHA samples: (i) in a 6MR, (ii) in confined corner of an 8MR next to a 4MR, and (iii) in an 8MR (see Fig. 5). Silanol formation was firstly investigated in the confined places of K-CHA and Cs-CHA samples. In the 6MR, an almost athermic behavior for both K-CHA and Cs-CHA samples with electronic energies of reaction of 3 and -3 kJ mol -1 were estimated, respectively (Fig. 5a). In the confined corner of 8MR next to 4MR also similar reaction energies of 29 and 21 kJ mol -1 were obtained for K-CHA and Cs-CHA, respectively (Fig. 5b). While, only the most accessible part of 8MR (see Fig. 5c) show significantly different energies for silanol formation of 51 and 83 kJ mol -1 for K-CHA and Cs-CHA, respectively. Presented results in Fig. 5 shows that the electronic energies of silanol formation for most of the bonds, especially those confined, are similar for both K-CHA and Cs-CHA samples. Only the most accessible bonds show different electronic reaction energies and it is easier to form silanol sites in the presence of K + cations than Cs + cations (Fig. 5c). Thus, the DFT calculations confirm the experimental findings, which can be attributed to a stronger interaction of the smaller and more electronegative K + cation with O atoms in the zeolite. 50 We have already demonstrated that big Cs + cations with ionic diameter of 3.4 Å (compared to ionic diameter of 2.7 Å for K + ) are partially responsible for stabilization of CHA cages during the synthesis. 29 Our new theoretical/experimental findings presented in Table 1, Fig. 4, and Fig. 5 demonstrate that Cs + cations can also stabilize the CHA framework after the synthesis by performing simple ion-exchange steps. This leads us to understand the reason behind the generation of 26% additional structural defects when the concentration of Cs + cations in the unit cell decreases by 90% (Fig. 4 and Table 1).

Our present findings pave the way for further synthesis design of cationic zeolites to control the formation of silanol sites.

Moreover, based on Fig. 3b, upon exposing the zeolite samples to 27.2 kPa of CO2 in equilibrium, the isolated and low hydrogen bonded 1 H MAS NMR peaks (in blue) slightly shift to higher chemical shifts by 0.1 ppm. This shift is also observed in the FTIR O-H frequency of isolated silanol sites at ∼ 3740 cm -1 to lower wavenumbers by 7 cm -1 in accordance with the correlations shown in our previous work (Fig. 2 vs Fig. 3b). 48 All samples clearly show a 0.1 ppm shift of the blue peaks in 1 H MAS NMR spectra upon exposing to 27.2 kPa of CO2; i.e. a shift from 1.2 to 1.3 ppm for AP-CHA sample and from 0.9 and 1.2 to 1.0 and 1.3 ppm for K-CHA sample, and from 1.1 to 1.2 for Cs-CHA sample. Moreover, Fig. 3 results clearly show the increase of hydrogen bonding strength after adsorption of CO2 as the concentration of hydrogen bonded species increases (yellow peaks) and weakly hydrogen bonded species decreases (blue peaks) (Fig. 3a vs Fig. 3b). For AP-CHA sample and upon exposing the samples to 27.2 kPa CO2, the concentration of isolated and weakly hydrogen bonded silanol sites (in blue) decreases from 2.30 to 1.22 mmol g -1 , which accounts for a reduction of 1.08 mmol g -1 . While stronger hydrogen bonded silanol sites (in yellow and red) increase from 1.11 to 2.20 mmol g -1 (increase of 1.09 mmol g -1 ). This means that upon exposure of AP-CHA sample to 27.2 kPa CO2, around 1.08 mmol g -1 of isolated and weakly hydrogen bonded silanol sites interact with CO2 guest molecules and appear at higher proton chemical shifts, hence increasing the overall hydrogen bonding strength within the structure. This behavior was observed also for K-CHA and Cs-CHA samples. Simultaneous reduction in the concentration of isolated and weakly hydrogen bonded silanol sites from 2.62 to 2.29 mmol g -1 for K-CHA sample and from 0.97 to 0.73 mmol g -1 for Cs-CHA sample (blue peaks, Fig. 3a,b) and an increase of the concentration of stronger hydrogen bonded silanol sites from 1.18 to 1.49 mmol g -1 for K-CHA sample and from 1.72 to 1.91 mmol g -1 for Cs-CHA sample (yellow and red peaks, Fig. 3a,b) were detected upon adsorption of CO2.

It should be noted that the total concentration of silanol sites remains constant before and after CO2 adsorption for the different alkali forms of nanosized CHA zeolite (Table 1), which means that no silanol sites chemically react with CO2 guest molecules. This is in accordance with our previous work on which we have shown that chemisorption on the different alkali forms of nanosized CHA is very low and hence no CO2 chemisorption is expected. 14 The CO2 capacity of nanosized CHA versus their total silanol sites concentration and a linear behavior between these two parameters is clearly demonstrated showing a direct relation between them (Fig. 4). This suggest that in addition to the molecular sieving and cation gating, silanol sites also contribute favorably in the selective CO2 adsorption on the different alkali forms of nanosized CHA. To the best of our knowledge, this is the first work revealing the role of silanol sites in zeolites on their CO2 adsorption capacity revealed by high resolution solidstate 1 H MAS NMR and FTIR spectroscopy.

Conclusions

In conclusion, we have investigated the silanol sites of different alkali forms of nanosized CHA zeolites by combining FTIR and 1 H MAS NMR spectroscopy in absence and presence of CO2 guest molecules. The complex nature of O-H stretching frequency in the region of 3000-4000 cm -1 for the activated sample and its overlapping with complex CO2 stretching modes while CO2 is adsorbed in the samples hinders the observation of the adsorption effects on silanols. This is overcome using 1 H MAS NMR spectroscopy allowing the quantification and assignment of four distinct regions of silanol sites based on the strength of hydrogen bonding. Ion exchanging nanosized CHA zeolites with K + or Cs + significantly altered the silanol concentration. This is due to the stabilizing role of Cs + cations in the CHA structure, decreasing the Cs + content, from 10 to 1 cation per unit cell, increases the total silanol concentration from 2.82 to 3.82 mmol g -1 further supported by DFT calculations. Upon adsorption of CO2 (27.2 kPa) on the different alkali forms of CHA nanosized zeolite samples, the total concentration of silanol sites did not change;

however, the distribution of the strength of the silanol sites within the CHA framework altered significantly towards increasing the hydrogen bonding within the silanol sites

showing an interaction of silanols with CO2 molecules. It was found that CO2 adsorption capacity of different alkali forms of nanosized CHA is linearly related to the total silanol concentration of these samples. In addition to the role of cations in adsorbing CO2, this is the first evidence of the participation of silanol sites.

Developing new methods to engineer specific silanol sites could be a prospective area for improving zeolites CO2 capacities in the future. Fig. S4. 27 Al MAS NMR spectra of nanosized AP-CHA, K-CHA, and Cs-CHA CHA samples.

Introduction

Zeolites are major players in petrochemical industries both for separation and catalysis thanks to their molecular-sized pore openings (0.3-2 nm) and shape selectivity. [1][2][3][4] Zeolites consist of ordered corner-sharing TO4 tetrahedra (T = Si, Al)

giving rise to a variety of framework topologies with tunable properties. 5,6 Synthetic zeolites are usually micron-sized polycrystalline powders exhibiting diffusion limitations due to the size of the micropores (0.4-2 nm) and crystals dimensions. 7 These issues were addressed either by hierarchization or by decreasing the zeolite particle size down to nanometer. 8 Thus, nanosized zeolites are advantageous when compared to conventional micron-sized counterparts since they exhibit (i) a higher external surface area, (ii) a bigger number of available active sites, and (iii) higher diffusion rate. 5,7,9 Chabazite (CHA) zeolites with Si/Al < 3.0 are excellent CO2 adsorbents used for separation of CO2 from CH4 or N2 streams thanks to the interaction of CO2 molecules with the framework Al tetrahedrons. [10][11][12][13] However, CHA zeolites with Si/Al > 3.0 are considered for various catalytic applications such as selective catalytic reduction (SCR) of NOx or methanol to olefins (MTO) reactions. 11 Conventional syntheses of CHA zeolites involve the use of organic structuredirecting agents (OSDAs) (e.g. N,N,N-1-trimethyladamantammonium hydroxide (TMAdaOH)) leading to crystals with a wide Si/Al ratio going from 2.9 to infinity (pure silica). [14][15][16][17] Other works reported the use of benzyltrimethylammonium hydroxide (BTMAOH) and tetraethylammonium (TEA) using faujasite (FAU) seeds to synthesize micron-sized high silica CHA crystals. 18,19 However, the economic and environmental concerns are progressively limiting the use of OSDAs in the synthesis of zeolites. This is due to the excessive energy consumption during their own synthesis as well as the CO2 emission during the removal of templates from the pores by calcination, increasing their carbon finger print in the atmosphere, being nonrecyclable. 5,20 Thus, it is of great interest to synthesize CHA zeolites without using OSDAs.

Typical OSDA-free synthesis routes of CHA are : (i) the inter-zeolite transformation of Al-rich FAU to CHA framework and (ii) the use of a mixture of alkali cations (Na + , K + , Cs + ). [20][21][22] However, both methods give rise to CHA crystals with typical Si/Al ratios around 2.0. [20][21][22] Alternative protocols were used to synthesize CHA crystals with Si/Al ratios of 4-5 using CHA seeds in addition to Na + , K + , and Cs + alkali cations. 23 However, TMAdaOH OSDA is still needed for the synthesis of the initial CHA seeds. 23 Other syntheses of CHA crystals with Si/Al ratios of 11-19 were reported using a double seeded inter-zeolite transformation method using seeds of Si-rich FAU and Al-rich CHA. 21,22,24 However, the final CHA crystals suffer from significant loss of crystallinity. 24 Alternatively, it is possible to tune the Si/Al ratio of zeolites by post-synthetic dealumination treatment using acids as reported by Barrer. 25 Different acids and salts such as oxalic acids, chromic acids, ammonium fluoride, etc. were employed to leach out Al from different zeolite structures. [26][27][28][29][30] Yet, dealumination with acids leads to significant structural and porosity losses. 31 In 

Experimental section

Materials and synthesis

The reference nanosized CHA sample with a Si/Al ratio of 2.0 was synthesized using the procedure reported previously. 20 In a typical synthesis, 0.54 g of NaAlO2, Magic-angle spinning nuclear magnetic resonance (MAS NMR) spectra of 29 Si and 27 Al nuclei were recorded with a single pulse on a Bruker Avance 500 MHz (11.7 T) spectrometer using 4 mm-OD zirconia rotors with a spinning frequency of 12 and 14 kHz, respectively. Single pulse excitation (30° and 15° flip angle) of 3 μs was used for 29 Si and 27 Al MAS NMR experiment and 30 s of recycle delay. Tetra-methylsilane (TMS) and Al(NO3)3 were used as references for 29 Si and 27 Al nuclei, respectively.

One dimensional 1 H MAS NMR spectra were acquired using 1.9 mm outer diameter probes zirconia rotors spun at 40 kHz, a radiofrequency power of 114 kHz and a recycle delay of 10 s. The fitting of 1 H and 29 Si MAS NMR spectra was performed using Lorentzian peaks in Dmfit software. 32 Fourier transform infrared (FTIR) spectroscopic measurements of zeolite samples were performed on a self-supported pellet (~20 mg and a diameter of 16 mm); the transmission spectra were recorded with a Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with an MCT detector, at a spectral resolution of 4 cm - 1 . The FTIR cell is equipped with a heating element in order to activate the samples at 350 °C prior to the measurements. The cell was connected to a pumping system for the treatment under high vacuum (up to 10 -6 kPa). The samples were activated by heating with a ramp rate of 3 °C min -1 followed by heating at 350 °C for 4 h under high vacuum. All IR spectra were recorded at room temperature. The structural features of zeolites samples were identified by FTIR using samples prepared with 

Results and discussion

Six nanosized CHA samples (2.0 < Si/Al < 4.0) were prepared by hydrothermal post-synthetic treatment of the reference nanosized CHA zeolite sample (Si/Al = 2.0) synthesized according to the procedure developed by our group. 13,20 The structural details of the nanosized CHA samples are presented in Table 1 and Table S1. Based on the conditions of silylation, the samples were labeled as CHA-pHα-βSi; where α is the pH of the silylation solution, and β is the TEOS/zeolite ratio in mmol g -1 of zeolite. To study the effect of the acidity during the silylation steps, the pH of the solutions varied from 8.5 to 1.0 by keeping the Si concentration constant (2 or 4 mmol g -1 ). When 2 mmol g -1 of Si were added to the samples during the silylation step, the obtained CHA-pH8.5-2Si and CHA-pH2.4-2Si nanosized samples preserved their crystallinity (100 and 98 %,) compared to the reference nanosized CHA (Fig. 1a and Table 1) while the Si/Al ratio increased to 2.7 and 2.4 based on ICP-MS study. The water content reduced from 17.7 to 15.2 and 15.7 % for samples CHA-pH8.5-2Si and CHA-pH2.4-2Si, respectively, compared to the reference material (Fig. 1a, Fig. S1, and Table 1). However, decreasing the pH value of the silylation solution to 1.0 for the preparation of sample CHA-pH1.0-2Si resulted in 21% loss of crystallinity and the Si/Al ratio increased to 3.8 while the water content decreased to 12.9 % (Fig. 1a, Fig. S1, and Table 1). Further, under treatment of nanosized CHA zeolite with increased Si concentration (4 mmol g -1 ) at different pH values (samples CHA-pH8.5-4Si, CHA-pH2.4-4Si, and CHA-pH1.0-4Si) showed the same trends for the Si/Al ratio and degree of crystallinity (Fig. 1a, Fig. S1, and Table 1).

The structural features of the nanosized CHA samples were revealed by FTIR using KBr pellet technique (Fig. 1c). All samples show two distinct peaks at 518 and 635 cm -1 , uniquely attributed to the double six-membered rings (d6r) and eightmembered rings (8MRs) of CHA framework. 20 These peaks with high intensity are well resolved for all samples except for those treated at pH of 1.0, thus reflecting the decrease of crystallinity (Table 1). Furthermore, the O-Si-O bending mode at 466 cm -1 is observed for all samples. 34,35 Two broad vibration bands, the first at 670-820 cm -1 related to the symmetric vibration of Si-O-T (T = Al or Si) and the second one at 950-1200 cm -1 related to the asymmetric stretching are also recorded for all samples. 33,[36][37][38] The asymmetric stretching band assigned to Si-O-T associated with variation of the Si/Al ratio of the samples is shifted too. 33 The Si/Al ratio of the samples determined based on the FTIR data is in a good agreement with the ICP-MS results (Fig. 1c and Table 1).

The state of Al in the zeolite samples was studied by 27 Al MAS NMR and the results are presented in Fig. 1b. A unique peak at 57.7 ppm corresponding to the tetrahedrally coordinated Al similarly to the reference sample is observed (Table 1). 1,20 However, for the samples treated at pH of 1.0 (CHA-1.0-2Si and CHA-1.0-4Si), a small peak at 0 ppm related to extra-framework Al species appeared. This explains the decrease of crystallinity for the samples. Similar results for FAU zeolite postsynthetically treated by HCl under low pH values were reported earlier. either Al 3+ or hydroxyl groups assigned to Q 0-4 species in Fig. 2. 13,20,40 The Si/Al ratio of all samples was determined using Engelhardt and Michel equation and the results are shown in Fig. 2. 41 Interestingly, the treatment of the CHA zeolite with 2 mmol g -1 of Si under basic condition (sample CHA-pH8.5-2Si), gives rise to a new peak at -113 ppm assigned to Q 4 species (Fig. 2). 42 Both resonances at -109 and -113 ppm correspond to Q 4 Fig. 2. 29 Si MAS NMR spectra and the corresponding deconvolution of reference, CHA-pH8.5-2Si, CHA-pH8.5-4Si, CHA-pH2.4-2Si, CHA-pH2.4-4Si, CHA-pH1.0-2Si, and CHA-pH1.0-4Si nanosized CHA samples. Color code: black for Q 0 , yellow for Q 1 , green for Q 2 , blue for Q 3 , and purple for Q 4 species.

Fig. 3 presents the changes in the percentages of different Q 1-4 species after silylation/dealumination of samples at various pH using variable Si concentrations.

When 2 mmol g -1 of Si is inserted, all samples show a decrease in the amount of Q 1- 2 species due to dealumination and an increase in the amount of Q [3][4] species due to silylation. In addition, increasing the Si concentration from 2 to 4 mmol g -1 significantly increases the amount of Q 4 species (Fig. 3), hence, decreasing Q 1-3 species percentage for all samples. The percentage of Q 2 species clearly decreases by reducing the pH level from 8.5 to 1.0, which is in line with previous works 26,27 while no clear trends were observed for the Q 1,3,4 species. These simultaneous changes in the distribution of the Q n species provide an evidence for the occurrence of a concurrent dealumination and silylation mechanism with a substantial introduction of Si resulting in the formation of new Q 4 species. The Q n species, being assigned to different coordination of Si may originate from the presence of Al or OH groups equally and it is difficult to be distinguished using only 29 Si NMR spectroscopy. Hence, high resolution 1 H MAS NMR spectra were acquired for all CHA samples dehydrated at 350 °C in order to estimate the amount of silanol sites before and after treatment (Fig. 4). The concentrations of silanol sites for these samples are summarized in Table 1. Four distinct regions are identified: (i) silanol sites close to cations (in purple) represented by O-H stretching vibrations appearing in the range of 3766-3756 cm -1 of the FTIR, and negative values for proton chemical shifts, (ii) isolated or weakly hydrogen bonded silanol sites (in blue) in the range of 3756-3700 cm -1 , and proton chemical shift at 0.0-2.0 ppm, (iii) CHA-pH8.5-4Si with Si/Al ratios of 2.5 and 2.8, respectively as determined by 29 Si MAS NMR (Fig. 2 and Table 1). Both samples preserved the high crystallinity as

shown by XRD patterns (Fig. 1a), 27 Al MAS NMR spectra with the symmetrical band at 57.7 ppm (Fig. 1b), and IR spectra with two structural bands at 518 and 635 cm -1 (Fig. 1c). 20 29 Si MAS NMR spectroscopy revealed that in addition to the Q 4 species detectable in the reference CHA sample ( 29 Si chemical shift of -109 ppm), new Q 4 species at -113 ppm for samples CHA-pH8.5-2Si and CHA-pH8.5-4Si responsible for the higher Si/Al ratio of 2.5 and 2.8, respectively are appeared. The new Q 4 species are originated from the insertion of Si in the CHA framework during the post-synthetic treatment step. The 1 H MAS NMR spectroscopy revealed that the silylation step heals the strongly hydrogen bonded silanol sites observable at 4.5 ppm (Fig. 4). The FTIR results in estimating the total amount of silanol sites for CHA-pH8.5-2Si and CHA-pH8.5-4Si samples determined by FTIR are in a good agreement with 1 H MAS NMR results; an almost constant molar absorption coefficient of 650 cm mmol -1 calculated for these samples is presented in Table S1. Performing the post-synthesis silylation steps under pH of 2.4 also resulted in fully crystalline nanosized CHA samples (CHA-pH2.4-2Si and CHA-pH2.4-4Si) as supported by XRD patterns, 27 Al MAS NMR, and IR (Fig. 1). The Si/Al ratios can be tuned to 2.3 and 2.8 for CHA-pH2.4-2Si and CHA-pH2.4-4Si samples, respectively (Fig. 2). While the total silanols concentration is ~5.60 mmol g -1 for both CHA-pH2.4-2Si and CHA-pH2.4-4Si samples. Finally, it was found that performing the post-synthesis silylation steps on the nanosized CHA samples under low pH of 1.0 still preserve of about 79% and 41% crystallinity of samples CHA-pH1.0-2Si and CHA-pH1.0-4Si, respectively (Fig. 1a and Table 1).

This agrees with detection of a resonance at 0 ppm in the 27 Al NMR corresponding to octahedrally coordinated Al in the samples and addition of anisotropy to the tetrahedral 27 Al resonance at 57.7 ppm (Fig. 1b). Nevertheless, the final Si/Al ratios of 3.7 and 4.0 for CHA-pH1.0-2Si and CHA-pH1.0-4Si samples using 29 Si MAS NMR spectroscopy were estimated (Fig. 2).

Conclusions

The effect of pH and the amount of Si source used for post-synthetic hydrothermal treatment of nanosized chabazite crystals with initial Si/Al ratio of 2.0 was studied systematically. The nanosized CHA with Si/Al ratios between 2.0-4.0 and defect site concentrations of 3.43 to 6.61 mmol g -1 were prepared. Detailed spectroscopic characterization such as FTIR, 1 H, 27 Al, and 29 Si MAS NMR were performed to characterize the amount and type of defect sites and local environment of different nuclei within the zeolite (i.e. H, Al, and Si) after the post-synthetic hydrothermal treatment were studied in details. 29 Si MAS NMR revealed the increase of the Si/Al ratio of the samples are due to the decrease of Q 0-2 species (dealumination) and increase of Q 4 species due to the Si insertion as characterized by the newly formed Q 4 species at -113 ppm.

All strongly hydrogen bonded silanols were healed during the post-synthetic hydrothermal treatment as revealed by 1 H MAS NMR. While, the total silanol sites concentration increased due to the constant dealumination and silylation of the samples; mainly isolated silanol sites or weak/medium hydrogen bonded silanol sites

Supporting information

Table S1. Concentration of silanol sites based on the FTIR and 1 H MAS NMR spectroscopy and molar absorption coefficients of the CHA reference, CHA-pH8.5-2Si, CHA-pH8.5-4Si, CHA-pH2.4-2Si, CHA-pH2.4-4Si, CHA-pH1.0-2Si, and CHA-pH1.0-4Si nanosized CHA samples. 
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Abstract:

While the use of nanozeolites for cancer treatment holds a great promise, it also requires a better understanding of the interaction between the zeolite nanoparticles and cancer cells and notably their internalization and biodistribution. It is particularly important in situation of hypoxia, a very common situations in aggressive cancers, which may change the energetic processes required for cellular uptake. Herein, we studied, in vitro, the kinetics of the internalization process and the intracellular localization of nanosized zeolite X (FAU-X) into glioblastoma cells. In normoxic conditions, scanning electron microscopy (SEM) showed a rapid cell membrane adhesion of zeolite nanoparticles (< 5 min following application in the cell medium), occurring before an energy-dependent uptake which appeared between 1 h and 4 h. Additionally, transmission electron microscopy (TEM) and flow cytometry analyzes, confirmed that the zeolite nanoparticles accumulate over time into the cytoplasm and were mostly located into vesicles visible at least up to 6 days. Interestingly, the uptake of zeolite nanoparticles was found to be dependent on oxygen concentration, i.e. an increase in internalization in severe hypoxia (0.2% of O2) was observed. No toxicity of zeolite FAU-X nanoparticles was detected after 24 h and 72 h. The results clearly showed that the nanosized zeolites crystals were rapidly internalized via energy-requiring mechanism by cancer cells and even more in the hypoxic conditions. Once the zeolite nanoparticles were internalized into cells, they appeared to be safe and stable and therefore, they are envisioned to be used as carrier of various compounds to target cancer cells.

Introduction

Glioblastoma is the most common and aggressive primary brain tumor in adults. 1 Despite conventional treatments, including radiotherapy and chemotherapy along with surgery, the median survival of patients does not exceed 15 months. 2 Because glioblastoma are characterized by a pronounced hypoxia associated to tortuous and permeable blood vessels at the origin of the enhanced permeability and retention (EPR) effect, a wide range of nanoparticles (NPs) like nanoscale porous materials provide opportunities to be explored as anti-cancer drugs carriers and/or gases delivery platform. [3][4][5][6] Among these nanoparticles, nanosized zeolites have recently attracted significant interest due to the prominent physicochemical features including variable structures, high surface areas, ion exchange ability, and chemical/colloidal stability under physiological conditions. [7][8][9] Particular attention has been given to nanosized faujasite type zeolite (FAU), which was considered as a promising candidate for biomedical applications and notably in glioblastoma context 5,10 due to the good biocompatibility, non-toxicity and high stability. We have previously reported the synthesis of organic template-free nanosized FAU with high crystallinity and a size in the range of 10-100 nm with a narrow particle size distribution and excellent colloidal stability. 11 The nanosized FAU was prepared in different cationic forms (Fe 3+ , Cu 2+ , Gd 3+ ) and used as drug and gas carrier that enabled tracking with MRI. 5,12 Indeed, after intravenous administration in rat bearing glioblastoma cells, the Gd loaded zeolites were found with MRI in the tumor bulk. 5 More recently, in vitro study with glioblastoma cells using nanozeolites with luminescent properties demonstrated their intracellular incorporation. 13 However, the internalization process of zeolites into glioblastoma cells and their precise intracellular localization is not clearly understood and require further studies. Some reports suggested that the NPs uptake is dependent on various parameters such as size-and charge-dependent but also is cell type-dependent. [14][15][16] As mentioned previously, it is also of great importance to consider the internalization of zeolite nanoparticles in hypoxic environment found in glioblastoma 17 in order to improve the NP-based cancer therapies. Only few studies have taken the hypoxic conditions into considerations 18,19 which however change energetic processes in cells. 20 Depending on various features of NPs (size, surface charge, composition), they can be internalized in cells by passive translocation or by an energy-requiring process called endocytosis. 16 Endocytosis can be categorized into (i) a phagocytosis which refers to special cells and allows to internalizes particles larger than 0.5 µm and aggregates, and (ii) a pinocytosis, a major way of internalization of small particles in eukaryotic cells. 16 According to the proteins involved, the pinocytosis is classified to macropinocytosis, clathrin-dependent endocytosis, caveolae-dependent endocytosis and clathrin-/caveolae-independent endocytosis. 21 Understanding the process of internalization of NPs and notably the subcellular localization may help to further tune their properties for biomedical use. For instance, if the Gd 3+ doped NPs have to be used to improve the efficacy of radiotherapy based on the presence of heavy metal ion, i.e. Gd 3+ , used as a radiosensitizer, and thanks to the restricted path of electrons in the cells after irradiation, a very close localization to the nucleus is required.

Herein, we investigated, in vitro, the kinetics of the internalization process and the intracellular localization of zeolite (Na-FAU-X) nanoparticles doped with Gd 3+

(Gd-FAU-X) in U251-MG glioblastoma cells using scanning electron microscopy (SEM), transmission electron microscopy (TEM) and flow cytometry. Our results showed a rapid cell membrane adhesion (<5 min) of Gd-FAU-X followed by an intracellular uptake, mostly in vesicles. More interestingly, severe hypoxia (0.2% O2), found in glioblastoma, increased the NPs uptake in the U251-MG cells while moderate hypoxia did not. This study is of great importance since understand the uptake of zeolite nanoparticles by glioblastoma cells will allow their future use in biomedical applications.

Experimental section

Materials and chemicals

The following initial reagents were used for the preparation of the nanosized 

Biological characterization of nanosized zeolites

Cell culture: The human glioblastoma-derived cell line U251-MG and U87-MG were cultured in DMEM 1 g/l of glucose supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin. The cell line was maintained in culture at 37°C with 5% CO2 and 95% humidity. Cells were seeded at 1.10 5 cells/ml but for the experiments lasting for 72h or 144h, the cell seeding density was 0.5.10 5 cells/ml. 

Hypoxia

Kinetic study of zeolite adhesion on the U251-MG cell membrane

In order to exploit the potential of nanosized Gd-FAU-X zeolite for biomedical application, it is important to further understand the tight interactions of NP with the cells. For this purpose, SEM experiments were performed on U251-MG cells incubated with 100 µg/mL of Gd-FAU-X zeolites for 5 and 60 min in the cell medium (Fig. 1A). SEM results showed that Gd-FAU-X zeolite nanocrystals as cluster were found attached to the cell membrane after 5 min of incubation (Fig. 1A, arrow). Upon increasing the incubation time to 60 min, the particles were still present on cell membrane and interestingly accumulated on its surface (Fig. 1A). To further confirm that the Gd-FAU-X zeolites were present in the U251-MG cells (Fig. 1B), SEM/EDX analysis after 60 min of incubation with 100 µg/mL Gd-FAU-X nanocrystals were performed and compared with a zeolite-free area of the cells named control zone (Fig. 1B). The results displayed an increase in the energy peaks corresponding to the characteristic zeolite elements like oxygen (O), sodium (Na), aluminum (Al) and silica (Si) in comparison to the control zone whereas the energy peak of carbon (C) employed as a negative control decreased. Element mapping analysis of U251-MG cells incubated with 100 µg/mL of Gd-FAU-X zeolites after 60 min using SEM/EDX is depicted in Fig. 1C. The results show a colocalization for Na, Al and O elements with the presence of zeolites clusters using TEM bright field image, while the C appeared with less intensity (Fig. 1C). These results suggest that Gd-FAU-X zeolite crystals are able to rapidly attach to the cell membrane after addition in the cell medium.

Indeed, these NPs are small (<50 nm), that facilitate uptake and interactions with cell membrane, as described by Lu et al. 22 The Gd-FAU-X are negatively charged NPs and it has been shown that the uptake of negatively NPs is cell-type-dependent. 16 Here, the rapid attachment of the NPs to the membrane can be considered as the first step of internalization. (SiO2 NPs), a intracellular decrease with time was reported due to cell proliferation but not as a result of exocytosis. 24 However, a decrease in the amount of zeolite NPs in the cells with time was observed and attributed to the cell division; a similar trend was seen for Gd-FAU-X zeolite crystals in glioblastoma cells (Fig. S8). These results could be of great interest for future application of nanozeolites as a delivery system, since after cell incorporation they do not seem to be secreted but rather transmitted to daughter cells. Besides, the integrity of the Gd-FAU-X nanocrystals inside the vesicles is preserved over the time, (Fig. 2A, Inset) thanks to their high structural stability. Indeed, the zeolite nanocrystals are very stable solids that resist various conditions in contrast to other materials. TEM study was performed on cells with nanosized Na-FAU-X zeolites and similar results were obtained (Fig. S9) thus suggesting that internalization process may be comparable to the one reported for Gd-FAU-X.

In order to have a semi-quantitative analysis, flow cytometry analyses of cells containing luminescent zeolite nanocrystals were performed. Thus we used the Ru(bpy)3-FAU zeolite-X, previously reported by our group. 13 Indeed, the incorporation of ruthenium-tris(2,2'-bipyridyl) (Ru(bpy)3) complex in the FAU-X zeolite allowed to act as a luminescent probe detectable by flow cytometry. 13 We quantified the percentage of U251-MG cells containing Ru(bpy)3-FAU-X 4 h zeolite nanocrystals with concentrations of 10 µg/mL and 100 µg/mL with different oxygen concentrations of 21%, 1% and 0.2% for 24 h (Fig. 3). As shown in Figure 3A, B, C, the percentage of cells containing Ru(bpy)3-FAU-X increased in a dose-and time-dependent manner. The results are in agreement with other studies demonstrating that the cellular internalization of NPs was time-dependent. 15,25,26 Moreover, an effect of oxygen concentration was found; more cells appeared to contain Ru(bpy)3-FAU-X nanozeolites following treatment in severe hypoxia (0.2%) rather than mild hypoxia (1%) or normoxia, and these observations stands for the two concentrations used of 10 µg/mL and 100 µg/mL of Ru(bpy)3-FAU-X nanocrystals (Fig. 3D,E). The current results are also in agreement with other studies reporting that uptake of AgNPs by U251-MG cells is higher under hypoxia rather than normoxia condition. 18 Surprisingly, we cannot observe this oxygen effect with another glioblastoma U87-MG cell line (Fig. S10). In the aggressive brain tumors where severe hypoxia is found, 17 the use of zeolite nanocrystals as nano-vector would be an attractive strategy particularly for hypoxic tumors treatment. Being able to target the most hypoxic cells would make them very appealing since these cells will be the most resistant cells after conventional treatments. 27 In order to understand the internalization process of zeolite nanocrystals, we studied the Ru(bpy)3-FAU-X uptake by U251-MG at lower temperature (4 °C) during 

Cytotoxicity study of nanosized zeolite nanoparticles on U251-MG glioblastoma cells

To assess the biocompatibility of nanozeolites in order to prove their applicability in biomedicine, cytotoxicity measurements were performed. U251-MG cells were exposed to zeolite nanocrystals at various concentrations (10 -100 μg/mL) for 24 h and 72 h, followed by cell viability measurements. As shown in Fig. 5, the U251-MG cell viability was not affected by exposure to both Na-FAU-X and Gd-FAU-X nanosized zeolites. We can conclude that the Gd-FAU-X zeolite nanocrystals are safe for these cells despite their presence inside the cells. These results are very interesting pointing out the possible biomedical application of nanozeolites as radiosensitizer or drug delivery system. It is also attested by the ability of cells to proliferate as showed in Fig. S8. 

Conclusions

In this work we report on the process of zeolites internalization by glioblastoma cells. The zeolites internalization begins quickly after zeolites exposure, and the particles are attached to the cell membrane after 5 min. Both the TEM and flow cytometry analyses pointed out an internalization of zeolites over time, and the zeolites-containing vesicles were mainly found. 15,26 Interestingly, the internalization process was faster and greater in severe hypoxia without apparent exocytosis which further shed light the interest in zeolites, especially since the cell viability was not affected in U251-MG glioblastoma cells.

The internalization, stability and cytotoxicity results presented for the first time here reinforce the interest in nanosized zeolites as drug/gases delivery system for biomedical application and particularly in hypoxic tumors which are more radioresistant. Thanks to their increased surface area relative to micron-sized particles, nanocrystals offer a unique opportunity to carry high amount of drugs or other related compounds while limiting the need to inject high quantity not feasible for translational studies in patients. The smaller size of zeolite crystals also favors a higher intracellular uptake but also of an intratumoral accumulation after intravenous administration.

As perspective, the localization of Gd-doped NPs closest to the nucleus, highlight the interest of this component as radiosensitizer, especially since in a previous work we demonstrated, in vivo, a specific accumulation of this Gd-FAU-X nanocrystal in the brain tumor after tail injection. 5 Fig. S2. SEM images of nanocrystalline Na-FAU-X and Gd-FAU-X samples.

Na-FAU-X Gd-FAU-X Fig. S3. DLS curves of Na-FAU-X and Gd-FAU-X samples.

Fig. S4. Zeta potential curves of Na-FAU-X and Gd-FAU-X samples. The Si/Al ratio of the nanosized CHA zeolites was altered in comparison with the reference sample (Si/Al = 2.0) using a concurrent dealumination and silylation post-synthesis treatment steps; the Si/Al ratio of the new samples varied in the range 2.0-4.0. The concentration of the defect sites was also altered from 3.43 to 6.61 mmol g -1 . 29 Si MAS NMR showed that a new Q 4 species formed during these postsynthesis silylation treatment. Based on 1 H MAS NMR spectroscopy, the strongly hydrogen bonded silanol sites (such as internal defects) were healed for all samples during the treatment; however, more isolated or weak/medium hydrogen bonded silanol sites were created.

The nanosized CHA zeolites with high potential for CO2 capture and separation were revealed. Further investigations toward designing of relevant systems (i.e. adsorption columns, membranes, etc.) for CO2 capture and separation are required.

The porosity of all new synthesized nanosized CHA samples described in the chapter 7 should be investigated and the CO2 adsorption properties need to be studied.

Furthermore, the separation performance of nanosized zeolites in mixed-component gas systems such as CO2/CH4 and CO2/N2 needs to be investigated by equilibrium adsorption and breakthrough measurements. The CO2 adsorption kinetics need to be studied experimentally and theoretically using molecular dynamics simulations.

This information will provide information needed for designing of industrial adsorption units.

A novel application of nanosized zeolites in biomedicine was presented; the use of nanosized zeolites for delivering of CO2 and O2 in glioblastoma treatment was demonstrated. It was found that the attachment process of nanosized zeolites to cell membranes took only 5 mins and the internalization process was very fast. The results proved that nanozeolites can be used as carriers for O2 or drugs. The prospect of this work is to use various ion exchanged nanosized zeolite to facilitate the treatment of brain tumors and as labelled components to identify their location. 

Synthesis of nanosized chabazite zeolite for CO2 capture

Synthèse de zéolithe chabazite nanométrique pour la capture du CO2

  code Environ trois ans de cela, j'ai déménagé en France pour la seconde fois afin de continuer mes études en préparant mon doctorat. Beaucoup de choses se sont passées pendant ces années, mais je peux affirmer qu'il s'agit de l'une des périodes les plus stimulantes de ma vie jusqu'à présent. J'ai beaucoup appris, sur le plan professionnel et personnel grâce aux personnes que j'ai rencontrées. La plus important étant le professeur Svetlana Mintova, bien sûr mes parents pour tout ce qu'ils ont fait pour moi. Enfin, je dédie ce travail à ceux qui utilisent le nom de Zhina comme code.

Fig. 1 .

 1 Fig. 1. OSDAs used to synthesize CHA zeolite.

  can be highly influenced by the composition of framework themselves (i.e. Si/Al ratios and the type and composition of extra-framework cations). The triggers are in thermodynamic nature (i.e. temperature and/or pressure) or due to a non-neutral guest molecules interaction (such as CO2). The immediate challenge is whether choice of the flexibility probe molecule should be a neutral molecule (like N2 or Ar) or a non-neutral one (such as CO2). If a neutral probe molecule is selected, all guestinduced deformations are hindered. Whereas, selection of non-neutral probe molecules can hinder thermodynamically-and composition-induced deformations.

  this perspective article, the origin of zeolite flexibility is revealed based on understanding of string-like features of Si-O and Al-O bonds and the distortion of Si-O-Al and Si-O-Si angles as a response to an outside trigger. Different aspects of zeolites' flexibility were presented including the main triggers of zeolite flexibility identified as thermodynamics, sorption, and composition changes. By tuning the temperature and zeolite composition, one can tune the size and shape of zeolites pores. Guest molecule chemistry also can be used to design smart zeolites to capture/separate targeted molecules. The zeolite flexibility can be in macroscopic (changes in the lattice parameters) or microscopic (relocation of extra-framework cations within the zeolites). Further works are necessary to develop experimental methods to quantify and compare the flexibility of different zeolite frameworks and perhaps other porous materials such as MOFs. This deeper understanding provides the ability to control zeolite adsorption and separation properties, crucial for critical economic and environmental challenges.

  abbreviated as K04-1, -3, -5, -7, and -9, while the samples from series K17 after 1, 3, 5, and 7 h of HT treatment are abbreviated as K17-1, -3, -5, and -7.

1 .

 1 For the K04-5 sample, the XRD pattern reveals the emergence of the diffraction peaks associated with the CHA framework structure indicating that the formation of the CHA structure begins after approximately 3 h of HT treatment of the colloidal precursor suspension at 90 °C. Even after 5 h of HT treatment the diffraction peaks are broad and display low intensity signifying that a large amount of amorphous precursor material is still present. Increasing the time of HT treatment

Fig. 1 .

 1 Fig. 1. XRD patterns of the nanosized CHA samples (a) K04-3, K04-5, and K04-7 (b) K17-1, K17-03, and K17-5 synthesized from colloidal precursor suspensions aged four and seventeen days, respectively.

Fig. 2 .

 2 Fig. 2. SEM images of the nanosized CHA samples (a) K04-3, (b) K04-5, and (c) K04-7 and samples (d) K17-1, (e) K17-3, and (f) K17-5 synthesized from colloidal precursor suspensions aged four and seventeen days, respectively.

Fig. 3 .

 3 Fig. 3. TEM images highlighting the morphology of fully crystalline nanosized CHA samples (a) K04-7 and (b) K17-3.

Fig. 4 .

 4 Fig. 4. Top: viscosity changes of the colloidal precursor suspensions of samples from the series K04 and K17 at different times of hydrothermal treatment: (a) K04-0, K04-1, K04-3, K04-5, and K04-7, and (b) K17-0, K17-1, K17-3, K17-5, and K17-7. Bottom: pictures of the colloidal suspensions K04-3, K04-5, K04-7, K17-1, K17-3, and K17-5

Fig. 5 .

 5 Fig. 5. FTIR spectra of the nanosized CHA samples: (a) K04-3, K04-5, and K04-7 and (b) K17-1, K17-3, and K17-5 synthesized from colloidal precursor suspensions aged four and seventeen days, respectively.

  Samples K04-3 and K04-5 show asymmetric broad resonances from -110 ppm to -80 ppm which suggests a complex heterogeneous tetrahedrally coordinated Si atom in amorphous aluminosilicates (Fig. 6c). In comparison, sample K04-7 displays four resonances at -94, -99, -104, and -110 ppm correspond to 3 Al (Si[SiO][AlO]3), 2 Al (Si[SiO]2[AlO]2), 1 Al (Si[SiO]3[AlO]), and 0 Al (Si[SiO]4

Fig. 7 .

 7 Fig. 7. ICP-MS analysis revealing the change in the content of extra-framework cations (Na + , K + , Cs + ) in the nanosized CHA series K04 and K17 at different times of hydrothermal treatment: (a) K04-0, K04-1, K04-3, K04-5, and K04-7, and (b) K17-0, K17-1, K17-3, K17-5, and K17-7.

( 7 h

 7 HT treatment at 90 °C). In comparison, it is assumed that the aging of the same colloidal precursor suspension for seventeen days (K17 series) resulted in the formation of monodispersed amorphous nanoparticles that transformed into CHA nanocrystals with a size of 60 nm (3 h HT treatment at 90 °C). The high concentration of mixed inorganic cations (Na + , K + , and Cs + ) is required to (i) solubilize the Si and facilitate stable colloidal suspensions containing amorphous particles enriched in Na + , (ii) direct the formation of SBUs (d6r, 8MR) of the CHA type framework structure during the hydrothermal treatment by the high amount of K + , and (iii) promote the formation of long-range crystalline order resulting in the crystallization of chabazite zeolite containing Cs + extra-framework cations. In combination with the factors of aging and HT treatment, understanding the role of inorganic cations in directing the formation of structural units and the crystallization of framework structures is critical to the development of intelligently designed porous materials with exceptional performance.

Fig

  Fig. S1. XRD patterns of the nanosized CHA from series K04: K04-1, and K04-9 samples.

Fig. S2 .

 S2 Fig. S2. XRD patterns of the nanosized CHA from series K17: K17-0, and K17-7 samples.

Fig. S3 .

 S3 Fig. S3. FTIR spectra of the nanosized CHA (a) K04-1 and (b) K17-7 samples.

Fig

  Fig.S4.23 Na MAS NMR and 133 Cs MAS NMR spectra of the nanosized CHA from (a,c) series K04: K04-3, K04-5, K04-7, and (b,d) series K17: K17-1, and K17-3 CHA, respectively.

Fig

  Fig. S5. EDX analysis of the nanosized CHA representing the change in the content of extraframework cations (Na + , K + , Cs + ) in (a) series K04: K04-0, K04-1, K04-3, K04-5, and K04-7 and (b) series K17: K17-0, K17-1, K17-3, K17-5, and K17-7; results are averaged for three measurements and the standard deviations are represented by error bars.

  Materials and synthesis of CHA nanocrystalsAll reagents were used as received unless otherwise specified. Sodium hydroxide pellets (98 wt%), sodium chloride (99 wt%), potassium hydroxide (85 wt%), potassium chloride (99.5 wt%), LUDOX AS-40, and sodium aluminate (NaAlO2, 40-45% Na2O, 50-56% Al2O3) were purchased from Sigma-Aldrich. Cesium hydroxide hydrate (15-20 wt% H2O), and cesium chloride (99.5 wt%) were purchased from Alfa Aesar. Double distilled (dd) water prepared by an Aquatron water still A4000D was used for all syntheses. The synthesis of the CHA nanozeolite has been described previously.30 0.54 g of NaAlO2 was mixed with 4.2 g of water under rapid stirring. After dissolution, 1.7 g of NaOH, 0.824 g of KOH, and 0.442 g of CsOH (50 wt.% Cs in water) were added and stirred for 2 hours to obtain a clear solution. Then, 10 g of LUDOX AS-40 was added dropwise under vigorous stirring. The final composition of the alkali aluminosilicate colloidal suspension was 0.2 Cs2O: 1.5 K2O: 6.0 Na2O: 16.0 SiO2: 0.7 Al2O3: 141.7 H2O. The alkali aluminosilicate colloidal suspension was then aged under vigorous stirring at room temperature for 17 days followed by hydrothermal treatment in a static oven at 90 °C for 7 hours. The CHA nanocrystals were recovered by centrifugation and washed with hot water (90 °C) until a neutral pH (7-8) of the decanted solution was achieved. The recovered CHA nanocrystals were dried in an oven at 60 °C overnight and the final as-prepared CHA nanocrystals were labeled as AP-CHA (see Scheme 1).

Scheme 1 .

 1 Scheme 1. Synthesis of nanosized CHA samples via OSDA free route at low-temperature.

Fig. 1 .

 1 Fig. 1. (a) Schematic representation of CHA atomic structure and the occupancy sites for extra-framework cations (hollow grey spheres). Four types of cation sites exist: at the center of a d6r (SI); above a d6r inside the cavity (SII); next to a 4MR of a d6r inside the cavity (SIII); at the center of an 8MR (SIII'); T atoms (Si, Al) are depicted by blue spheres, and oxygen atoms by red. (b) XRD patterns of the nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples.

Fig. 2 .

 2 Fig. 2. CO2 adsorption isotherms of nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples at (a) 248 K, (b) 273 K, and (c) 298 K calculated using the GCMC method.

Fig. 3 .

 3 Fig. 3. CO2 adsorption isotherms for nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples measured at (a) 248 K, (b) 273 K, and (c) 298 K.

Fig. 4 .

 4 Fig. 4. Nitrogen adsorption/desorption isotherms of nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples measured at 77 K (the filled squares represent the adsorption branch while the empty squares represent the desorption branch of the experiments).

Fig. 5 .

 5 Fig. 5. Isosteric heat of adsorption of CO2 on nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples vs CO2 surface loading.

Fig. 6 .

 6 Fig. 6. In situ FTIR spectra of nanosized (a) AP-CHA, (b) Na-CHA, (c) K-CHA, and (d) Cs-CHA zeolite samples under increasing of CO2 pressure (0-27 kPa) at 298 K; all samples were pretreated at 623 K under high vacuum (10 -6 kPa) prior to measurement.

Fig. 7 .

 7 Fig. 7. CO2 (a) physisorption and (b) chemisorption isotherms for nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples based on in situ FTIR spectra recorded at 298 K.

Fig. 8

 8 Fig. 8 shows three consecutive vacuum regeneration (∼ 10 -6 kPa) and CO2 dosing (27.2 kPa) cycles of different nanosized CHA sample recorded using in situ

Fig. 8 .

 8 Fig. 8. Amount adsorbed CO2 on nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples under consecutive vacuum regeneration at 298 K represented by the (a) physisorbed (based on the 13 CO2 band) and (b) chemisorbed CO2 based on in situ FTIR at 298 K. (V) stands for high vacuum of 10 -6 KPa and (P) stands for CO2 dosage of 27.2 kPa, and (c) TG cycles of CO2 adsorption under flow (40 mL min -1 ) at 298 K and regeneration by increasing the temperature to 623 K.

Fig. S2 .

 S2 Fig. S2. CO2 adsorption capacities vs (a) Na + , (b) K + , and (c) Cs + content for nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples measured at 50 kPa of CO2 and 273 K.

Fig. S3 .

 S3 Fig. S3. In situ FTIR spectra of nanosized (a) AP-CHA, (b) Na-CHA, (c) K-CHA, and (d) Cs-CHA zeolite samples under consecutive vacuum regeneration of CO2 at 298 K. (V) stands for high vacuum of 10 -6 kPa and (P) stands for CO2 dosage of 27.2 kPa.

Fig. S4 .

 S4 Fig. S4. XRD patterns of the nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples after three CO2 adsorption and regeneration.

  0.54 g of NaAlO2, 1.7 g of NaOH, 0.824 g of KOH, 0.442 g of CsOH (50 wt.% Cs in water), and 4.2 g of water were mixed for 2 hours to obtain a clear solution. Afterwards, 10 g of LUDOX AS-40 was added dropwise under vigorous stirring to obtain a gel composition of 0.2 Cs2O: 1.5 K2O: 6.0 Na2O: 16.0 SiO2: 0.7 Al2O3: 141.7 H2O. The mixture was aged for 17 days at room-temperature and under vigorous stirring followed by hydrothermal treatment at 90 °C for 7 hours and the CHA nanocrystals were purified by multiple steps of centrifugation and washing with water to remove all unreacted reagents. The recovered CHA nanocrystals were dried in an oven at 60 °C overnight and the final as-prepared CHA nanocrystals were labeled as AP-CHA. AP-CHA samples were ion-exchanged with 1M XCl solutions (X = K or Cs) and liquid/solid ratio of 40 mL g -1 for two hours at room-temperature and three times. The final samples were recovered by centrifugation and were dried at oven of 60 °C overnight. The ion-exchanged samples with K + and Cs + were labeled as K-CHA and Cs-CHA, respectively. Characterization Powder X-ray diffraction (XRD) patterns were collected with a PANalytical X'Pert Pro diffractometer using Cu-Kα1 radiation (λ = 1.5406 Å, 45 kV, 40 mA).

  16 silicon atoms were replaced by aluminum atoms and 16 extra-framework cations (8 K + on one side and 8 Cs + on the other) were added to ensure electroneutrality, giving the formula K8Cs8Al16Si32O96. This cell was fully relaxed at the PBE-D2 level, giving the lattice parameters: a = 12.652 Å, b = 13.912 Å, c = 18.799 Å, α = 90.01°, β = 99.26°, γ = 89.97°, and atomic positions were relaxed at the TS-HI level (vide supra). As

Fig. 1 .

 1 Fig. 1. (a)29 Si MAS NMR spectra and (b) the corresponding distribution of different Q n species surrounding29 Si atoms for AP-CHA, K-CHA, and Cs-CHA nanosized samples.

Fig. 3 . 1 H

 31 Fig. 3. 1 H MAS NMR spectra of nanosized AP-CHA, K-CHA, and Cs-CHA zeolite samples (a) before and (b) after CO2 adsorption (27.2 kPa); all samples were pretreated at 623 K under high vacuum (10 -6 kPa) prior measurements. Color code: rotor signals in grey, purple for silanol sites interacting with cations, blue for isolated and weakly hydrogen bonded, yellow for moderately hydrogen bonded, and red for strong hydrogen bonded silanol sites.

Fig. 5 .

 5 Fig. 5. Studied DFT cases for silanol formation of K-, and Cs-CHA and their electronic energies in (a) a 6MR, (b) the confined corner of an 8MR next to a 4MR, and (c) an 8MR. Silanol sites are highlighted by shallow brown boxes, 8MR is highlighted by orange, 6MR by dark blue, and 4MR by green circles. Color code: Si in blue, O in red, Al in grey, K in purple, and Cs in green.

Fig. S2 .

 S2 Fig. S2. Supercell of CHA used in the DFT simulations depicted in different planes. 8MR (cation site SIII') is highlighted by orange circles and d6r (cation site SII) by black circles. Color code: Si in blue, O in red, Al in grey, K in purple, and Cs in green.

Fig. S3 .

 S3 Fig. S3. XRD patterns of the nanosized AP-CHA, K-CHA, and Cs-CHA zeolite samples.

  this work, we propose a new hydrothermal post-synthetic treatment consisting of a concurrent silylation and dealumination towards increase the Si/Al ratio of nanosized CHA zeolites synthesized free of OSDAs. The starting CHA nanozeolite with a Si/Al ratio of 2.0 is subjected to hydrothermal post-synthetic treatment at different conditions (pH of 8.5, 2.4, and 1.0) in the presence of tetraethyl orthosilicate (TEOS) added to silylate the samples with two different concentrations (2 or 4 mmol g -1 ). The structural features and chemical compositions of the nanosized CHA were characterized by spectroscopic and diffraction approaches.

1. 7 g

 7 of NaOH, 0.824 g of KOH, 0.442 g of CsOH (50 wt.% Cs in water), and 4.2 g of water were initially mixed to obtain a clear solution. Then, 10 g of LUDOX AS-40 was added dropwise under vigorous stirring (final gel composition of 0.2 Cs2O: 1.5 K2O: 6.0 Na2O: 16.0 SiO2: 0.7 Al2O3: 141.7 H2O) and aged for 17 days at ambient conditions. Afterwards, the sample was hydrothermally treated at 90 °C for 7 h and the CHA nanocrystals synthesized were purified and washed by double-distilled (dd) water and recovered by centrifugation. The samples were dried at 60 °C overnight prior post-synthesis treatment and characterization.Prior the post-synthetic treatment of CHA zeolite, 0.45-0.90 mmol of tetraethyl orthosilicate (TEOS, Sigma-Aldrich 98 wt %) with 3 g of milli-Q water was hydrolyzed at ambient conditions for 2 h; the pH was adjusted using ammonia (Sigma-Aldrich, 25 wt %) or hydrochloric acid (VWR chemicals, 37 wt %). 200 mg of nanosized CHA sample was added to the pre-hydrolyzed TEOS solutions under stirring and then added into autoclaves for further hydrothermal treatment for 24 h at 90 °C. Finally, the post-treated samples were purified by three cycles of centrifugation and washing with dd water followed by drying at 60 °C overnight.CharacterizationPowder X-ray diffraction (XRD) patterns of the zeolite samples were collected with a PANalytical X'Pert Pro diffractometer using Cu-Kα1 radiation (λ = 1.5406 Å, 45 kV, 40 mA). Inductively coupled plasma mass spectrometry (ICP-MS) measurements were performed using a 7900 ICP-MS from Agilent Technologies. Thermogravimetric analysis (TG) was performed using a TAG24 SETARAM analyzer under a N2 atmosphere. Measurements were performed between 30 and 800 °C with a ramp rate of 1 °C min -1 .

KBr ( 1

 1 mg of CHA samples and 99 mg of KBr); the structural fingerprints of zeolites are observed in the range 1400-450 cm -1 . The Si/Al ratio of nanosized CHA samples were also calculated using the modified empirical equation of Ma et al. as Si/AlIR =(0.0458*ν)-45.587, where ν is the position of asymmetric stretching of Si-O-T (T = Si or Al) in cm -1 .33 
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Fig. 1 .

 1 Fig. 1. (a) XRD patterns, (b) 27 Al MAS NMR spectra, and (c) IR spectra using KBr of nanosized CHA reference, CHA-pH8.5-2Si, CHA-pH8.5-4Si, CHA-pH2.4-2Si, CHA-pH2.4-4Si, CHA-pH1.0-2Si, and CHA-pH1.0-4Si samples.

Fig. 3 .

 3 Fig. 3. The changes in (a) Q 1 , (b) Q 2 , (c) Q 3 , and (d) Q 4 species versus the pH and Si concentration during the post-synthetic treatment of nanosized CHA based on 29 Si MAS NMR spectroscopy characterization.

Fig. 4 . 1 H

 41 Fig. 4. 1 H MAS NMR spectra with the corresponding deconvolutions of (a) reference, (b) CHA-pH8.5-2Si, (c) CHA-pH8.5-4Si, (d) CHA-pH2.4-2Si, (e) CHA-pH2.4-4Si, (f) CHA-pH1.0-2Si, and (g) CHA-pH1.0-4Si zeolite samples. Color code: rotor signals in grey, purple for silanol sites interacting with cations, blue for isolated and weakly hydrogen bonded, yellow for moderately hydrogen bonded, and red for strongly hydrogen bonded silanol sites.

Fig. 5 .

 5 Fig. 5. FTIR spectra representing the silanol region (3000-3800 cm -1 ) of reference, CHA-pH8.5-2Si, CHA-pH8.5-4Si, CHA-pH2.4-2Si, CHA-pH2.4-4Si, CHA-pH1.0-2Si, and CHA-pH1.0-4Si zeolite samples.

Fig. S1 .

 S1 Fig. S1. Thermal gravimetric analysis of CHA reference, CHA-pH8.5-2Si, CHA-pH8.5-4Si, CHA-pH2.4-2Si, CHA-pH2.4-4Si, CHA-pH1.0-2Si, and CHA-pH1.0-4Si nanosized samples.

Fig. S2 .

 S2 Fig. S2. FTIR spectra of CHA reference, CHA-pH8.5-2Si, CHA-pH8.5-4Si, CHA-pH2.4-2Si, CHA-pH2.4-4Si, CHA-pH1.0-2Si, and CHA-pH1.0-4Si nanosized samples.

Fig. S3 .

 S3 Fig. S3. The changes in the concentration of (a) isolated and weakly hydrogen bonded and (b) moderately hydrogen bonded silanol sites versus the pH and Si addition during the postsynthetic treatment of nanosized CHA reference samples based on 1 H MAS NMR spectroscopy study.

7 .

 7 zeolites: Al powder (Al, 325 mesh, 99.5%, Alfa Aesar, Karlsruhe, Germany); sodium hydroxide (NaOH, 98%, Sigma-Aldrich, Saint-Quentin Fallavier, France); colloidal silica (SiO2, Ludox-HS 30, 30 wt.% SiO2, pH: 9.8, Sigma-Aldrich); gadolinium(III) nitrate hexahydrate (Gd(NO3)3, 6H20, 99.99%, Sigma-Aldrich); ruthenium chloride (99.9%, (PGM basis); Ru 38% min, Alfa Aesar, Karlsruhe, Germany); 2,2'-dipyridyl (99+ %, Acros Organics, Geel, Belgium); N,N-dimethylformamide (DMF, 99.8+ %, Dynamic light scattering (DLS) and zeta potential analysis: The size of zeolite particles was determined by a Malvern Zetasizer Nano DLS instrument using a backscattering geometry (scattering angle of 173°, He-Ne laser with a 3 mW output power at a wavelength of 632.8 nm). This analysis was performed using a zeolite suspension of 1 wt.% in ddH2O. The surface charge of the nanosized zeolite crystals was measured by conducting zeta potential measurements of the same suspension pH =Inductively coupled plasma mass spectrometry (ICP-MS):The chemical composition of the zeolite samples was characterized by inductively coupled plasma (ICP) optical emission spectroscopy using a Varian ICP-OES 720-ES. The samples for the ICP were prepared according to the following procedure: (i) 50 mg of sample was dissolved in 3 mL of hydrofluoric acid (HF) (Sigma-Aldrich 40-45%), then (ii) a 0.5 mL of mixture (HNO3/HCl ≡ 1:3 v/v) was added and heated at 110 °C for 1 h in the polytetrafluoroethylene (PTFE) bottle (100 mL), and (iii) 96.5 mL of double distillated water and 2 g of boric acid (H3BO3) were added. The resulting solution was stirred overnight to facilitate dissolution of the boric acid. Finally, 10 ml of the solution was diluted 10 times with double distillated water before analysis.N2 sorption analysis: N2 adsorption/desorption isotherms of zeolite powder samples were measured by a Micrometrics ASAP 2020 volumetric adsorption analyzer. Samples were degassed at 250 °C under vacuum overnight before the measurements. The external surface area and micropore volume were assessed by alpha-plot method using Silica-1000 (22.1 m 2 /g assumed) as a reference. The micropore and mesopore size distributions of solids were extracted from the adsorption branch using the Nonlocal Density Functional Theory (NLDFT) method and from the desorption branch using the Barret-Joyner-Halenda (BJH) algorithm, respectively.Thermogravimetric (TGA) analysis:The thermal behavior of the zeolite powder samples was investigated by TGA using a SETSYS instrument (SETARAM) analyzer in the temperature range 25 -800 °C with a heating rate of 10 °C/min under air with a flow of 40 mL/min.

  materials with textural mesoporosity due to the close packing of nanocrystals with similar size and morphology. The samples exhibit high external surface area of 785 and 685 m 2 /g for Na-FAU-X and Gd-FAU-X, respectively. The characterization of sample Ru(bpy)3-FAU-X can be found in our recent article.13 

Fig. 1 .

 1 Fig. 1. (A) Representative SEM micrographs of U251-MG cells after 5 min and 60 min exposure to 100 μg/mL of Gd-FAU-X zeolites and a control sample without zeolite. Scale bars: (top) 50 μm and (bottom) 200 nm. (B) SEM micrograph and the corresponding EDX spectra. The absorption peaks correspond to carbon (C), oxygen (O), sodium (Na), aluminum (Al) and silicon (Si). The blue and red squares correspond to the control and zeolite zones respectively. Scale bar: 2 µm. (C) SEM micrograph and the EDX mapping for sodium (Na K), aluminum (Al K), oxygen (O K) and carbon (C K) in the scanned area. Carbon was employed as negative control since no C was present in the zeolite samples. Scale bars: 1 µm.

Fig. 2 .

 2 Fig. 2. (A) Representative TEM micrographs of U251-MG cells after 1, 4, 24, 72 and 144 h exposure to 100 μg/mL of Gd-FAU-X zeolites and a control sample (without zeolite); Inset: magnified images of zeolite nanoparticles. Scale bars: 0.5 μm. (B) TEM bright field image and the corresponding EDX mapping for sodium (Na), aluminum (Al), silica (Si), oxygen (O) and carbon (C) in the same area. Carbon is employed as a negative control. Scale bars: 0.5 µm.

Fig. 3 .

 3 Fig. 3. Representative histograms (A, B, C) of Ru(bpy)3-FAU-X zeolite nanocrystals with increased concentrations (10 µg/mL, 100 μg/mL) in U251-MG cells after 4 h and 24 h and control cells (without zeolite) in normoxia (A), mild 1% hypoxia (B) and severe 0.2% hypoxia (C). Quantification (D, E, F) of cells containing Ru(bpy)3-FAU-X zeolite nanocrystals after 4 h and 24 h incubation with 10 µg/mL (D) and 100 µg/mL (E) depending to oxygen level. Mean ± SD, N=3 ANOVA followed by Tukey's test.

Fig. 4 .

 4 Fig. 4. (A) Representative histograms of Ru(bpy)3-FAU-X nanosized zeolite uptake in U251-MG cells after 4 h exposure to zeolites (100µg/mL) at 37 °C and 4 °C. (B) Quantification of cells containing Ru(bpy)3-FAU-X zeolite crystalss after 4 h incubation with 100 µg/mL at 37 °C and 4 °C. Mean ± SD, N=3, t-test. (C) Representative TEM micrographs of U251-MG cells after exposure to 100 μg/mL of Gd-FAU-X zeolites. Scale bars: 500 nm. Shown are electron micrographs illustrating the macropynocytosis (C, left and middle panels, black arrows) and the presence of zeolites nanocrystals in clathrin-or caveolin-coated vesicles (C, right panels, white arrows) in U251-MG cells.

Fig. 5 .

 5 Fig. 5. (A) Representative photographs in phase contrast of U251-MG cells after 24 h and 72 h exposure to 100 μg/mL of Na-FAU-X, Gd-FAU-X zeolite nanocrystals and a control (H2O). (B) Quantification of U251-MG viability after 24 and 72 h exposed to various concentrations of Na-FAU-X and Gd-FAU-X zeolites. Cell viability was assessed using the WST-1 test. Mean ± SD, N=5, Kruskall-Wallis test.

Fig. S5 .

 S5 Fig. S5. Thermogravimetric (TG) and differential thermogravimetric (dTG) curves of Na-FAU-X and Gd-FAU-X zeolite samples.

Fig. S7 .

 S7 Fig. S7. Transverse representative TEM micrographs of U251-MG cells in transverse view after 72 h exposure to 100 μg/mL of Gd-FAU-X zeolite sample. Arrows show zeolites-containing vesicles. Scale bar: 500 nm.

Fig. S8 .

 S8 Fig. S8. Representative TEM micrographs of U251-MG cells showing mitosis phases after exposure to 100 μg/mL of Gd-FAU-X zeolite sample. Scale bar: 1 µm.

  " award from the Chemical Engineering faculty of Ferdowsi University of Mashhad, Iran SEP 2012 -FEB 2017 Full tuition waiver for studying of B.Sc. in Chemical Engineering from Ferdowsi University of Mashhad, Iran August 2012 Ranked amongst the top 1% candidates in the national wide university entrance exam (total number of participants 135000) LANGUAGE SKILLS Native/professional proficiency: Persian, English Other languages: French (A2)KEYWORD of SKILLSMicrosoft Office, synthesis (organic, inorganic, polymer), NMR, FTIR, PXRD, DLS, adsorption, CO2 capture, membrane science, ASPEN ONE, Basics of Python and MATLAB programing Thesis abstract: Chabazite (CHA) type zeolite is one of the most promising zeolitic frameworks for CO2 capture and separation due to its large cages and high microscopic flexibility. In this thesis we showed that CHA particle sizes can be tuned by altering the incubation time during the synthesis using inorganic cations (Na + , K + , and Cs + ) as structure directing agent. Cs + cations are necessary to stabilize CHA structure. By combining GCMC modeling, adsorption and FTIR spectroscopy it was illustrated that different alkali forms of nanosized CHA are of great potential for CO2 capture and separation due to high CO2 capacities (up to 4.5 mmol g -1 ). Furthermore, by using FTIR and high resolution 1 H MAS NMR spectroscopy combined with DFT calculations it was shown that silanol sites (defect sites) of nanosized CHA crystals depend on the Cs + content. Increasing the Cs + population can heal the CHA defects up to 26 %. We also observed a linear correlation between concentration of silanol sites and the CO2 adsorption capacities in different alkali forms of nanosized CHA. Afterwards and by developing a new post-synthetic concurrent dealumination and silylation method, Si/Al ratio of nanosized CHA was tuned from 2.0 to 4.0. During preparation of these new nanosized CHA samples, the silanol sites concentrations were almost doubled; however, all internal silanol sites were healed after the treatment. The additional silanol sites were due to generation of isolated and weak/medium hydrogen bonded silanol sites.Keywords: nanosized zeolites, chabazite, crystallization, CO2 capture, silanol sites, dealumination, silylation, glioblastoma, cytotoxicity. Résumé de thèse : la zéolithe de type Chabazite (CHA) est l'une des structures zéolithiques la plus prometteuse pour la capture et la séparation du CO2 en raison de ses grandes cages et de sa grande flexibilité microscopique. Dans cette thèse, il a été montré que la taille des particules de CHA peut être ajustée en modifiant le temps de vieillissement pendant la synthèse en présence de cations inorganiques (Na + , K + , et Cs + ) comme agents directeurs de structure. Les cations Cs + sont nécessaires pour stabiliser la structure des CHA. La modélisation GCMC, l'adsorption et la spectroscopie FTIR ont montré que les différentes formes alcalines de CHA nanométriques ont un grand potentiel pour la capture et la séparation du CO2, en raison de leur capacité élevée de stockage (jusqu'à 4,5 mmol g -1 ). De plus, l'emploi de méthodes spectroscopiques : FTIR et 1 H MAS NMR, combinées à des calculs DFT a montré que les sites silanols (défauts de structure) des cristaux de CHA nanométriques dépendent de la teneur en Cs + . L'augmentation de la concentration en Cs + peut guérir les défauts de la CHA jusqu'à 26 %. La concentration en sites silanols au sein de la zéolithe est un paramètre clé pour obtenir de bonnes performances. En effet, la capacité d'adsorption de CO2 est proportionnelle à leur quantité, et ce, pour différentes formes alcalines de CHA nanométriques. Une nouvelle méthode de traitement post-synthétique de désalumination et de silylation simultanées a été développée, permettant ainsi d'obtenir des CHA nanométriques avec un rapport molaire Si/Al compris entre 2,0 et 4,0. Ce traitement mène à une augmentation du nombre de silanols présents au sein de la zéolithe, avec presque un doublement de leur concentration.Mots clés : zéolithes nanométriques, chabazite, cristallisation, captage du CO2, sites silanols, désalumination, silylation, glioblastome, cytotoxicité.
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  Itakura et al. used benzyltrimethylammonium hydroxide (BTMAOH) alongside FAU seeds with Si/Al ratio of 21 to synthesize CHA micron-sized crystals with Si/Al ratio of 17.

26 

Later on and by utilizing a similar strategy, Martin et al. used tetraethylammonium (TEA) cations alongside FAU seeds with Si/Al ratio of 15 and managed to synthesize CHA nanocrystals (100-200 nm) with Si/Al ratio of 8.5.

27 

  13,29,30 Imai et al. reported protocols to synthesize CHA crystals with Si/Al ratios of 4-5 using CHA seeds with

Table 1 .

 1 NMR properties of the nuclei used in this PhD thesis.8 

			Natural	Frequesncy
	Isotope	spin	abundance /	at 11.744 T /
			%	MHz
	1 H	1/2	99.99	500.00
	23 Na	3/2	100.00	132.26
	27 Al	5/2	100.00	130.29
	29 Si	1/2	4.69	99.33
	133 Cs	7/2	100.00	65.59

Chapter 3: Flexibility in zeolites: roots, limits, and evaluation

  

	Evaluation of Surface Area and Pore Size Distribution (IUPAC Technical Report). Pure Appl.
	Chem. 2015, 87 (9-10), 1051-1069. https://doi.org/10.1515/pac-2014-1117.
	This work is to be submitted.
	12,13
	Abstract:
	Numerous evidences in the literature dating back as long as 1984, suggest that zeolitic
	materials show significant flexibility. This is due to the string-like behavior of Si-O and Al-O
	bonds with the consequence of distortion in Si-O-Si and Al-O-Si angles. As a result, zeolite
	flexibility is an intrinsic quality of different zeolite frameworks. Zeolite flexibility can be
	triggered by changes in temperature, pressure, and chemical composition of zeolites, as well
	as, guest molecule chemistry. Thus, we categorized the flexibility in zeolites in three
	categories: (i) thermodynamically-induced deformations, (ii) guest-induced deformations,
	and (iii) composition-induced deformations. Finally, we provide an outlook in the challenges
	facing experimental quantifications of zeolite flexibility. Overcoming these challenges can
	provide crucial information in designing specific materials for selective applications in
	separation and catalysis.

  Mintova, S. The Role of Mixed Alkali Metal Cations on the Formation of Nanosized CHA Zeolite from Colloidal Precursor Suspension. J. Colloid Interface Sci. 2021, 604, 350-357.

Ghojavand, S.; Clatworthy, E. B.; Vicente, A.; Dib, E.; Ruaux, V.; Debost, M.; El Fallah, J.; https://doi.org/10.1016/j.jcis.2021.06.176.

Table 1 .

 1 Si/Al ratio of fully crystalline CHA samples (K04-7 and K17-3) based on29 Si MAS NMR, ICP-MS, and EDX.

	Set	Si/Al ( 29 Si NMR)	Si/Al (ICP-MS)	Si/Al (EDX)
	K04-7	2.1	2.0	2.5
	K17-3	2.1	1.9	2.5

Table S2 .

 S2 Parameters used to measure27 Al,29 Si,23 Na, and 133 Cs MAS NMR spectra

			Si/Al		Si/Al	Si/Al
			( 29 Si NMR)	(ICP-MS)	(EDX)
		K04-7	2.1		2.0	2.5
		K17-3	2.1		1.9	2.5
		K17-5	2.1		1.9	2.4
		K17-7	2.1		1.9	2.4
	Nucleus Recycle delay / s	Number of scans	Pulse angle	Chemical shift reference
	27 Al	1			2048	π/12	Al(NO3)3
	29 Si	15			3072	π/6	Si(CH3)4
	23 Na	1			4096	π/12	NaCl
	133 Cs	2			4096	π/12	CsCl

Table 1 .

 1 Force field parameters used in this workLennard

-Jones: -4 ε [σ 6 / r 6 -σ 12 / r 12 ]

  

		σ / Å	ε / K	q / e
	C	2.757	28.13	+0.6512
	O	3.033	80.51	-0.3256
	Na	2.586	50.27	+1
	K	2.820	62.00	+1
	Cs	3.165	59.72	+1
	Ozeolite	3.000	93.53	-0.8308
	Alzeolite	-	-	+1.1900
	Sizeolite	-	-	+1.3837
			Buckingham: α exp(-βr) -γ / r 6	
		α / K	β / Å -1	γ / K Å 6
	Na ⋯ OZeolite	6.11 × 10 7	4.05	7.652 × 10 5
	K ⋯ OZeolite	6.11 × 10 7	3.53	1.800 × 10 5
	Cs ⋯ OZeolite	6.11 × 10 7	3.20	2.831 × 10 5

Table 2 .

 2 Chemical composition and Si/Al ratio of nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA samples.

	Sample	Chemical formula (ICP-	Si/Al ( 29 Si MAS
		MS)	NMR)
	AP-CHA	Na1.8K5.7Cs4.0Al11.1Si24.8O72	2.2
	Na-CHA	Na7.3K1.0Cs2.3Al10.6Si25.4O72	2.1
	K-CHA	K10.4Cs1.0Al11.4Si24.9O72	2.2
	Cs-CHA	K1.8Cs10.5Al11.7Si24.2O72	2.1

Table 3 .

 3 

BET specific surface area and micropore volume of nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples determined from N2 adsorption measurements at 77 K and the corresponding CO2 capacities measured at 60 kPa CO2 at 273 K.

Sample SBET / m 2 g -1 Vmicro / cm 3 g -1 CO2 capacity * / mmol g -1

  

	AP-CHA	132	0.01	4.0
	Na-CHA	439	0.14	4.5
	K-CHA	146	0.01	4.5
	Cs-CHA	111	0.01	2.1

* At 60 kPa of CO2 and 273 K.

Table S2 .

 S2 Area of IR chemisorption region at 1595-1734 cm -1 corrected by the weight of the relevant sample corresponding to the amount of CO2 chemisorption in cm -1 g -1 of zeolite by in situ FTIR for AP-CHA, Na-CHA, K-CHA, and Cs-CHA nanosized samples.

	P /	AP-CHA /	Na-CHA /	K-CHA /	Cs-CHA /
	KPa	cm -1 mg -1	cm -1 mg -1	cm -1 mg -1	cm -1 mg -1
	0.000	0.000	0.000	0.000	0.000
	0.002	0.002	0.160	0.153	0.130
	0.019	0.019	0.267	0.296	0.226
	0.131	0.131	0.348	0.398	0.316
	0.880	0.880	0.464	0.472	0.436
	2.173	2.173	0.537	0.519	0.521
	6.732	6.732	0.621	0.575	0.618
	13.263	13.263	0.704	0.633	0.701
	27.233	27.233	0.798	0.691	0.778

Table S3 .

 S3 Area of IR chemisorption region at 1314-1475 cm -1 corrected by the weight of the relevant sample corresponding to the amount of CO2 chemisorption in cm -1 g -1 of zeolite by in situ FTIR for AP-CHA, Na-CHA, K-CHA, and Cs-CHA nanosized samples.

	P /	AP-CHA /	Na-CHA /	K-CHA /	Cs-CHA /
	KPa	cm -1 mg -1	cm -1 mg -1	cm -1 mg -1	cm -1 mg -1
	0.000	0.000	0.000	0.000	0.000
	0.002	0.065	0.098	0.043	0.028
	0.019	0.117	0.189	0.082	0.053
	0.131	0.163	0.285	0.125	0.077
	0.880	0.241	0.406	0.188	0.108
	2.173	0.304	0.465	0.238	0.128
	6.732	0.369	0.530	0.294	0.152
	13.263	0.428	0.576	0.335	0.176
	27.233	0.491	0.622	0.374	0.208

Table S4 .

 S4 Ratio of CO2 physisorption over chemisorption (APhysi/AChemi) for AP-CHA, Na-CHA, K-CHA, and Cs-CHA nanosized samples obtained using in situ FTIR under 27.2 kPa of CO2.

	sample	AP-CHA Na-CHA K-CHA Cs-CHA
	APhysi / %	97.4	97.3	98.3	96.5
	AChemi / %	2.6	2.7	1.7	3.5
	APhysi/AChemi	38.2	36.2	58.3	27.8

Table S5 .

 S5 CO2 chemisorption percentile for AP-CHA, Na-CHA, K-CHA, and Cs-CHA nanosized samples obtained using in situ FTIR under consecutive dosage of CO2 at 298 K. (P) stands for CO2 dosage of 27.2 kPa.

	sample	AP-CHA	Na-CHA	K-CHA	Cs-CHA
	AChemi in P1 stage / %	2.6	2.7	1.7	3.5
	AChemi in P2 stage / %	2.8	3.0	1.8	3.7
	AChemi in P3 stage / %	3.4	3.5	2.1	4.1

  * The molar absorption coefficients (εOH) are calculated using εOH = A.S/nOH where A is COH based on FTIR, S is the area of pellets (2.01 cm 2 ), and nOH is the COH based on 1 H MAS NMR.

		Chemical formula	FTIR COH/cm -1 g -1 COH/mmol g -1 1 H MAS NMR	1 H MAS NMR * COH/mmol g -1 cm mmol -1 εOH **
	AP-CHA Na1.8K5.7Cs4.0Al11.1Si24.8O72	644	3.43	3.44	382
	K-CHA	K10.4Cs1.0Al11.4Si24.9O72	726	3.82	3.80	378
	Cs-CHA	K1.8Cs10.5Al11.7Si24.2O72	531	2.82	2.79	377

* Concentration of silanol sites while 27.2 kPa of CO2 is adsorbed in samples. *29 Si MAS NMR spectra and the corresponding percentages of different Q n species (n = number of Si surrounding a SiO4 site) are presented in Fig. 1a,b. All samples display five sharp resonances at -89.2, -93.9, -99.2, -104.7, and -109.4 ppm, consistent with the five distinct crystallographic SiO4 sites coordinated by either Al 3+

Table 1 .

 1 Silylated nanosized CHA samples obtained by hydrothermal post-synthetic treatment approach: Si/Al ratio, silanol concentrations, and degree of crystallinity.

	Samples	pH	Si concentration /mmol g -1	Si/Al FTIR NMR Si/Al	Si/Al [OH]FTIR ICP cm -1	[OH]NMR	Crystallinity * /%

g -1 mmol g -1

  

	Reference	-	-	2.1	2.0	2.2	644	3.43	100
	CHA-pH8.5-2Si	8.5	2.3	2.5	2.5	2.7	1296	3.99	100
	CHA-pH8.5-4Si	8.5	4.6	2.6	2.8	2.9	1427	4.14	98
	CHA-pH2.4-2Si	2.4	2.3	2.2	2.3	2.4	1756	5.62	98
	CHA-pH2.4-4Si	2.4	2.3	2.7	2.8	3.0	1743	5.60	97
	CHA-pH1.0-2Si	1.0	2.3	3.3	3.7	3.8	3331	6.61	79
	CHA-pH1.0-4Si	1.0	4.6	3.7	4.0	4.0	2831	6.36	41
	* Crystallinity was determined based on XRD diffraction data (peaks at 9.4 and 12.8° 2θ were used)
	the reference sample with 100% crystallinity was used from 20 .				

Chapter 8: Internalization study of nanosized zeolite crystals in human glioblastoma cells

  

	This work is published as a research article with the following citation:	
	Helaine, C.; Özçelik, H.; Komaty, S.; Amedlous, A.; Ghojavand, S.; Goux, D.; Retoux, R.;
	Mintova, S.; Valable, S. Internalization Study of Nanosized Zeolite Crystals in Human
	Glioblastoma Cells. Colloids Surf. B Biointerfaces 2022,	218, 112732.
	https://doi.org/10.1016/j.colsurfb.2022.112732.	

* The molar absorption coefficients (εOH) are calculated using εOH = [OH]FTIR.S/[OH]NMR and S is the area of FTIR pellets (2.01 cm 2 ).

Scheme S1. Schematic illustration of the proposed crystallization pathway of nanosized CHA zeolite in colloidal precursor suspensions for series K04 and K17. 29 Si MAS NMR spectra and (b) their corresponding distribution of different Q n species surrounding 29 Si atom of nanosized AP-CHA, Na-CHA, K-CHA, and Cs-CHA zeolite samples; n in Q n represents number of SiO2 units surrounding the 29 Si atom.

Supporting information

Table S1. Area of 13 C band at 2282 cm -1 corrected by the weight of the relevant sample corresponding to the amount of CO2 physisorption (APhysi) in cm -1 g -1 of zeolite by in situ FTIR for AP-CHA, Na-CHA, K-CHA, and Cs-CHA nanosized samples. P / KPa AP-CHA / cm -1 mg -1 Na-CHA / cm -1 mg -1 K-CHA / cm -1 mg -1 Cs-CHA / cm 

Chapter 6: Role of silanol sites on CO2 adsorption capacity of nanosized chabazite

This work is to be submitted.

Abstract:

The consequence of post-synthetic ion exchange treatments on nanosized chabazite (CHA)

zeolites with emphasis on the formation of silanol defect sites was studied. The significant alteration of silanol sites of the chabazite nanozeolites upon ion-exchange and their role on CO2 adsorption capacity was revealed by solid-state nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) spectroscopy, and periodic density functional theory (DFT) calculations. Both theoretical and experimental results revealed that decreasing Cs + cations amount in CHA zeolites generate more silanol sites. The distribution and strength of silanol sites within the CHA framework also altered significantly the hydrogen bonding thus showing an interaction of silanol sites with CO2 molecules. It was found that CO2 adsorption capacity of different alkali forms of nanosized CHA is linearly related to the total silanol concentration of the samples. In addition to the role of extra framework cations in zeolites, this is the first evidence of the effect of silanol sites, also considered as defect sites, on CO2 adsorption capacity. Developing new methods to engineer specific silanol sites is a prospective area for improving the CO2 capacity and selectivity of zeolite adsorbents.

Additionally, the total concentration of the silanol sites in different nanosized CHA samples correlates with the K + or Cs + cations content (Fig. 4). These results clearly demonstrate that performing ion exchange even in mild conditions (at neutral pH and room-temperature) can significantly alter the concentration of the silanol sites. Having observed significant changes in the total silanol concentrations of K-CHA and Cs-CHA samples (2.79 vs 3.80 mmol g -1 , respectively, Table 1) obtained by mild and neutral ion exchanged steps, DFT calculations were performed to elaborate the following question: Is there any differences in the energy of silanol formation for CHA framework between potassium and cesium form? To answer, the formation of silanol sites upon addition of a water molecule was considered by the following chemical reaction:

and the electronic energy of this reaction was computed as follows:

where 𝐸 𝑆 is the electronic energy of the CHA zeolite with silanol sites, 𝐸 𝐻 2 𝑂 is the energy of water in the gas phase and 𝐸 𝐶𝐻𝐴 is the energy of the initial supercell of CHA without any silanol sites. Three different cases were chosen to study the energy 6.6. Supporting information Fig. S1. 1 H MAS NMR signal of the empty 1.9 mm rotors and their corresponding deconvolution in this work.

Chapter 7: Altering the atomic order in nanosized CHA zeolites by post-synthetic treatments

This work is to be submitted.

Abstract:

In species, however, the Si-O-Si angle of these two sites may be slightly different as estimated to be equal to 146 and 148°, respectively. [42][43][44] Increasing the amount of silylation agent to 4 mmol g -1 during basic post-synthetic treatment (sample CHA-pH8.5-4Si) results in further development of new Q 4 species at -113 ppm; the Si/Al ratio of this sample increased to 2.8 (Fig. 2). Comparing the reference sample to CHA-pH8.5-2Si reveals that the increase of the Si/Al ratio of the post-synthetically treated sample in basic condition from 2 to 2.5 is due to the formation of Q 4 species at -113 ppm. Increasing the dosage of the silylation agent from 2 to 4 mmol g -1 in samples CHA-pH8.5-2Si and CHA-8.5-4Si gives rise to a further development of these species and a consequent increase of the Si/Al ratio from 2.5 to 2.8, respectively (Fig. 2). Thus, the band at -113 ppm is characteristic of new Si tetrahedra inserted into to the framework during the silylation step.

In acidic conditions at pH of 2.4, the CHA-pH2.4-2Si sample contains a single Q 4 resonance at -109 ppm similar to the reference CHA sample (Fig. 2). However, the Si/Al ratio of the CHA-pH2.4-2Si sample increases to 2.3 (see 29 Si MAS NMR spectra presented in Fig. 2). The increase of the Si/Al ratio is due to the decrease in the concentration of Q 0-2 species attributed to Al etching in acidic media. 26,27,45 Increasing the dosage of silylation agent from 2 to 4 mmol g -1 at the same pH (samples CHA-pH2.4-2Si vs CHA-pH2.4-4Si) results in further evolution of the Si/Al ratio from 2.3 to 2.8, respectively (Fig. 2). The new resonance at -113 ppm assigned to slightly different coordinated Q 4 species are also visible in the spectrum of CHA-pH2.4-4Si sample. The deconvoluted spectra of CHA-pH2.4-2Si and CHA-pH2.4-4Si samples reveal the reduction of Q 1 species from 18 to 9 % and increase of Q 4 species from 4 to 18 %, respectively. These results suggest that during the silylation, a simultaneous dealumination occurred in the samples (Fig. 2).

Under harsh acidic condition (pH = 1.0), the CHA-pH1.0-2Si sample reached a Si/Al ratio of 3.7 as determined by 29 Si MAS NMR (Fig. 2). The concentration of Q 1 species decreases from 20 to 3 % due to the dealumination. 26,27,45 In addition, increasing the amount of the silylation agent to 4 mmol g -1 results in further increase in Si/Al ratio to 4.0 for sample CHA-pH1.0-4Si (Fig. 2). The silylation degree of CHA-pH1.0-4Si sample is similar to that of CHA-pH1.0-2Si sample, however, the resolution of the 29 Si resonances noticeably decrease that can be due to the partial amorphization of sample CHA-pH1.0-4Si; this has been approved by XRD characterization of the sample (Fig. 1, Fig. 2, and Table 1).

moderately hydrogen bonded silanol sites (in yellow) in the range of 3700-3470 cm - 1 , and proton chemical shift at 2.0-4.5 ppm, and (iv) strongly hydrogen bonded silanol sites (in red) in the range of 3470-3100 cm -1 , and proton chemical shifts above 4.5 ppm. 46 The silanol sites were also characterized using FTIR spectroscopy, the O-H stretching region of the spectra are presented in Fig. 5, and the full spectra are plotted in Fig. S2. The spectra show a wide range of silanol sites from 3100 to 3800 cm -1 (Fig. 5). Exact identification and deconvolution of the different silanol sites is not obvious using FTIR spectroscopy due to the complex nature of O-H stretching vibrations in this region. Hence, the different silanol sites using 1 H MAS NMR spectroscopy were studied adapting the methodology established earlier. 46,47 The total concentration of the silanol sites by integration of the entire band area of 3100-3756 cm -1 was estimated (Table 1).

Upon adding 2 mmol g -1 Si during the silylation step in basic conditions (sample CHA-pH8.5-2Si), the total amount of silanol sites increases by 16%, i.e. from 3.43 to 3.99 mmol g -1 , and the new silanols are found to be mainly isolated (Fig. 4b).

Increasing the Si amount to 4 mmol g -1 under basic conditions (sample CHA-pH8.5-4Si) increases the moderately hydrogen bonded silanol sites concentration by 29 %, i.e. from 3.43 to 4.14 mmol g -1 , while the peak corresponding to the strongly hydrogen bonded silanol sites disappears (Fig. 4b,c). Then, for both CHA-pH8.5-2Si and CHA-pH8.5-4Si samples, the dealumination was found to create more silanol sites. The same trend is observed for the total concentration of silanol sites determined by integration of the silanol region of the FTIR spectra (Fig. 5 and Table 1).

Upon addition of 2 mmol g -1 Si at pH of 2.4, the total silanol sites concentration increases by 64%, i.e. from 3.43 to 5.62 mmol g -1 as determined by 1 H MAS NMR spectroscopy and FTIR using the region of 840 to 1756 cm -1 g -1 (reference samples vs CHA-pH2.4-2Si; Table 1). Similarly, to the basic treatment, the concentration of the isolated and moderately hydrogen bonded silanol sites (blue and yellow peaks) increases for sample CHA-pH2.4-2Si, while strongly hydrogen bonded silanol sites (red peaks) are not observed as compared to the reference sample (Fig. 4a,d).

Increasing the amount of Si to 4 mmol g -1 (sample CHA-pH2.4-4Si) leaded to the formation of silanol sites with similar concentration (5.60 mmol g -1 ) based on 1 H MAS NMR and FTIR (1743 cm -1 g -1 ) in comparison to sample CHA-pH2.4-2Si (Table 1 and Fig. 4d,e).

In samples CHA-pH1.0-2Si and CHA-pH1.0-4Si, the total amount of silanol sites reaches 6.61 mmol g -1 and 6.36 mmol g -1 , respectively based on 1 H MAS NMR and FTIR (Table 1). Approximately 40 % of these silanol sites are isolated or weakly hydrogen bonded and the rest are moderately hydrogen bonded (Fig. 4f,g). The global changes in the silanol sites concentration of the samples after silylation steps at various pH and Si concentrations are presented in Fig. S3. The isolated silanol sites, weakly and moderately hydrogen bonded are influenced by the pH of the treating solutions rather than the Si amount added. Decreasing the pH from 8.5 to 1.0 results in more than 350% increase in moderately hydrogen bonded silanol sites.

The dealumination at low pH leads to the formation of these silanol sites without any reorganization of Al species in the framework. The post-synthesis treatment significantly changes both the Si/Al ratio and subsequently the silanol sites concentration even when the amount of Q 4 sites increased (Fig. 3, Fig. 4, and Fig. 5). This is another proof that a simultaneous dealumination and silylation occurred in the samples.

Alfa Aesar); lithium chloride (99+ %, Thermo Fisher Scientific, Geel, Belgium); acetonitrile anhydrous (99.9+ %, Extra Dry, AcroSeal®, ACROS Organics); absolute ethanol (≥99.5%, Sigma-Aldrich); and diethyl ether (99+ %, ACROS Organics).

The following initial reagents were used for the biological characterization: two human glioblastoma-derived cell lines, U251-MG cells (Cellosaurus CVCL_0021) purchased from National Cancer Institute (NCI, Bethesda, MD, USA) and U87-MG cells (Cellosaurus CVCL_0022) obtained from the American Type Culture Collection (ATCC, LGC standards, Molsheim, France). All chemical products used for biological characterization were purchased from Sigma-Aldrich, exceptions were notified in the text.

Synthesis of nanosized zeolites

Nanosized faujasite-X (Na-FAU-X) zeolite with Si/Al ratio of 1.3 and particle size below 25 nm was synthetized from a clear colloidal precursor suspension as described previously. 11 The formed crystals were stabilized in water suspension with a concentration of 2.5 wt.%.

The as-synthesized nanosized Na-FAU-X zeolite was subjected to Gdexchange at room temperature. The Gd-exchange sample was prepared using 5 mL of Na-FAU-X zeolite suspension with the concentration of 2.5 wt.% mixed with 25 mL of Gd (NO3)3⋅6H2O (3 mM); the mixture was kept under stirring at room temperature for 1 h and then the sample was washed by double distilled water (ddH2O); this procedure was repeated twice and the final suspension was purified with ddH2O using high speed centrifugation (20000 rpm for 30 min) and the sample was re-dispersed in double distilled water (Gd-FAU-X).

The nanosized FAU zeolite containing ruthenium complex (Ru(bpy)3-FAU) was used as a solid and as a colloidal suspension in double distilled water; the Ru(bpy)3-FAU was prepared according to the method reported by our group. 13 

Results and discussion

Characterization of nanosized FAU-based zeolites

The main physicochemical properties of nanosized Na-FAU-X, Gd-FAU-X and Ru(bpy)3-FAU-X zeolite samples are presented in the supporting information. All samples exhibited the diffraction peaks typical for FAU type framework (Fig. S1). The size and morphology of the crystals characterized by SEM are shown in Fig. S2. In addition, the hydrodynamic diameter of the nanosized crystals was followed by DLS.

The DLS curves for both samples show a narrow, monomodal particle size distribution with a hydrodynamic diameter between 15 and 40 nm (Fig. S3). The zeta potential for Na-FAU-X and Gd-FAU-X colloidal suspensions was -38 and -43 mV, respectively, which indicates their high colloidal stability (Fig. S4). The elemental composition of the Na-FAU-X and Gd-FAU-X samples using ICP-MS are summarized in Table S1. No significant changes in the Si/Al ratio of the samples was measured, both samples have a Si/Al of 1.3. The amount of Gd 3+ loaded in the Gd-FAU-X sample was found to be 1.94 wt.%. Both samples exhibit two decomposition stages in the TG curves (Fig. S5), corresponding to water adsorbed on the surface and in the channels of the nanosized zeolite. The total amount of water for Na-FAU-X and Gd-FAU-X samples was 45 and 35%, respectively. The textural properties of samples were measured by nitrogen adsorption and the results are summarized in Table S2.

The nitrogen adsorption isotherms of samples Na-FAU-X and Gd-FAU-X are shown in Fig. S6. Both isotherms show a type I and type IV isotherms, typical of microporous

Kinetic study of zeolite uptake in U251-MG glioblastoma cells

The cell adhesion (interaction) of zeolite nanoparticles with the cell membrane was revealed by SEM. In order to confirm the internalization and localization of zeolite nanoparticles in the cells, TEM study was performed on samples after different incubation periods. The intracellular localization of nanosized Gd-FAU-X zeolite crystals in the U251-MG cells was determined after 1, 4, 24, 72 and 144 h of incubation using 100 µg/mL of nanosized zeolite. Results clearly showed an internalization of Gd-FAU-X nanocrystals inside the glioblastoma cells. At 1 h, the zeolite nanoparticles were found in the cell membrane suggesting that they were ingested by cancer cells (Fig. 2A/1 h). This process evolves in time, the internalization of zeolites and the formation of zeolite-containing vesicles were observed after 4 h (Fig. 2A/4 h). While after 24 h, the zeolite crystals were found inside the cells and more precisely within vesicles, each containing of several zeolite nanoparticles (Fig. 2A/24 h). The vesicles accumulated in time and were still detected in the cells after 72 h and 144 h (Fig. 2A/72 h and 144 h). Importantly, the vesicles got closer to nucleus membrane over time. For example, at 144 h, the closest vesicles to the nucleus membrane were at a distance of 320 nm while at 24 hours it was at 620 nm.

This finding is of great importance especially in the case when zeolites are considered to be used as a carrier of heavy atoms such as Gd, known to release photoelectrons or generate high destructive electrons. For example, it was reported that auger electrons after irradiation were able to browse distances less than 1 µm through tissue. 23 Moreover, at 72 h, the zeolites-containing vesicles were distributed uniformly over the U251-MG cells using a transverse view (Fig. S7).

To further confirm that the vesicles contain nanosized zeolite crystals, we performed chemical mapping after 24 h of incubation with 100 µg/mL of Gd-FAU-X nanocrystals. All elements originating from the zeolite crystals (Na, Al, Si and O) were detected by EDS; the zeolite crystals are also observed in the TEM bright field image (Fig. 2B).

The TEM results of U251-MG cell line showed that the zeolites were internalized by tumor cells, and localized mainly in the vesicles. Interestingly, the kinetics study revealed that the zeolite-containing vesicles were still found inside the cells till 6 days (144 h). The results suggested an absence of exocytosis of the nanozeolites, in line with previous reports. Indeed, using gold NP (Au NP) and nanoporous silica NP Table S2. Textural properties of Na-FAU-X and Gd-FAU-X zeolite samples. c Sexter (external surface area), c Smicro (micropore area), c Vmicro (micropore volume) are calculated by the t-plot method.

Supporting information

Samples

General conclusions

Nanosized zeolites can be considered as important materials for CO2 capture and separation from mixtures containing small gasses such as CH4 and N2. This is due to zeolites high surface area, non-toxic nature, high thermal stability, and high selectivity due to their particular microporous structure. Small-pore zeolite chabazite (CHA) is one of the most promising for CO2 capture due to its high CO2 capacity and selectivity. CHA nanosized zeolites can be synthesized and modified without using organic structure-directing agents.

In this thesis, the origin of zeolite flexibility is revealed based on understanding