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The petrochemical industry is gaining increasing attention on sustainable development, which critically depends on developing new innovative processes that consume less energy and more efficient material. Nowadays, in order to purify the mixtures, the processes with using heat, such as distillation, account for 10-15% of the world's energy consumption. 1,2 Overall separation/purification processes cost 45-55% of industrial consumption in the US. 3 

Figure I.1 Pie chart for total energy consumption in US. *A quad is a unit of energy equal to 10 15 British Thermal

Units (1 BTU is about 0.0003 kilowatt-hours). Figure adapted from the Ref. 3 Hence, improving the separation/purification by using more non-thermal process can significantly reduce costs, energy use, and waste generation in order to increase profit, and more importantly, to preserve the earth. Gas separation by adsorption technology is a well-developed operation in chemical and petrochemical industries thanks to its efficiency in dealing with an extensive range of gas mixtures, including impurity removal, gas purification, and separation in recycling streams. The technology is not perfect, and improvements are required; the opportunities to expand its domain of applicability and improve its efficiency require a better understanding of physical phenomena as well as the in technological progress in materials and engineering. In this chapter, I will introduce briefly the basics of the separation by adsorption and use of porous materials.

I.1 Separation of molecules by adsorption

When gas or liquid molecules approach a solid, their concentration at the surface of this solid tends to increase with the interactions; this is the adsorption phenomenon. Two types of adsorptions are commonly studied: chemisorption (or chemical adsorption) and physisorption (or physical adsorption). Both adsorption types are illustrated in Figure I.1. This process involves separation of a compound or compounds accompanied by its accumulation or concentration at the surface of another. The adsorbing phase is defined as adsorbent, and the material adsorbed at the surface of that phase is defined as adsorbate. In the case of chemisorption, the molecules (adsorbates) are absorbed to the surface (adsorbent) thanks to the formation of chemical bonds, in general, covalent bonds or ionic bonds by charge transfer. The molecules arrange for the sites to maximize their amount of coordination with the substrate. Chemisorbed molecules can even be cleaved to satisfy the valence of surface atoms. The arrangement of the adsorbed molecules mostly occurs in a single layer for the chemisorption.

In the case of physisorption, the adsorbed molecules are absorbed near the surface. The adsorbate-absorbent interactions in physisorption are weaker than in chemisorption. What's more, the arrangement of the adsorbed molecules occurs in several layers. Physisorption is a phenomenon qualified as reversible, unlike chemisorption, defined by its irreversibility. 

I.1.1 Principle of separation by physisorption

In this study, we focused mainly on the case of physisorption. Which is illustrated on the second case in Figure I.2; let's consider a gas mixture composed of A and B injected into the adsorption column, which consists of an adsorbent that can separate the components A and B. At the outlet of the adsorption column, the gas after the physisorption can be captured. The concentration for a particular gas is hence increased. We can quantify the performance of the separation by the selectivity αA/B, which is defined as equation Eq. 1.1

𝛼 𝐴/𝐵 = 𝑞 𝐴 × 𝐶 𝐴 𝑞 𝐵 × 𝐶 𝐵 Eq. I.1
where 𝑞 represents the adsorption quantity, and C represents the molar fraction of the gas. For equimolar binary mixture, 𝐶 𝐴 = 𝐶 𝐵 = 0.5. The selectivity αA/B can evaluate the separation capacity of an adsorbent. Three scenarios are possible, for 𝛼 𝐴/𝐵 > 1, then the adsorbent can separate the gas mixture with the preferential adsorption for A; for 𝛼 𝐴/𝐵 = 1, then the adsorbent cannot separate the gas mixture of A and B; for 𝛼 𝐴/𝐵 < 1, then the adsorbent can separate the gas mixture with the preferential adsorption for B. When the number of molecules adsorbed per surface or volume is very low (infinite dilution), only the adsorbate-adsorbent interactions are in play. With the increase of molecules adsorbed, not only adsorbent-adsorbate interactions are considered but also adsorbate-adsorbate interactions. These intermolecular interactions described can be classified in general into 2 types:

a) Ionic bond

Ionic bond, which is electrostatic intermolecular forces that from the electrostatic attraction between oppositely charged compounds.

b) Van der Waals force

Van der Waals forces appears when adjacent atoms come close enough in a way that their outer electron clouds just barely touch. This provokes the local fluctuations of the charge resulting in a nonspecific, nondirectional interaction. Van der Waals interactions exist between atoms regardless of their nature. Van der Waals forces consist of several contributions:

➢ Dispersion: attractive forces that arise between temporary dipoles and induced dipoles in atoms or molecules. ➢ Dipole-Dipole interaction: attractive forces between polar molecules. For example, the attraction between one H2O to another H2O molecule for the reason that H2O is a polar molecule. ➢ A repulsive force due to the Pauli exclusion principle that prevents the overlaps of the atoms when the distance of the atoms is too close.

It is also common to have hydrogen bonds, it is a special form of dipole-dipole attraction which originated from the attractive force between a hydrogen atom and a pair of high electronegative atoms such as a Nitrogen (N), Oxygen (O), or Fluorine (F).

I.2 Porous materials

The previous subchapter illustrates the different interactions involved during the adsorption process. It is obvious that in order to achieve a high adsorption quantity inside the adsorbent, the interaction shall take place in the adsorbent with a high surface area. Porous materials feature void space inside which can facilize the adsorption process. Nature occurrent or synthetic design porous materials play important roles in many domains of human activities. They usually form their pore structure in the stages of crystallization or by subsequent treatment and comprise isolated or interconnected pores.

I.2.1 Standard porous materials

Standard adsorbents are mostly microporous (pore size smaller than 2nm) or mesoporous (pore diameters between 2nm and 50nm) materials and they split mostly into 4 families: zeolites, activated carbon, silica gel and activated alumina. Zeolites are inorganic porous materials. There are 2 types of the occurrence, natural and synthetic zeolites. 5,6 More than 250 natural or synthetic zeolitic structures have been identified and recognised by International Zeolite Association (IZA) so far. 7 Currently, industrial important zeolites are produced synthetically. Their high specific surface area and high thermal stability make this family of materials of interest for a wide range of industrial applications including adsorption/separation and catalysis among others. The critical procedure in synthesizing industrial zeolites from natural aluminosilicate minerals is the effective activation. Typical procedures consist of heating aqueous solutions of alumina and silica with sodium hydroxide.

a) Zeolites

Synthetic zeolites keep the key advantages over their natural occurrence, but in a uniform, phase-pure state. Classical synthetic zeolites are aluminosilicates, but there are also other zeolites, such as germanate zeolites, 8 Silico Aluminophosphates (SAPO), Magnesium Aluminophosphates (MAPO), Titanium Aluminophosphates (TAPO), Vanadium Aluminophosphates (VAPO) and etc. 9,10 Take the aluminosilicates for example, it consists of silicon [SiO4] 4-and aluminium [AlO4] 5-tetrahedra, linked together by their corner oxygen atoms. Each aluminium tetrahedra introduces a net negative charge compensated by the incorporation of extra-framework cations (often alkalis or alkaline earth metals such as Na + , K + , Li + , Ca 2+ …). The chemical formula of this aluminosilicate zeolite is expressed as Mx/n [AlxSiyO2(x + y)], z H2O, where n is the valence of the cation M, x+y the total number of SiO4 and AlO4 tetrahedra per unit cell. For example, the natrolite has the formula of Na2(SI3Al2O10), 2H2O, and heulandite has the procedure of (Ca, Na2)2(Si7Al2O18), 6H2O. The nature of the compensation cations and their positioning in the zeolite pores greatly affect the adsorption properties of the zeolites. The synthetic zeolites most used in separation are type A (LTA) or faujasite (FAU) topology.

In the case of faujasite (FAU), there are two types based on the Si/Al molar ratio of the material: type X zeolites (1 <Si/Al <1.5) and type Y (Si/Al≥1.5). Activated carbons or activated charcoal are adsorbents widely used industrially. 12,13 They can be obtained by carbonaceous materials such as wood, coal, coconuts and petroleum residue. There are two types of manufacturing processes: gas activation and chemical activation. The first one consisted of heating the materials without air at 400-500 °C to remove volatile compounds, forming pores. Then activation is carried out using steam with a temperature between 800-1000°C. As for the chemical activation, it can be carried out using zinc chloride or phosphoric acid.

b) Activated carbon

Activated carbon comprises aromatic configurations of carbon atoms interconnected by random cross-linkages that develops a porous, three-dimensional graphite lattice structure. The size of the pores depends on the exact treatment, with different preparation methods, the pore sizes cover the range of micropores, mesopores and macropores. Functional groups and the internal surface determine the active surface properties, and the range of these areas vary from 500 m 2 /g to 3000 m 2 /g. Their relatively large pore size combined with the absence of polarity make this family of materials generally poorly selective for the adsorption of specific molecules. They are however widely used to recover solvent and hydrocarbon vapors, eliminate odour, and purify water, etc. To increase the selectivity, it is possible to prepare activated carbons with a very narrow pore size distribution by specific activation processes in post-treatment, such as cracking or polymerization of benzene or acetylene on their surface. These materials are used in particular to separate N2 from air with a separation process based on kinetic selectivity. Activated carbon can be functionalized for the different target application. For example, by grafting different surface groups at appropriate oxidation states, we can achieve the desired properties. Acid or basic carbons that are produced by grafting N, O, P, S, Ca, Ba, Na atoms or transition metals for the improvement of the adsorption capacity or served as catalyst. [14][15][16][17][18][19][20][21][22][23][24] The oxidation resistance of activated carbons was improved by doping with P, B, or Cl atoms, 25,26 whereas carbons containing N or O groups exhibited enhancement in electrochemical behaviors. 27,28 c) Silica gel Silica gel is a partially dehydrated polymeric form of colloidal silicic acid. The chemical formula of silica gel is expressed as: SiO2.nH2O. It can be obtained by hydrolysis of a sodium silicate solution with an acid. The silicic acid obtained polymerizes to form SiO4 chains and then aggregate particles. As it dries, the particles agglomerate to form a microporous structure with pores whose size is primarily determined by the size of the initial particles.

In general, silica gel has a pore size in the range of 6-25nm. The presence of hydroxyl groups makes the material polar. It allows silica gels to dry gases or liquids, the separation of aromatic compounds, the treatment of natural gas, etc. Activated alumina is a porous aluminium oxide; the chemical formula is expressed as: Al2O3.nH2O. Activated alumina is generally prepared by dehydration and recrystallization of bauxite at elevated temperatures.

d) Activated Alumina

The surface of these compounds is more polar than silica gel and has both an acidic and basic character due to the amphoteric nature of the metal. Activated alumina is very hydrophilic and commonly used to dry gases or liquids.

I.2.1 Limitation of standard porous materials

Based on above examples, we concluded that the separation process by using porous materials is a compelling technology to lower the separation energy use. Standard porous materials have been extensively studied to improve their performance, and widely used in industrial scale thanks to their robustness. However, there are un-neglectable drawbacks on these materials that limit the furthermore increase of the separation efficiency. In general, the control of the porosity of the conventional porous materials is tough, which means it is difficulty to tune the porosity targeted for a certain adsorption application. Plus, the disadvantage of zeolite adsorbents is their high desorption temperatures which is above 470K. The disadvantage of silica gel in terms of process efficiency is the relatively low sorption capacity during the ad-/desorption cycles which requires large amounts of silica gel.

Compare to standard porous materials, Metal-Organic Frameworks (MOFs) are novel porous materials featuring exceptional porosity, high tunability and diverse functionality, which is very promising in addressing industrial important gas separation.

I.3 Metal-Organic Frameworks

I.3.1 General introduction

Early in 1965, nearly three decades ahead of the generally considered birth date of Metalorganic framework (MOFs), Tomic already reported a coordination polymer made of 1,5-Dihydroxynaphthalene-2,6-dicarboxylic acid (1,5-N-2,6) coordinated to Zn, Ni, Al, and Fe, 31 that would be called MOFs nowadays. In 1990, Hoskins and Robson reported the design of a new class of scaffolding-like materials comprising polymeric frameworks using Cu(I) centers. 32 The interest in these coordination polymers was carried on, S. Kitagawa and his team reported a three-dimensional framework which is a coordination polymer that featuring channelling cavities that can adsorb small gaseous molecules such as CH4, N2 and O2. [START_REF] Verploegh | Screening Diffusion of Small Molecules in Flexible Zeolitic Imidazolate Frameworks Using a DFT-Parameterized Force Field[END_REF] In 1999, the group of O. M. MOF-5 is formed from Zn4O nodes connected by 1,4-benzodicarboxylic acid (BDC). The group of O. M Yaghi also pioneered and others MOFs by using the concept of reticular chemistry design, in 2002. [START_REF] Eddaoudi | Systematic Design of Pore Size and Functionality in Isoreticular MOFs and Their Application in Methane Storage[END_REF][START_REF] Yaghi | Isoreticular Metal-Organic Frameworks, Process for Forming the Same, and Systematic Design of Pore Size and Functionality Therein,with Application for Gas Storage[END_REF][START_REF] Chae | A Route to High Surface Area, Porosity and Inclusion of Large Molecules in Crystals[END_REF] . In same year, prototypical MIL-53 series MOFs (MIL: Materials of Institut Lavoisier), were first synthesised by the group of Gé rard Fé rey. [START_REF] Millange | Structure Determination and Properties of MIL-53as and MIL-53ht: The First CrIII Hybrid Inorganic-Organic Microporous Solids: CrIII(OH)• {O2C-C6H4-CO2}• {HO2C-C6H4-CO2H}x[END_REF] MIL-53(Cr) was the first MOF reported in this family of MOFs. [START_REF] Millange | Structure Determination and Properties of MIL-53as and MIL-53ht: The First CrIII Hybrid Inorganic-Organic Microporous Solids: CrIII(OH)• {O2C-C6H4-CO2}• {HO2C-C6H4-CO2H}x[END_REF][START_REF] Serre | Very Large Breathing Effect in the First Nanoporous Chromium(III)-Based Solids: MIL-53 or CrIII(OH)•{O2C-C6H4-CO2}[END_REF] It is consisted of Cr 3+ as metal ions center and terephthalate (benzene-1,4-dicarboxylate) as linker. From then to now, more MIL-53 family MOFs were synthesised: MIL-53(Al), [START_REF] Loiseau | A Rationale for the Large Breathing of the Porous Aluminum Terephthalate (MIL-53) Upon Hydration[END_REF] MIL-53(Fe), [START_REF] Whitfield | Metal-Organic Frameworks Based on Iron Oxide Octahedral Chains Connected by Benzenedicarboxylate Dianions[END_REF] MIL-53(In), [START_REF] Anokhina | In(OH)BDC• 0.75BDCH2 (BDC = Benzenedicarboxylate), a Hybrid Inorganic-Organic Vernier Structure[END_REF] MIL-53(Co), [START_REF] Munn | Ni) Variants of the MIL-53-Type Structure with Pyridine-N-Oxide as a Co-Ligand[END_REF] MIL-53(Ga), [START_REF] Vougo-Zanda | Tossing and Turning: Guests in the Flexible Frameworks of Metal(III) Dicarboxylates[END_REF] MIL-53(Mn) [START_REF] Xu | MnII-Based MIL-53 Analogues: Synthesis Using Neutral Bridging Μ2-Ligands and Application in Liquid-Phase Adsorption and Separation of C6-C8 Aromatics[END_REF] and etc, which brings a great contribution to the domain of MOFs. In 2007, G. Fé rey and his collaborators reported a novel MOF material, MIL-100(Fe), featuring a large accessible and permanent porosity. [START_REF] Horcajada | Synthesis and Catalytic Properties of MIL-100(Fe), an Iron( Iii ) Carboxylate with Large Pores[END_REF] As illustrated in Figure I.9. Nowadays, there are more than 100,000 MOFs synthesized, [START_REF] Daglar | Recent Advances in Simulating Gas Permeation through MOF Membranes[END_REF] according to the Cambridge Structural Database (CSD). [START_REF] Groom | The Cambridge Structural Database[END_REF] The recognized definition for MOFs is organic-inorganic hybrid crystalline porous material that consists of metal ions or clusters linked by organic ligands (also called linkers) that leads to the formation of channel or cage-like pore frameworks as represented in Depending on the nature of linkers and metal ions, the structural and chemical properties of MOFs are highly customizable. Yaghi et al. evidenced that it is possible to modulate the size of the pores without changing the topology of the structure. [START_REF] Eddaoudi | Systematic Design of Pore Size and Functionality in Isoreticular MOFs and Their Application in Methane Storage[END_REF] One example is the MIL-140s MOF series, as shown in figure I.12, 50 this series includes MIL-140A, MIL-140B, MIL-140C, and MIL-140D; The nature of organic ligand is different among these 4 MOFs, with corresponding ligands are benzenedicarboxylic acid (BDC), naphthalene-2,6-dicarboxylic acid (NDC), biphenyl-4,4'-dicarboxylic acid (4,4'-BPDC) and 3,3'dichloro-4,4'-azobenzenedicarboxylic acid (Cl2AzoBDC), respectively. This resulting in different pore sizes of 3.2Å, 4.0Å, 5.7Å and 6.3Å, respectively for the triangular channels along the z-axis. Here in this thesis, we mainly concentrated on the gas separation application. As separations are highly important in particular for the petrochemical industry as mentioned in the beginning of the chapter. 3,[START_REF] Lin | Molecular Sieves for Gas Separation[END_REF] The conventional processes to separate and purify industrial commodities that rely largely on heat-driven distillations, which are very energy intense processes, what's more this technology constitutes around 90-95% of all separations in chemicals and petroleum refining industries. [START_REF] Taylor | Energy Technology Perspectives[END_REF] Therefore, it is necessary to find an alternative separation technology that is energy efficient. [START_REF] Chu | The Path towards Sustainable Energy[END_REF] Porous materials with the requisite metrics for effectively separating given molecules over others by adsorption present unambiguously a promising alternative solution to the energy-intensive fractional distillation techniques. Thanks to high tunability and versatility, MOFs are of great potential to be employed for gas separation technology.

In the petrochemical industry, in order to produce valuable chemical feedstocks, a sufficiently high purity has to be achieved. However, due to similar physical properties, separating these essential industrial mixtures is challenging. Below are discussed the three mixtures of interest in this thesis.

a) Propane/propylene separation

The separation of alkane/alkene gas mixtures is of great interest in industry. In propane/propylene separation, propene(propylene) is the main resource for the production of polymers, acids, alcohols, esters, ethers, and has been widely used for fibers, film, packaging, etc. 3 However due to similar physical properties as shown in Table I.1, it is extremely challenging to effectively separate this mixture. Conventional adsorbents such as carbon adsorbents [START_REF] Liang | Asphalt-Derived High Surface Area Activated Porous Carbons for the Effective Adsorption Separation of Ethane and Ethylene[END_REF] and zeolite 5A [START_REF]Pure and binary adsorption isotherms of ethylene and ethane on zeolite 5A[END_REF] have been investigated in separating alkane/alkene mixtures. Liang et al. reported the asphalt-based activated carbon can separate alkene over alkane with a selectivity of 3.2 at normal conditions. In order to achieve higher selectivity, MOFs are promising materials to innovate the separation. Dan and el. reported that JNU-3a (JNU; Jinan University), consisting of 5-(3-methyl-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-yl)-1,3-benzenedicarboxylic acid (MPTBDC) linkers and Co 2+ ions that forming 1D diffusion channel, is able to separating high-purity C3H6 (≥99.5%) from an equimolar C3H6/C3H8 mixture from breakthrough experiment, with an exceptional high Ideal Adsorbed Solution Theory (IAST) selectivity of 513 for propene over propane. [START_REF] Zeng | Orthogonal-Array Dynamic Molecular Sieving of Propylene/Propane Mixtures[END_REF] sphere represents the contour of the molecules. Cited from Ref. [START_REF] Zeng | Orthogonal-Array Dynamic Molecular Sieving of Propylene/Propane Mixtures[END_REF] Chen et al. showed that [Co(C7O5H4)]• 2H2O (Co-gallate) MOFs could be used for high sieving separation of propene from propane, the IAST selectivity was calculated to be 330 at 1 bar and 298 K. [START_REF] Liang | An Ultramicroporous Metal-Organic Framework for High Sieving Separation of Propylene from Propane[END_REF] ZIF-8 (Zeolite imidazolate frameworks) was reported to exhibit notable diffusional limitations for propane while propene can enter its cages freely and diffuse, resulting in a propene/propane kinetic selectivity of more than 100. [START_REF] Krokidas | Molecular Simulation Studies of the Diffusion of Methane, Ethane, Propane, and Propylene in ZIF-8[END_REF] Molecular simulation studied carried out on ZIF-8 evidenced that propene diffuses faster than propane for two orders, 1.6 × 10 -12 m² s -1 and 5.1 × 10 -14 m² s -1 at 310K, respectively. [START_REF] Krokidas | Molecular Simulation Studies of the Diffusion of Methane, Ethane, Propane, and Propylene in ZIF-8[END_REF] Bae et al. reported the thermodynamic propene/propane selectivity of Co-MOF-74 reached 46 at normal conditions. [START_REF] Bae | High Propene/Propane Selectivity in Isostructural Metal-Organic Frameworks with High Densities of Open Metal Sites[END_REF] Serre et al. reported that MIL-100(Fe) can separate propane/propene with a separation factor up to 28.9, which is achieved from the breakthrough experiment at low pressure. [START_REF] Yoon | Controlled Reducibility of a Metal-Organic Framework with Coordinatively Unsaturated Sites for Preferential Gas Sorption[END_REF] MOFs also demonstrated the ability to separate relatively bulky molecules such as xylene isomers. [START_REF] Cannella | Kirk-Othmer Encyclopedia of Chemical Technology[END_REF] MIL-47 was investigated by Alerts et al. for the xylene separation. [START_REF] Alaerts | Selective Adsorption and Separation of Xylene Isomers and Ethylbenzene with the Microporous Vanadium(IV) Terephthalate MIL-47[END_REF][START_REF] Finsy | Pore-Filling-Dependent Selectivity Effects in the Vapor-Phase Separation of Xylene Isomers on the Metal-Organic Framework MIL-47[END_REF] Breakthrough experiments showed that PX can be adsorbed preferentially. The optimal arrangement is obtained with the PX positioned in a parallel fashion. The arrangement of OX is not exact in a parallel position compare to PX. On the other hand, the arrangement found for MX and EB does not allow optimal stacking of the molecules, which may explain why the adsorption of these two molecules is less favoured. This proved that thermodynamic separation is feasible for xylene isomers in MIL-47. Zinc-based MOFs MAF-X8 was also found prominent MOF for the separation of xylene isomers. It is a Zn(II) pyrazole-carboxylate framework featuring one-dimensional channels of 10 Å. At 433K, MAF-X8 exhibits the adsorption capacity of 2.1 mmol.g -1 , and the overall selectivity is estimated to be around 5.1. [START_REF] Torres-Knoop | Separating Xylene Isomers by Commensurate Stacking of P-Xylene within Channels of MAF-X8[END_REF] JUC-77 was reported by Jin et el. exhibiting rhombus-shaped channels along with two directions. JUC-77 is able to separate PX from other isomers with a molecular sieving mechanism. At 433K, JUC-77 has an overall selectivity of 2.25. [START_REF] Jin | A Novel Microporous MOF with the Capability of Selective Adsorption of Xylenes[END_REF] MIL-53(Al), exhibiting flexibility between open pore and close pore, was proved in vapor-phase xylenes adsorption with two-step isotherms. At the open pore configuration, MIL-53(Al) is reported to have a OX/EB selectivity of 6.4. [START_REF] Finsy | Framework Breathing in the Vapour-Phase Adsorption and Separation of Xylene Isomers with the Metal-Organic Framework MIL-53[END_REF] The common scenario for xylene isomers is based on the preferential adsorption of PX. However, MOFs have a great variety that can be used for xylene separation based on the preferential adsorption of MX or OX. For example, Ni(NCS)2(isoquinoline)2(4phenylpyridine)2 represents a separation factor of 4.7 for MX over PX at 321K. [START_REF] Wicht | Enhanced Selectivity towards Xylene Isomers of a Mixed Ligand Ni(II) Thiocyanato Complex[END_REF] Rodrigues reported the UiO-66 has favourable adsorption towards OX. UIO-66 featuring a cubic 3D structure with two types of microporous octahedral and tetrahedral cages, is evidenced to have a separation factor of 2.4 for OX over PX at 313K. [START_REF] Moreira | Reverse Shape Selectivity in the Liquid-Phase Adsorption of Xylene Isomers in Zirconium Terephthalate MOF UiO-66[END_REF] The Table I 

c) Hexane isomers separation

Separation of linear paraffin and branched paraffins by the degree of branching is a critical process in enhancing octane number in gasoline fuels. 102 There are 5 hexane isomers as shown in Table I.6 which are nC6, 2MP, 3MP, 22DMB and 23DMB. Figure I.17 illustrate the 3D models of hexane isomers. The industrial value of a certain isomer in the gasoline pool is directly related to its research octane number (RON). Typically, the higher the RON, the more the fuel can be compressed and the better the performance will be. As we can see, the di-branched isomers have significant higher RON than linear isomer. However, the similar physical properties of hexane isomers bring a great difficulty on the separation process. In this context, the process of isomerization was used for the octane improvement of gasoline pools. During the process, normal paraffins are catalytically converted into their branched isomers with higher Research Octane Number. However, due to the limit of thermodynamic equilibrium, in the product, there are still around 50% of mono-branched and 10% of unreacted linear paraffins. In the industrial scale, the zeolite 5A is usually employed to separate the final product with a final RON around 87-90. In order to furthermore increase the RON, many efforts are being made to find alternative materials for the separation of hexane isomers. Fe2(BDP)3, which is a highly stable framework featuring triangular channels MOFs, is reported to separate the hexane isomers according to the degree of branching. 103 The separation ability of hexane isomers for Fe2(BDP)3 was evaluated with a breakthrough experiment. The Research Octane Number (RON) of the eluted mixture rise to greater than 90, which is significantly higher than typical industrially refined hexane blends, which are 83. 104 The Table I.8 is the summary of the MOFs for the hexane isomers separation. We can define four microscopic mechanisms at the origin of the separation performance of MOFs, i.e. driven by thermodynamic, kinetic, shape sieving and molecular sieving.

a) Thermodynamic separation

Thermodynamic separation mechanism is based on the equilibrium between the guest molecules and the adsorbent. It is defined as the separation of two or more components by a difference in adsorbate/MOF affinity. Two phenomena can be observed for a thermodynamic separation: i) the separation is based on guest-host affinity, when guest molecules can easily diffuse in the pores/cage of the MOFs, the interaction between the adsorbate and the adsorption sites is dominant for the preferential adsorption; ii) separation based on entropic effects: the selectivity of the MOF towards a guest molecule of a mixture depends on the ability to arrange and occupy the maximum volume.

b) Kinetic separation

The kinetics-driven separation can be defined as the capability of a porous material to separate two or more components in terms of diffusivity, i.e., the ability/difficulty of the molecules to move along the cages/channels of the porous materials. Such a mechanism is generally encountered for molecules that display similar size and functionality, such as hydrocarbons. The larger molecule (with a higher kinetic diameter) naturally will diffuse more slowly through the adsorbent than the smaller molecule.

c) Shape sieving separation

This separation mechanism is based on the difference of the conformational behavior of guest molecules inside the adsorbent. In this scenario, the guest molecules have similar or smaller kinetic diameter than the pore size. The guest molecule that has the best spatial adaptability inside the pore of the adsorbent is more adsorbed.

d) Molecular sieving separation

This separation mechanism consists of using the adsorbent as a molecular sieve. Only molecules of kinetic diameters smaller than the dimension of the aperture of the adsorbent pores are able to enter in the porosity of the adsorbent. The molecules having a kinetic diameter much larger than the dimension of the pore are not be able to enter. Thus, the molecular sieving separation is not governed by thermodynamic equilibrium, and the selectivity is almost infinite (one compound enters the pores and the other hardly adsorbed).

I.3.4 Flexibility of MOFs and external stimuli

The flexibility and dynamic behavior are unique feature that characteristics the MOFs.

Stimuli-responsive MOFs which are currently at the forefront of the porous material research. It is of crucial importance thanks to their promising potential for diverse applications include the separation. 116 In this subchapter, I will introduce the common flexibility of the MOFs and external stimuli that can be used on MOFs.

a) MOFs flexibility

MOFs processes the flexibility depends on the nature of the linker materials and metal ions. The flexibility of the MOFs can be concluded in 4 categories: Breathing, swelling, linker rotation and subnetwork displacement. The linker rotation has an impact on the pore volume and size. The combined experimental and theoretical studies have led to the conclusion that the rotational linker movement causes the expansion of the pore windows and the adsorption of molecules larger than expected. 124,125 However, this conclusion was made for cage like MOFs, ZIF-8 and MOF-5, for 1D channel-structured with relatively small pore size MOFs such as MIL-140 series, the linker rotation can furthermore decrease the free volume, resulting a decrease in the adsorption uptake. 126 The linker rotation in MIL-140C is illustrated in 

I.4 Motivation and aim

In this thesis, the stimuli investigated applied on the MOFs was external mechanical pressure. As mentioned before, the application of an external mechanical pressure on certain MOFs can induce either compression or phase transition which correspond to a decrease of their crystallinity due to a local disorder of the structure, while both structural changes being reversible. 159,160 This mechanical stimulus can be utilized as an alternative method to the current chemical synthesis/post-synthesis routes used for the creation of structural defects and their concentration control for both catalytic and adsorption purposes. 161,162 The external mechanical pressure can also be used to modulate the porosity of the MOFs for a fine tuning of adsorption. The mechanical pressure-induced loss of crystallinity/amorphization of the Zr-based cage-like carboxylate UiO-66(Zr) MOF and its mechanical properties has been investigated. 163,164 This decrease of crystallinity corresponds to ligand vacancy defects. Typically, a computational investigation evidenced that the presence of such defects makes this MOF more hydrophilic. 161 This agreement in the computational and experimental joint study suggests that modulating the affinity of the solid towards guest molecules is potentially feasible with the application of an external mechanical pressure. In most of the studies carried out regarding the flexibility of MOFs, there is always a control on the parameter, either the adsorption of guest molecules acting as an internal pressure, or the application of mechanical pressure acting as an external pressure. The thesis aims to successfully control both parameters simultaneously to fine-tune the pore structure of the MOF (pore size/shape, ligand orientation) optimal to pave the way towards novel approaches for the capture/storage or separation of guests. In the framework of the ANR project MeaCOPA, the ultimate goal is to develop a novel concept that benefits from the control of the mechanical pressure to tune the MOF structures (pore size/shape, windows aperture, defects concentration…) and use this as novel tool to achieve sorption/separations that are difficult to attain using conventional approaches, in order to enhance the separation.

To achieve this objective, the porosity of the MOFs needs to be modulated throughout the gas adsorption/separation and this is feasible by using external mechanical pressure. Molecular Dynamic (MD) and Monte Carlo (MC), as well as Hybrid Osmotic Monte Carlo (HOMC) simulations, were used as the numerical approach. The novel HOMC simulation method enabled the ability to study the dynamics and structure of the global system involving guest molecules and MOFs. The molecular simulation will be explained in detail in Chapter II.

Throughout the thesis, we focused on the hydrocarbon mixture separation include hexane isomers. The external mechanical pressure was chosen as the external stimuli in order to enhance the separation ability via the mechanical fine-tuning of flexible MOFs. ZIF-8 was chosen thanks to its small opening gate which is around 3.4 Å that can be used for molecular sieving. There are already many studies carried out regarding the flexibility of ZIF-8, however, there isn't any systematic study on the impact of the mechanical pressure on the separation ability towards hexane isomers, our study will be one of the first that predict the selectivity as a function of mechanical pressure. MIL-140B was chosen for the same logic, it has 1D channel with small pore around 4.0 Å that can enable shape sieving towards hexane isomers, plus, our collaborators JA. C. Silva and his team experimentally proved that MIL-140B has the best selectivity among its MIL140 family.

Our molecular simulation can assist the understanding on the performance of MIL-140B.

I.5 Structure of the thesis

Our work will be organised in six chapters. The Chapter I focus on the general introduction of the porous materials and the applications of the porous materials. The Chapter II provide the theoretical background for the molecular simulation. The Chapter III present the hexane isomers separation by the rigid MIL-140B. The Chapter IV is the pursuit of the Chapter III where we considered a flexible MIL-140B. Plus, we investigated the selectivity towards C6 isomers of MIL-140B with the application of external mechanical pressure. The Chapiter V bring out the investigation on the separation of C6 in ZIF-8. The Chapiter VI provide an atomistic level understanding of the slow C4 diffusion in ZIF-8. 

Chapter II. Molecular Simulation

II.1 Introduction

For the last past decades, the molecular simulations have been used in a variety of domain of science for a better understanding in atomistic scale. Before the development of the modern computers since 1950s, physical sciences were described by the coupling between experiment and theory. From the experimental point of view, the physical observables are measured and can be expressed numerically. From the theoretical point of view, a physical model is applied to represent the physical system. The validation of the model depends on its ability to reproduce the experiments. Usually, the simplifications are considered due to the complexity from realistic system, thus, the physical model is constructed in ideal case.

With the development of the computers, numerical simulation became a powerful tool to probe the physical system and give a better understanding of real-life experiments. First numerical simulation example can be traced back to 1953, 1 carried out by Metropolis and al., which presents a general method of calculating the properties of any substance, based on a predetermined probability distribution. The Monte Carlo (MC) simulation was then elaborated from this work. Lately, in 1957, another MC simulation was carried out in order to compare between numerical simulation and model-derived thermodynamic data experiments, the Lennard Jones potential was examined by Wood and Parker. 2 The MC simulations are free from the restriction of solving Newton's equation of motion, which allow best sampling of the configurational space. MC simulation can probe structure and thermodynamic properties. In the same period, in 1957, Molecular Dynamics (MD) simulation which can reveal the dynamic properties was carried out by Alder and Wainwright. 3 In 1964, Rahman and al. solved the equation of motion for a set of Lennard Jones particles. 4 Within the time, the molecular simulations have advanced to be a reliable tool, researchers started to adopt this powerful tool for a various of applications, a series of study had been carried out. In 1969, MC simulations were performed in order to model liquid water. 5 In 1971, MD simulation were used to study liquid water. 6 Then in 1975, the first study on flexible hydrocarbons were carried out. Between 1982 and 2012, there was a series of simulations focus on the properties of water. Also, the early studies in the crystal formation dedicated to inorganic compounds can be date back to 1990s. Lately, there are many simulations achieved for proteins since 2010. With the advance for the past decades, molecular simulation has significantly improved efficiency and accuracy.

As the continuous improvement and the further refinement of the algorithms on the calculation are ongoing, we can estimate that the numerical tool will play a more critical role in the understanding of the complex system. This chapter will deliver the basics of molecular simulation by introducing the fundamental theory and technical aspects.

II.2 Statistical ensembles

II.2.1 Partition function

A partition function describes the statistical properties of a system in thermodynamic equilibrium. For a system contains N particles and the temperature is far away from the 0 K, it can be considered as an approximation of a set of microstates. The total set of the microstates constitutes its 6N dimensional phase space, includes the coordinates of the position ri and the momentum pi of the N particles. The notion of phase space will be elaborated in the next subchapter. In classical mechanics, the positions and momentum vary continuously, so the set of microstates is infinite, the partition function is then expressed as a sum:

𝑍 = 1 ℎ 3 ∫ 𝑒𝑥𝑝(-𝛽𝐻(𝒓, 𝒑))𝑑 3 𝒓𝑑 3 𝒑 Eq. II.1
Where h is the Planck constant, β is the reverse temperature defined as

1 𝑘 𝐵 𝑇
, 𝐻(𝒓, 𝒑) is the Hamiltonian of the system, r is the positions and p is the momentum. For a gas of N identical classical particles in three dimensions, the partition function is:

𝑍 = 1 𝑁! ℎ 3𝑁 ∫ 𝑒𝑥𝑝 (-𝛽 ∑ 𝐻(𝒓 𝒊 , 𝒑 𝒊 ) 𝑁 𝑖=1 ) 𝑑 3 𝒓 1 … 𝑑 3 𝒓 𝑁 𝑑 3 𝒑 1 … 𝑑 3 𝒑 𝑁 Eq. II.2
Where ℎ 3𝑁 is introduced to make the partition function dimensionless.

II.2.2 Phase space

In classical mechanics, a phase space includes all possible configurations of a system, each configuration corresponds to one unique point in the phase space. The 'configuration' doesn't simply include the positions r of all particles in the system, but also their momenta p. For a system of N particles, each configuration is defined by the phase space of a 6N dimensional space with the positions r and momenta p (r1,…,rN, p1,…,pN), the phase space is defined as 𝛤 = (𝒓 3𝑁 , 𝒑 3𝑁 ). At a given time t, the configuration of the system is specified by a unique point in the phase space, with the evolution of time, the point can trace a trajectory over time.

II.2.3 Boltzmann's probability

The Maxwell-Boltzmann distribution is a probability distribution that gives the probability of a certain state as a function of that state's energy and temperature of the system where the distribution is applied. The expression for the Boltzmann probability is:

𝑃 𝑖 ∝ 𝑒𝑥𝑝(-𝛽𝜀 𝑖 ) Eq. II.3
Where 𝑃 𝑖 is the possibility of the system in state i, 𝜀 𝑖 represents the energy of this state. and the partition function Z is expressed as:

𝑍 = 1 𝑁! ℎ 3𝑁 ∫ 𝑒𝑥𝑝 [-𝛽𝐻(𝒓 𝟏 , . . . , 𝒓 𝑵, 𝒑 𝟏 , . . . , 𝒑 𝑵, )]𝑑 3 𝒑 𝟏 . . . 𝑑 3 𝒑 𝑵 𝑑 3 𝒓 𝟏 . . . 𝑑 3 𝒓 𝑵 Eq. II.4
Where N represents the number of all accessible states. The Maxwell-Boltzmann distribution is often used to describe the distribution of particles with energy states accessible. In molecular dynamics simulation for example, without providing initial velocities or forces applied for each particle, the initial velocities will be taken at random from Maxwell-Boltzmann distribution.

II.2.4 Ensemble average

There are usually a large number of particles present in a physical system, in the magnitude of mol. Therefore, the macroscopic properties of a system, such as pressure, temperature and volume etc, is difficult to be obtained from microscopic characteristics of each particle. However, most of the macroscopic observables of a system are not sensitive to microscopic details of each particle, thus the macroscopic properties can be collectively calculated. The collection of the all the possible systems with different microscopic states but lead to a common set of macroscopic values is an ensemble. The ensemble average is a very important concept in statistical mechanics, it is defined as the average value taken over a large number of replicas of the system considered simultaneously. The ensemble average and its operational expression depend on the system's ensemble.

a) Classical statistical mechanics

For classical systems in thermal equilibrium with the environment, the partition function Z is expressed as:

𝑍 = ∬ 𝑒𝑥𝑝 [-𝛽𝐻(𝒓 𝑁 , 𝒑 𝑁 )] 𝑑𝒓 𝑁 𝑑𝒑 𝑁
Eq. II.5

The ensemble average Q is expressed as:

< 𝑄 > = ∬ 𝑄𝑒𝑥𝑝 [-𝛽𝐻(𝒓 𝑁 , 𝒑 𝑁 )] 𝑑𝒓 𝑁 𝑑𝒑 𝑁 𝑍 Eq. II.6
where 𝑄(𝒓 𝑁 , 𝒑 𝑁 ) is the observable which can be expressed as a function of the positions r and the momenta p.

The ensembles are defined by a series of parameters: the number of particles N, the pressure P, the volume V, the temperature T, the total energy E, etc. Only the ensembles which were used in this work are presented here. 

b) Canonical ensemble: NVT

This ensemble maintains a fixed temperature T and volume V as well as the number of particles N. This ensemble describes a closed system with no exchange of particles with the external and a thermostat is in contact with the system to maintain the temperature. The Boltzmann's probability P (𝒓 𝑁 , 𝒑 𝑁 ), can be expressed as:

𝑃 𝑁𝑉𝑇 (𝒓 𝑁 , 𝒑 𝑁 ) = 𝑒𝑥𝑝(-𝛽𝐻(𝒓 𝑁 , 𝒑 𝑁 ))

∫ ∫ 𝑒𝑥𝑝(-𝛽𝐻(𝒓 𝑁 , 𝒑 𝑁 ))𝑑𝒓 𝑁 𝑑𝒑 𝑁 = 𝑒𝑥𝑝(-𝛽𝐻(𝒓 𝑁 , 𝒑 𝑁 )) ℎ 𝑁 𝑁! 𝑍(𝑁, 𝑉, 𝑇) Eq. II.7

Where h is the Planck's constant, for the classical discrete system, the partition function Z is expressed as:

𝑍(𝑁, 𝑉, 𝑇) = 1 ℎ 𝑁 𝑁! ∫ ∫ 𝑒𝑥𝑝(-𝛽𝐻(𝒓 𝑁 , 𝒑 𝑁 ))𝑑𝒓 𝑁 𝑑𝒑 𝑁 Eq. II.8
With 𝐻(𝒓 𝑁 , 𝒑 𝑁 ) represents the Hamiltonian that describes these N particles, which is the sum of the total potential energy U and the total kinetic energy K. 𝐻(𝒓 𝑁 , 𝒑 𝑁 ) = 𝑈(𝒓 𝑁 ) + 𝐾(𝒑 𝑁 ) .With the definition of the ensemble average, a physical quantity 𝑄 can be expressed by:

< 𝑄 > 𝑁𝑉𝑇 = ∫ ∫ 𝑑𝑟𝑑𝑝 𝑒𝑥𝑝(-𝛽𝐻(𝒓 𝑁 , 𝒑 𝑁 ))𝑄 ∫ ∫ 𝑑𝑟𝑑𝑝 𝑒𝑥𝑝(-𝛽𝐻(𝒓 𝑁 , 𝒑 𝑁 ))
Eq. II.9

c) Isothermal-isobaric ensemble: NPT

This ensemble maintains a fixed temperature T and pressure P as well as the number of particles N. This ensemble is well suited and has an important role in the molecular dynamics simulation to reproduce the normal laboratory conditions. Note that the volume can vary isotropically or anisotropically, which depends on the parameters of applied pressure as illustrated in Figure II.1. The probability to find a configuration throughout the positions and momenta can be written as:

𝑃 𝑁𝑃𝑇 = 𝑒𝑥𝑝(-𝛽(𝐻(𝒓 𝑁 , 𝒑 𝑁 ) + 𝑝𝑉)) 𝑉ℎ 𝑁 𝑁! 𝑍(𝑁, 𝑃, 𝑇) Eq. II.10

The partition function Z (N, P, T) is:

𝑍(𝑁, 𝑃, 𝑇) = 1 ℎ 𝑁 𝑁! 𝑉 0 ∫ 𝑑𝑉 ∫ 𝑒𝑥𝑝(-𝛽𝐻(𝒓 𝑁 , 𝒑 𝑁 , 𝑉) + 𝑃𝑉)𝑑𝒓 𝑁 𝑑𝒑 𝑁 Eq. II.11
Where V0 is the unit cell volume.

d) Grand canonical ensemble: μVT

A grand canonical ensemble is also called μVT ensemble, it is used to represent the possible states of a system of particles in thermodynamic equilibrium with reservoirs.

The system is open in the term that energy and particles exchange with a reservoir is possible, so the total energy and the total number of particles of the system can be varied. The partition function for each distinct microstate can be expressed as:

𝑍(𝜇, 𝑉, 𝑇) = ∑ ∫ 𝑑𝒓 𝑁 𝑑𝒑 𝑁 ℎ 𝑁 𝑁! 𝑒𝑥𝑝(-𝛽(𝐻(𝒓 𝑁 , 𝒑 𝑁 ) -𝜇𝑁)) ∞ 𝑁 = 0
Eq. II.12

Where μ represents the chemical potential, N represents the number of particles and E represents the total energy of the microstate. By using this ensemble, we are able to reproduce the adsorption isotherm, it describes quantitatively the adsorption of a gas by a porous material at a fixed temperature as a function of pressure. The six types of adsorption isotherm are characteristic of adsorbents that are microporous (type I), nonporous or macroporous (types II, III, and VI) and mesoporous (types IV and V). In the case when the pore diameters of an adsorbent are narrow or when a strong adsorbate-adsorbent interaction is present, the adsorption isotherm is the type I. As for the Type II adsorption isotherms, 3 phases of the curve reflect the formation of a layer of adsorbed molecules whose thickness increases when the relative pressure increases. The adsorbed phase condenses at the end when the relative pressure reaches the saturated vapor pressure. For the type III, this specific curvature in the beginning of the adsorption isotherm is due to the adsorbent / adsorbate interactions are weaker than adsorbate / adsorbate interactions. The type IV adsorption isotherm has the same curve for the low relative pressure, at higher relative pressure, the capillary condensation occurs which resulting adsorption -desorption a hysteresis. The same reasoning is applied to the type V which is similar to type III. Type VI adsorption isotherm has a step-like behavior, it reflects a successive formation of layers on the surface of the adsorbent with the increase of relative pressure. It is worth to mention that the flexibility of certain MOFs could have a huge impact on the adsorption isotherm. For example, Co(BDP) is reported to exhibits a step like adsorption isotherm upon N2 adsorption, 9 

II.3 Molecular simulation

Thermodynamics and statistical mechanics create a bridge between the experimental macroscopic observations and the microscopic behavior of the simulated system. During the thesis, two molecular simulations methods were used for the simulation at molecular level, which are Molecular Dynamic and Monte Carlo simulation.

II.3.1 Molecular Dynamic Simulation

The concept of MD simulation consists in the numerical time-dependent integration of the Newtonian motion equations of the particles as

𝑭 𝒊 = 𝑚 𝑖 𝒂 𝒊 (𝑡) = 𝑚 𝑖 𝑑𝒗 𝒊 (𝑡) 𝑑𝑡 = 𝑚 𝑖 𝑑 2 𝒓 𝒊 (𝑡) 𝑑𝑡 2 = - 𝜕 𝜕𝒓 𝒊 𝑈 Eq. II.13
Where F represents the force applied on the particles, vi, mi and ri represent the velocity, the mass and the position of atom i respectively. U is the potential energy of the system. The interactions between atoms and molecules can be modelled via the potential energy by a set of empirical potential functions, which will be explained later. The numerical resolution can be performed from the Leapfrog algorithm, Beeman algorithm, Verlet algorithm and etc. The integration algorithms consist of discretizing the first or second order differential equations. A good integrator shall provide relatively good numerical stability and accuracy, and also a good compromise between the accuracy and the computational effort. Velocity Verlet algorithm, in this point of view, meets the argument and was used during the thesis. Based on a Taylor development, the positions of each atom at 𝑡 + 𝛿𝑡 is expressed as: This algorithm is very commonly used in Molecular Dynamic simulation because of its good numerical stability and performance/cost ratio.

𝒓 𝒊 (𝑡 + 𝛿𝑡) =

II.3.2 Monte Carlo Simulation

Unlike Molecular Dynamic simulation, The Monte Carlo (MC) simulation generates random configuration using Metropolis algorithm to determine to accept/reject new configuration. This algorithm is a Markovian and is not time dependant. Each configuration is generated by a random trial move of atom or molecules, for example, the translation, rotation, insertion/deletion and etc. The MC moves will be explained in detail for the next chapter. The criteria of Metropolis method are used to ensure that the probability of obtaining a configuration is equal to its Boltzmann factor 𝑒 -𝑈 𝑘𝑇 . The low energy configurations are generated with higher probability than configurations with higher energy. If the energy of the new configuration is lower than the previous configuration, then the new configuration will be accepted. If the energy of the new configuration is higher than the previous configuration, then the Boltzmann factor, which is the ratio of probabilities of two configurations which depends only on the energy will be calculated:

𝑝 𝑖 𝑝 𝑗 = 𝑒 -𝛥𝑈 𝑘 𝐵 𝑇
Eq. II.17

The Boltzmann factor will be compared with a random number ranging from 0 and 1. If the Boltzmann factor is higher than the random generated number, then the new configuration will be accepted, in other case, the new configuration will be rejected, and the previous configuration is conserved for the next iteration. The measurable value Q can be calculated as:

< 𝑄 >= 1 𝑁 𝑐𝑜𝑛𝑓𝑖𝑔 ∑ 𝑄 𝑁 𝑐𝑜𝑛𝑓𝑖𝑔 𝑖 Eq. II.18
The value Q is obtained by averaging the values over the number of configurations 𝑁 𝑐𝑜𝑛𝑓𝑖𝑔 .

II.4 Ergodic hypothesis

Molecular simulations enable the possibility to simulate the behaviour of the atoms or molecules in the scale and calculate the macroscopic properties thanks to statistical mechanics. The MD trajectory is described in phase space as [r N (t), p N (t)]. The measurement of a physical value from the MD simulation is then obtained as an arithmetic average. It is possible to calculate the value of Q(t), as well as the experimental observable that can be regarded as the time average of Q(t) expressed as:

𝑄 𝑜𝑏𝑠 = < 𝑄(𝑡) > = 𝑙𝑖𝑚 𝜏 1 𝜏 ∫ 𝑄(𝛤(𝑡)) 𝜏 0 𝑑𝑡 Eq. II.19
Where 𝜏 is the observation time, and the brackets indicate the average value. Statistical mechanics calculate all macroscopic observable as averages over phase trajectories as well as averages over an ensemble of systems. As consequence, it is possible to calculate a macroscopic quantity Q by averaging directly over the whole of the thermodynamic ensemble, the ensemble average <Q>ensemble is defined as below:

< 𝑄 > 𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 = 1 𝑍 ∫ 𝑄(𝑟, 𝑝) 𝑒 -𝛽𝐸(𝑟,𝑝) 𝑑𝑟𝑑𝑝 Eq. II.20

Here, the partition functions Z are functions of the volume occupied by the system in phase space, this signifies the number of accessible microstates to the system in a given ensemble. E is the energy of the microstate. In other words, by considering an infinite number of configurations and an infinite sampling time, we have:

< 𝑄 > 𝑜𝑏𝑠 = < 𝑄 > 𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 = < 𝑄(𝑡) > Eq. II.21
Eq. II.21 is ergodic hypothesis that indicates that any experimental observable is based on a long time on a molecular time scale, leading to the conclusion that time average equal to ensemble averages.

II.5 Force Field

II.5.1 Potential

The previous chapter highlighted the importance to know the energy to carry out the simulation. To be able to describe the energy of the system, a force field (FF) is required. A force field is an empirical function with a set of parameters which describe the potential.

Since 1950s when the first MC and MD simulations of model liquids carried out by Metropolis et al., 1 a rapid growth in the computational study brought the development of force field into a new level. Up to date, it exists many force fields, such as AMBER, 11 COMPASS, 12 CHARMM, 13 DREDING, 14 UFF, 15 OPLS, 16 TraPPE, 17,18 and etc. Different force field has different complexity with different applicability and limitations.

To carry out a reliable simulation, it is crucial to choose an appropriate force field. As said, there are many force fields available, however, a common force field for molecular simulation is composed of intra-and inter-molecular forces. A typical expression for an FF is expressed as: 𝑈 = (𝑈 𝑏𝑜𝑛𝑑𝑠 + 𝑈 𝑎𝑛𝑔𝑙𝑒𝑠 + 𝑈 𝑡𝑜𝑟𝑠𝑖𝑜𝑛 ) + (𝑈 𝑣𝑑𝑤 + 𝑈 𝑒𝑙𝑒𝑐 ) Eq. II.22

Where U represents the potential energy of the system. 𝑈 𝑏𝑜𝑛𝑑𝑠 simulates the bonds of two atoms, 𝑈 𝑎𝑛𝑔𝑙𝑒𝑠 contributes to the valence angle, 𝑈 𝑡𝑜𝑟𝑠𝑖𝑜𝑛 contributes to torsional potentials. 𝑈 𝑣𝑑𝑤 and 𝑈 𝑡𝑜𝑟𝑠𝑖𝑜𝑛 model van der Waals and electrostatic interactions respectively. The detailed mathematic formula of the interactions will be explained.

a) Intramolecular terms

Regarding to the bond contribution the length of the bond between two atoms oscillates around an average value. The harmonic potential is usually being used to describe the bond potential as:

𝑈 𝑏𝑜𝑛𝑑 = ∑ 𝐾 𝑟 (𝑟 -𝑟 0 ) 2 𝑏𝑜𝑛𝑑𝑠

Eq. II.23

Where 𝐾 𝑟 is the force constant in kJ mol / Å -2 , 𝑟 is the distance between two atoms in Å, 𝑟 0 is the equilibrium bond length in Å, the schematic representation is as shown in Similarly, in valence angle potential, the angle formed between three atoms is not constant and oscillate around the equilibrium value. The valence angle potential can be described as harmonic form, the mathematical formula is expressed as:

𝑈 𝑎𝑛𝑔𝑙𝑒𝑠 = ∑ 𝐾 𝜃 (𝜃 -𝜃 0 ) 2 𝑎𝑛𝑔𝑙𝑒𝑠

Eq. II.24

Where 𝐾 𝜃 represents the force constant of the angle in kJ/mol/°, 𝜃 is the valence angle between three atoms in degrees, 𝜃 0 is the equilibrium angle in degrees, as illustrated in Figure II.5. The last element of intramolecular term is torsional potential, or dihedral potential which refers to 4 atoms, generally it is expressed as a cosine series expansion. The mathematical formula is expressed as:

Intramolecular terms Intermolecular terms

𝑈 𝑡𝑜𝑟𝑠𝑖𝑜𝑛 = ∑ 𝑉 𝑛 2 [1 + 𝑐𝑜𝑠(𝑛𝜙 -𝛾)] 𝑎𝑛𝑔𝑙𝑒𝑠 Eq. II.25
Where 𝑉 𝑛 is the Fourier constant which correspond to the magnitude of torsion, n is the periodicity of the torsional potential, 𝜙 is the torsion angle between the plane formed by 4 atoms in degree, and 𝛾 is the phase factor, as illustrated in Figure II.6. Note the relation to define the different potentials is not limited to one type, there are many others, depends on the force field and approximation. As an example, the valence angle can be described from a cosine form as:

𝑈 𝑎𝑛𝑔𝑙𝑒𝑠 𝐶𝑜𝑠 = 𝐴[1 + 𝑐𝑜𝑠(𝑚𝜃 -𝛿)] Eq. II.26
Where 𝑚 is a potential parameter and 𝛿 is the phase factor.

b) Intermolecular terms i) The Lennard-Jones potential

Usually, intermolecular terms consist of mainly pairwise interactions, van der Waals and electrostatic potentials. Intermolecular terms are considered between all pairs of atoms of different molecules and between atoms which are separated by at least three bonds in the same molecule. The van der Waals potential functions is often modelled from the Lennard-Jones (LJ) potential.

𝑈 𝑉𝐷𝑊 = ∑ ∑ 4𝜖 𝑖𝑗 [( 𝜎 𝑖𝑗 𝑟 𝑖𝑗 ) 12 -( 𝜎 𝑖𝑗 𝑟 𝑖𝑗 ) 6 ] 𝑗>𝑖 𝑖

Eq. II.27

This potential includes a repulsion term (r -12 ) at short distances and an attractive term (r - 6 ) at long distance. To avoid expensive calculation, a cut-off radius is considered. It gives a limit on the calculation of the interactions, beyond the cut-off distance (𝑟 𝑐 ), the potential is neglected. In the mathematical expression, r is the distance between two particles in question, 𝜎 represents the collision parameter, at this distance, the intermolecular potential between two particles is zero while 𝜖 corresponds to the strength of the interaction. The LJ potential is short ranged and at long range, it tends to be 0. The schematic representation of LJ potential is in Figure II.7. The LJ potential parameters for the atoms with different types are calculated using Lorentz-Berthelot mixing rules. For atom A and atom B, their LJ parameters are:

𝜎 𝐴𝐵 = 𝜎 𝐴𝐴 + 𝜎 𝐵𝐵 2 𝜖 𝐴𝐵 = √𝜖 𝐴𝐴 𝜖 𝐵𝐵 Eq. II.28
ii) The electrostatic interactions

The electrostatic potential refers to the interactions between two electrically charged particles. Compared to the LJ potential, the electrostatic potential converges slow, and at the long-range electrostatic interaction cannot be neglected. The relation allowing us to calculate it as:

𝑈 𝑒𝑙𝑒𝑐 = 1 4𝜋𝜖 0 ∑ 𝑞 𝑖 𝑞 𝑗 |𝑟 𝑖𝑗 | 𝑖𝑗 Eq. II.29
Where 𝜖 0 (8.85E-12 C 2 J -1 mol -1 ) is the vacuum permittivity, 𝑞 𝑖 and 𝑞 𝑗 are the partial charge of two particles and 𝑟 𝑖𝑗 is the separation distance. The sum is applied to all atomic pairs. As the matter of the fact that all atoms are under the periodic boundary conditions (PBC), which will be explained later in next subchapter. The simulation box is described by Lx, Ly and Lz. We can suppose the simulation box is cubic, which leads to Lx = Ly = Lz = L. As we have a pseudo infinite system with PBC, for a certain atom qi with the corresponding location ri, its images can be found at ri + nxL + nyL+ nzL, with the same charge qi, where nx, ny and nz are arbitrary integers. With the consideration of PBC, the electrostatic potential can be rewritten as:

𝑈 𝑒𝑙𝑒𝑐 = 1 4𝜋𝜖 0 ∑ ∑ 𝑞 𝑖 𝑞 𝑗 |𝑟 𝑖𝑗 + 𝑛𝐿| 𝑖𝑗 𝑛

Eq. II.30

The above equation is the sum over all ij pairs, which can also be rewritten as the sums over all atoms:

𝑈 𝑒𝑙𝑒𝑐 = 1 2 1 4𝜋𝜖 0 ∑ ∑ ∑ 𝑞 𝑖 𝑞 𝑗 |𝑟 𝑖𝑗 + 𝑛𝐿| 𝑗 𝑖 𝑛

Eq. II.31

Where the

1 2
term is to avoid the double-counting. There are different ways of proceeding this sum in the simulation with truncation methods, for example, spherical truncation, generalized reaction field, Wolf summation, Ewald summation. 19,20 The latter method, i.e., Ewald summation, will be discussed as it is the most commonly used in numerical simulation. Ewald summation rewrites the long-range interactions as the sum of the interaction energies of each charge of the primitive unit cell with all the periodic images. In order to improve the convergence, the function 1 𝑟 is converted into two series, as shown below in equation:

1 𝑟 = 𝜙(𝑟) 𝑟 + 1 -𝜙(𝑟) 𝑟
Eq. II.32

The function 𝜙(𝑟) need to be defined in a way that satisfy the rapid variations from 1 to r at short range and also the slow decay at long range of r, as the equation shown below:

𝜙(𝑟) ≝ 𝜙 𝑠 (𝑟) + 𝜙 𝑙 (𝑟) Eq. II.33
Where 𝜙 𝑠 (𝑟) represents the short-range term which converges rapidly in real space and 𝜙 𝑙 (𝑟) represents the long-range term which converges rapidly in Fourier space. The method assumes that the short-range term can be summed easily, and the problem becomes the sum for long-range term. Here, the most commonly used form for long-range term is a Gaussian distribution.

𝑓 𝑔𝑎𝑢𝑠𝑠 (𝑟) = 𝑧 𝑖𝑎 𝛼 3 𝜋 3 2
𝑒𝑥𝑝(-𝛼 2 𝑟 2 ) Eq. II.34

Where 𝛼 represents the gaussian distribution width. 𝛼 is an empirical value. The total screened potential is calculated by summing over all the particles in the unit cell and all the periodic images in the real space of the images. The value of 𝛼 which given by DLPOLY program is 𝛼 = 3.2/(𝑙 𝑚𝑖𝑛 /2), where 𝑙 𝑚𝑖𝑛 represents the smallest side length of the simulation box. The Ewald summation can be then expressed as:

𝑈 𝑇𝑂𝑇 = 𝑈 𝑆 + 𝑈 𝐿 -𝑈 𝑠𝑒𝑙𝑓 𝑈 𝑇𝑂𝑇 = 1 4𝜋𝜖 0 1 2 ∑ ∑ ∑ 𝑞 𝑖 𝑞 𝑗 |𝑟 𝑖 -𝑟 𝑗 + 𝑛𝐿| 𝑗 𝑖 𝑛 𝑒𝑟𝑓𝑐 ( |𝑟 𝑖 -𝑟 𝑗 + 𝑛𝐿| √2𝜎 ) + 1 2𝜖 0 ∑ 𝑒 -𝜎²𝑘² 2 𝑘² |𝑆(𝑘)|² 𝑘≠0 - 1 4𝜋𝜖 0 1 √2𝜋𝜎 ∑ 𝑞 𝑖 2 𝑁 𝑖=1
Eq. II. 35 Where 𝑒𝑟𝑓𝑐 (

|𝑟 𝑖 -𝑟 𝑗 +𝑛𝐿| √2𝜎
) represents a complementary error function that tends to 0 with the increase of r. In summary, the Ewald summation method replace a set of point charges by a set of screened charges plus a set of Gaussian distribution. The interaction of the screened charges is summed in real space, the Gaussian distribution is summed in Fourier space.

II.5.2 Periodic Boundary Condition (PBC)

Usually, the simulation box is in general a closed system where atoms could come close to the boundary and eventually leave the box. It is obvious that the constraints on the boundary of the simulation need to be considered. In order to overcome this problem, the periodic boundary conditions are applied. This method consists of duplicating the simulation box in three directions, resulting a pseudo infinite system, so that the atoms inside the simulation box can interact with its images. The periodic image in each duplicated box also conserves the exactly the same moves. There are no walls at the boundary, for example, a particle which move through the top side extremity of the box will enter from the bottom side, as shown in the Figure II.8: With this approach, the density of the box is conserved and the problem with the boundary can be solved. Note that the simulation box is not limited to cubic, it is possible to use other types, such as rhombic, monoclinic and etc. As the central box is replicated for n times, the positions for one particle i can be represented as 𝑟 𝑖 + 𝑛𝐿, where L represents the length of the box. The potential energy for a box contains n atoms can be represented as: 

𝑈(𝑟

Eq. II.36

It is obvious that it will take much computational effort and not realistic to include the interaction of each particle with all the images because the system is infinite, that's why a cut-off distance need to be considered, which means the interactions are limited to the radius of cut-off distance. The cut-off radius is indicated in Figure II.8 as dashed circle. In general, the cut-off distance obeys:

𝑈𝑟 𝑐𝑢𝑡-𝑜𝑓𝑓 < 𝐿 2
Eq. II.37

With this approximation, we can still have a good compromise between the accuracy and the computational effort.

II.6 Hybrid Osmotic Monte Carlo Simulation

In this work, Hybrid Osmotic Monte Carlo (HOMC) simulation, 21 was adopted to investigate the adsorption and separation of hydrocarbon gas into the MOFs. The previous introduced simulation methods, molecular dynamics (MD) and grand canonical Monte Carlo (GCMC) simulations are not able to follow a guest-assisted structural phase transition, either the guest-assisted flexibility. The GCMC simulations allow a fluctuation of the guest molecules for a given chemical potential while generally considering the MOFs rigid. This approach can be used in a first approximation to calculate the quinary mixture adsorption isotherms of hexane isomers in MIL-140B, 22 or, another example, the CO2 adsorption isotherms for both rigid narrow pore (Np) and large pore (Lp) forms of MIL-53(Cr). However, in order to rigorously reproduce the experimental conditions by considering the flexibility of the MOFs, this methodology is limited. To overcome such bottleneck, the hybrid osmotic Monte Carlo (HOMC) was adopted by coupling MD and GCMC simulation. To do so, there are two possible strategies. First strategy, the implementation of a GCMD method with osmotic ensemble (μN1σT), 23,24 where μ represents the chemical potential of the guest molecules, N1 represents the number of the MOFs or adsorbent, σ represents the target determinant of the anisotropic pressure tensor, and T represents the temperature. This method has been implemented to capture the dynamical properties such as diffusivity, viscosity and permeability. 25,26 Second strategy, create a MD move, which can be carried out in NVT or preferentially NσT, in the Markov chain in a HOMC route. This enables the flexibility of the framework, which is crucial to capture guest-assisted structural changes. This method able to explore the configuration space efficiently. The latter strategy was chosen to perform the adsorption inside the flexible MOFs. Its working flow in detail is shown as in Figure II.9: One HOMC run consists of many cycles, each cycle contains multiple HOMC step, and one HOMC step include one MD simulation run and one MC simulation run. The program starts with a MD simulation, with sufficient timesteps, the structure will reach equilibrium thermodynamically and energy will be converged. At the end of the MD simulation, the program converts the output files from MD simulation to the input files for MC simulation. This program is a home code that is developed in the IPR of the university of Rennes 1.

Then an appropriate number of steps for MC simulation shall be considered in order to explore the configuration phase. A homogenization of the MC and MD partition functions was applied in order to ensure the coherence between the configuration and momentum spaces and to get a reliable probability of acceptance. At the end of MC simulations, this homogenization of partition function allows to determine if the newly generated configuration is accepted or not. If the configuration is accepted, the output file of MC simulations will be converted to input file for the next MD simulation, otherwise the configuration will be conserved. Depends on the system, the computation time can vary.

For our system involved with MOFs, usually supercell and guest molecules. One HOMC step is expected to take up to 200 minutes. The general expressions for MC and MD partition functions are shown as below: Where 𝐾′(𝜔 𝑁 𝑖 ) = 0 and 𝐽² = 1. 𝛽 represents the reverse temperature, 𝜔 𝑁 𝑖 represents the angular velocity of the guest molecules. U and H represent the potential energy and Hamiltonian respectively. 𝐾 and 𝐾′ are translational and rotational kinetic energies respectively. 𝑈 𝐼𝑁𝑇𝑅𝐴 and 𝑈 𝐼𝑁𝑇𝐸𝑅 represent intramolecular and intermolecular energies respectively.

𝑄 𝜇𝑁 1 𝜎𝑇 𝑀𝐶 = ∑ ∑ 𝑒𝑥𝑝(
As MC simulation is not time dependant. Its partition function has only the potential energy. For MD simulation, the total Hamiltonian needs to be considered. N represents the total number of atoms in the system which is the sum of the adsorbates and the framework, 𝑖 represents the labels for the framework and guest molecules respectively. The total partition functions 𝑞 𝑖 𝑁𝑖 is shown as below:

𝑞 𝑖 = 𝑞 𝑖 𝑟𝑜𝑡 𝑞 𝑖 𝑡𝑟𝑎𝑛𝑠 𝑞 𝑖 𝑐 Eq. II.42
Where rot, trans, and c represent the rotational, translational and constraints Jacobian constraint contributions. It is possible to have other contribution, such as internal rotation for long molecules, vibration, nuclear spin etc. A decomposition of the kinetic and the potential energy terms will not be possible because 𝒓 𝑁 and 𝒑 𝑁 are dependent. We need to considerate the determinant of the constraint matrix J. The partition function of MC is coherent with the reference for the osmotic ensemble. 27 There are other contributions in the MC partition function which can be considered in order to ensure the coherence between MC and MD part, i.e. translational, rotational, inter-rotational for long adsorbates, vibration and etc. We can replace 𝑞 𝑖 by these terms and we obtain the equation below: 

𝑄 𝜇𝑁 1 𝜎𝑇 𝑀𝐶 = ∑ ∑

Eq. II.46

Where ∆𝑉 𝑜→𝑛 represents the volume variation between old configuration (o) and the new configuration (n), this volume variation is produced during MD move. For the trial insertion/deletion move, the insertion and orientation bias were considered. This method determines in a first place an appropriate location for the center of mass of the inserted guest molecules by n test insertions of a Lennard-Jones particle, considering only the LJ interactions. Then at the second place, m orientations are being considered for the selected appropriate location, and the electrostatic and LJ interactions are calculated. Finally, we obtain the probability of accepting the insertion and deletion as the expressions below:

𝜋(𝑁 2 → 𝑁 2 + 1) = 𝑚𝑖𝑛 (1, 𝑉 𝛬 3 (𝑁 2 + 1) 4𝜋²𝐼 2 𝑘 𝑏 𝑇 ℎ 2 |𝐽 1 2 | 1 2 |𝐽 1,𝑜 2 | 1 2
𝑒𝑥𝑝(𝛽𝜇)𝑊 𝑖 𝑊 𝑜 × 𝑒𝑥𝑝(-𝛽(𝑈 𝑒𝑥𝑡 (𝒓 𝑁 ) + 𝑈 𝐿𝐽 (𝒓 𝑁 ) + ∆𝑈 𝑐𝑜𝑟𝑟 )))

Eq. II.47

𝜋(𝑁 2 → 𝑁 2 -1) = 𝑚𝑖𝑛 (1, 𝛬 3 𝑁 2 𝑉 ℎ 2 4𝜋²𝐼 2 𝑘 𝑏 𝑇 |𝐽 1,𝑜 2 | 1 2 |𝐽 1 2 | 1 2
𝑒𝑥𝑝(-𝛽𝜇) 𝑒𝑥𝑝(𝛽(𝑈 𝑒𝑥𝑡 (𝒓 𝑁 ) + 𝑈 𝐿𝐽 (𝒓 𝑁 ) + ∆𝑈 𝑐𝑜𝑟𝑟 )) 𝑊 𝑖 𝑊 𝑜 )

Eq. II.48

Where ∆𝑈 𝑐𝑜𝑟𝑟 represents the variation of the long-range corrections corresponding to the insertion of the molecule. 𝑊 𝑖 and 𝑊 𝑜 are the Rosenbluth factor of the statistical bias of insertion and orientation. 28

II.7 Structural and dynamical analysis

Molecular simulation usually generates complex data with a considerable computational time. In order to extract the physical properties from the simple trajectories or configurations of the atoms, we need the programming tools for the post analysis. During the thesis, we mostly used Fortran 95 code for the post analyses program for the access to: Radial Distribution Function (RDF), Mean Square Displacement (MSD), total density, lecture of the system volume, lattice parameters, distribution of average bond length, distribution of average angle, distribution of dihedral angle and etc. Besides, we also used some commercial software; Visual Molecular Dynamics (VMD) 29 and OVITO 30 were used for the 3D visualization, Poreblazer 31 and zeo++ 32,[START_REF] Verploegh | Screening Diffusion of Small Molecules in Flexible Zeolitic Imidazolate Frameworks Using a DFT-Parameterized Force Field[END_REF] were used to extract the Pore Size Distribution (PSD). 

Chapter III. Hexane isomers separation on an isoreticular series of microporous

III.1 Introduction and context

There is increasing demand to enhance fuel quality in order to minimize the negative impacts on the environment and public health. [1][2][3] Therefore, there are restrictions on the gasoline production, which limits the concentration of toxic additives. 4 The process of isomerization in petroleum processing is growing for the cleaner fuel. During this process, the linear paraffins are converted into their branched isomers catalytically in order to increase Research Octane Number (RON). The nC5 (linear pentane, RON: 61.8) is converted to iC5 (isopentane, RON: 92.3), while nC6 (linear hexane, RON: 24.8) is converted to 2MP, 3MP, 23DMB and 22DMB with RON equals to 73.4, 74.5, 101.7 and 91.8 respectively. 5,6 This isomerization method allows to increase the RON, however it has the limitation. The catalytic reaction is limited by thermodynamic equilibrium, there are still 10% of unreacted linear and 50% of mono-branched isomers. 7 In order to furthermore improve the RON, the Total Isomerization Process -TIP uses a classic porous material, Zeolite 5A to separate the final product, retain the branched isomers with RON around 87-90, and linear isomers will be recycled back to the reactors until they converted to branched isomers. 8 It is still possible to go further and improve the RON, if we can separate effectively of mono-branched hexane isomers (2MP, 3MP) and dibranched hexane isomers (22DMB, 23DMB). To do so, the petrochemical industry has been looking for alternatives which allow to effectively separate branched hexane isomers.

In this context, porous crystalline hybrid solids such as Metal Organic Frameworks (MOFs) comes into the sight. Since the past decades, MOFs have showed its great potential for a wide range of applications, including catalysis, sensing, drug delivery, adsorption and separation and so on. MIL-140 series MOFs are promising candidates for the effective separation of branched hexane isomers. This part of study is included in the study of a series of isoreticular Zr carboxylate MOFs, MIL-140A, B and C. Where the experimental parts were investigated by chromatographic breakthrough experiments by the collaborators. 9 Among all three Zr carboxylate MOFs, MIL-140B presents the highest selectivity, thus, our computational work was focused on MIL-140B. In this chapter, we will present the main result of the single component and equimolar quinary mixture adsorption and also the analysis.

III.2 Methodology

III.2.1 Alkane Model

TraPPE-UA 10,11 force field was used to describe all hexane isomers, each CHx was considered as a single uncharged Lennard-Jones site. This united atom model allows to decrease the computational effort but still keeps a good accuracy, makes it a generally suitable force field to describe the hexane isomers. A harmonic cosine potential model describes the intra-molecular bond and bending contribution. The parameters summarized in the table below. In the Table III.1, 𝑟 0 is the reference bond length in Å. Kθ/kb is the bend energy constant in K/rad² , 𝜃 0 is the reference bend angle in degree. 𝑐 1 , 𝑐 2 , 𝑐 3 , 𝑐 4 are torsion parameters in K. The inter-molecular interaction is described by Lennard-Jones interaction.

Dihedral angle c 0 [K] c 1 [K] c 2 [K] c 3 [K]

III.2.2 MIL-140B Model

The crystal structure was taken from the work of Thomas et al. 12 All atoms of the MIL-140B were treated as single uncharged LJ sites, only LJ parameters were taken from the UFF and DREIDING force fields for the Zr atoms and the rest of the atoms respectively. The force field is chosen in the way to describe the host-guest interactions. As the simulation method in this study was Monte Carlo in the first place, the structures were treated as rigid as represented in Figure III.2.

Figure III.2 MIL-140B supercell of 1x2x4, with original configuration. Cyan, grey, red and white colour represents

Zirconium, Carbon, Oxygen and Hydrogen atom respectively.

III.2.3 Simulation method

Single-component and equimolar quinary mixture adsorption isotherms were calculated by grand canonical Monte Carlo (GCMC) simulation at 343K in order to compare with the experimental data. These calculations were carried out using a simulation box corresponding to a 1x2x4 supercell of MIL-140B with different linker rotation. The simulation consisted of 5x10 5 Monte Carlo steps for equilibration and 4x10 4 Monte Carlo steps for production. As conventional MC is too time consuming when it comes to adsorption of long molecules inside the MOFs, the configurational-bias MC (CBMC) was employed to improve the sampling rate, as this algorithm consists on 'growing' atom by atom to form a molecule rather than random insertion. 13,14 Several types of Monte Carlo moves were considered: translation move, rotation move, internal rotation move, and insertion/deletion move. The frequencies of these moves were respectively 0.3, 0.2, 0.2 and 0.3. The cut-off distance was set for 12 Å. The approximation that the fugacity is equal to gas pressure for the adsorption was also applied. The fugacity is a measure of the difference between its chemical potential in the system and in its hypothetical ideal-gas standard state, here, the fugacity is introduced as a convenient way to relate the chemical potential to the composition of the system.

III.3 Results and discussion

III.3.1 Adsorption Isotherms a) Single component adsorption

The single component adsorption isotherm was carried out in the first place with pristine MIL-140B and was compared with experimental data as illustrated in Figure III. 3.

Figure III.3 Single component adsorption isotherm vs experimental data. GCMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) and 22DMB ( ) and experimental data nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ) and 22DMB ( ).

Despite of the qualitative agreement regarding to the adsorption sequence between the simulation data and experimental data, the simulation overestimated the adsorption quantity. As suggested in the literature, the linker tilting plays a critical role in the sorption properties, it is expected to impact the adsorption uptakes. 13,14 However, the pristine rigid framework used in the simulations didn't consider any linker rotations, thus the pristine rigid MIL-140B structure presents more accessible volume for guest molecules resulting this over estimation. Indeed, a guest-induced reorientation of the linker has been already reported for many MOFs. 15,16 Especially for the MIL-140B which presents a tiny pore diameter, this becoming even more valid for the bulkier molecules as hexane isomers. In order to confirm the assumption, a series of MIL-140B configurations were generated by systematically tilting all the organic linkers by maximum 15°, the linker tilting was performed in a way that only the positions of atoms on the aromatic ring changes as illustrated in Figure III.4. As we do so, we obtained a pseudo flexible MIL-140B, the flexibility is artificial but it allows us to reveal the importance of the considering linker tilting in the small pore MOFs MIL-140B.

Figure III.4 Examples of organic linker tilting in MIL-140B. represents the axis of rotation.

To probe the impact of the linker tilting effect on the sorption properties for rigid MIL-140B, we performed a series of linker tilting in order to obtain different configurations.

Then MC simulations were then carried out on the different configurations to investigate the influence of the linker tilting. 

Figure III.7 3MP single component adsorption isotherm vs experimental data, experimental data ( ), 0° linker rotation ( ), 1° linker rotation ( ), 2° linker rotation ( ), 5° linker rotation ( ), 7° linker rotation ( ), 10° linker rotation ( ), 12° linker rotation ( ) and 15° linker rotation (

).

Figure III.8 23DMB single component adsorption isotherm vs experimental data, experimental data ( ), 0° linker rotation ( ), 2° linker rotation ( ), 4° linker rotation ( ), 5° linker rotation ( ), 7° linker rotation ( ), 10° linker rotation ( ), 12° linker rotation ( ) and 15° linker rotation (

).

Figure III.9 22DMB single component adsorption isotherm vs experimental data, experimental data ( ), 0° linker rotation ( ), 2° linker rotation ( ), 4° linker rotation ( ), 5° linker rotation ( ), 7° linker rotation ( ), 10° linker rotation ( ), 12° linker rotation ( ) and 15° linker rotation ( ).

In order to understand the origin of this difference of adsorption quantity, which is assumed to be thermodynamic driven assisted by shape sieving. Isosteric heat of adsorption, Radial distribution function (RDF) and Pore Size Distribution (PSD) were calculated. The major peak position extracted from RDF indicated the order of the host-guest interaction strength is linear isomers > mono-branched isomers > di-branched isomers.

We further calculated the isosteric heats of adsorption 𝑄 𝑠𝑡 in order to quantitatively evaluate the strength of the host-guest interaction.

𝑄 𝑠𝑡 = 𝑅𝑇 -[⟨𝑈𝑁⟩ -⟨𝑈⟩⟨𝑁⟩]/[⟨𝑁 2 ⟩ -⟨𝑁⟩ 2 ]
Eq. III.1

where U, N, R, and T are the host-guest interactions, the number of molecules, the perfect gas constant, and the temperature, respectively). 𝑄 𝑠𝑡 estimated is 54.6 kJ mol -1 , 51.2 kJ mol -1 , 47.5 kJ mol -1 , 44.4 kJ mol -1 and 41.3 kJ mol -1 for nC6, 2MP, 3MP, 22DMB and 23DMB, respectively. The value of 𝑄 𝑠𝑡 followed the experimental trend for the adsorption uptakes at low pressure, and is consistent with the RDF. This suggested that the origin of the hexane separation in MIL-140B is thermodynamically driven.

b) Equimolar quinary mixture adsorption

Previous single component adsorption has shown that each hexane isomer corresponds to an optimised linker rotation, and by considering the organic linker rotation the simulation results are found in fair agreement with the experiment. Now we are interested in the separation ability of MIL-140B towards hexane isomers. By studying an equimolar quinary mixture adsorption, we can extract the selectivity as defined in Eq. III.2:

𝑆 = 𝑞 𝑛𝐶6 + 𝑞 2𝑀𝑃 + 𝑞 3𝑀𝑃 𝑞 23𝐷𝑀𝐵 + 𝑞 22𝐷𝑀𝐵 Eq. III.2
Where 𝑞 represents the adsorption quantity of a hexane isomer. As previously, the calculation of hexane mixture adsorption isotherm was carried out firstly on pristine MIL-140B structure without linker rotation as presented in Figure III.12 and an overestimation of adsorbed amount with respect to the experiment was found. Interestingly, the selectivity is found to be close to 24.7 at the saturation while the experimental selectivity is 10. This difference is the result of the dominant overestimation of nC6. Indeed, compared to other isomers, the adsorption uptake of nC6 is more pronounced in comparison with the experiment.

Figure III.12 Quinary mixture adsorption isotherm with original MIL140B vs experimental data. GCMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) and 22DMB ( ) and experimental data nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ) and 22DMB ( ).

In order to reproduce the experimental trend and selectivity, the linker rotation of MIL-140B need to be considered. Among all 5 hexane isomers, the nC6 adsorption quantity is more pronounced, hence we decided to perform 10° and 7° linker rotation which corresponds to the best fit for nC6. As shown in 

III.4 Conclusion

Our collaborators experimentally revealed that MIL-140B represents the highest selectivity which is up to 10, this point is further confirmed by our simulation result. Despite of the over estimation of adsorption quantity with original MIL-140B for the single component adsorption isotherm, we are able to reproduce the isotherm with the consideration of the linker rotation. However, the selectivity estimated from the quinary mixture adsorption is 15.5 for MIL-140B with 10° linker rotation, still much higher than the experimental data. This shift is because the framework is considered as rigid in GCMC simulation, and the linker rotation keeps a certain angle during the whole simulation too. This pseudo flexible MIL-140B lacks of the real interaction of guest-frameworks, as with the increase of the loading of molecules, the linker tilting could be affected thus the interaction of guest-framework could be affected as well. In order to overcome this difficulty, a fully flexible framework force field need to be considered. This flexible force field applied MIL-140B and results will be explained in chapter 4.

Chapter IV. Effective separation of hexane isomers in the Zr-MIL-140B

Metal-Organic Framework assisted by applying mechanical pressure 

IV.1 Introduction and context

In the previous chapter, Grand canonical Monte Carlo (GCMC) simulations were performed to gain insight into the molecular separation mechanism. It highlighted the crucial need to consider a tiny tilting of the MOF organic linkers for capturing the experimental trend. A tilting angle of 5-7 o was found to reproduce fairly the experimental single component adsorption isotherms for all hexane isomers at 343 K. However, this tilting angle was maintained fixed over the whole range of hexane pressure, and the flexibility of the MOF framework was not accounted for. To go beyond this preliminary study, there is a need to consider the guest-induced MOF flexibility that varies along with the pressure range with the implementation of a hybrid osmotic Monte Carlo (HOMC) simulation scheme. [1][2][3] Typically, we demonstrated that this HOMC approach is effective to describe the adsorption of different gases in a variety of breathing and flexible MOFs including MIL-53 1,2 and ZIF-8 3 . Herein, our first aim was to apply a HOMC strategy implementing a generic force field to describe the flexibility of the MIL-140B framework to gain insight into the interplay between ligand rotation and adsorption of hexane isomers as both single components and quinary mixture. Furthermore, recently, it has been delivered a proof-of-concept with an application of an external mechanical pressure to modulate the pore size/shape of MOFs upon guest adsorption 4,5 for tuning their separation performances. It was demonstrated that this mechanical control of the MOF porosity enables (i) a spectacular enhancement of the kinetics-driven propane/propylene separation by ZIF-8, 6 (ii) an infinite carbon dioxide selectivity over nitrogen and methane by the highly flexible 1D-channel like MIL-53 governed by a full-size exclusion mechanism 4 and iii) an enhancement of the thermodynamically-controlled selectivity of hexane isomers by ZIF-8 MOF. 3 Therefore, one of the objectives of this chapter is to explore the mechanical modulation of the pore size/shape of MIL-140B for boosting its C6 isomer separation performance. In this regard, HOMC simulations were carried out to predict the hexane isomers single components and mixture adsorption isotherms of the mechanically constrained MIL-140B.

IV.2 Computational details

All hexane (C6) isomer single-component and quinary mixture isotherms were calculated by using HOMC simulations. These calculations were carried out at 343 K (experimental condition) using a simulation box corresponding to a 1x2x4 supercell of the MIL-140B crystal structure. 7 All C6 isomers, nC6 (n-hexane), 2MP, 3MP, 23DMB and 22DMB, were described by means of the uncharged united-atom TraPPE model. 5,8 Illustrations of the atomistic models of the C6 isomers are provided in the previous chapter. The UFF 9 (inorganic node including Zirconium atoms) and DREIDING 10 (organic moieties) force fields were combined to describe the flexibility of the MIL-140B MOF framework. These force fields include bonds, bending, torsion and improper intra-molecular potential terms while the non-bonded interactions were described by Lennard-Jones (LJ) terms. LJ parameters of the MIL-140B are detailed in Table IV.1 while labels are described in Figure IV.1(a). The C6/MIL-140B LJ parameters were calculated using the Lorentz Berthelot mixing rule. 11,12 The detailed force field information can be found in Appendix, Table A.5 -Table A.8. All calculated LJ interactions were truncated with a cut-off radius of 12 Å. MD simulations were performed by using DLPOLY software. 13 HOMC simulations consist of introducing a Molecular Dynamics (MD) step in a Monte Carlo scheme through the osmotic statistical ensemble. 1 Theoretical background ruling the HOMC method is detailed in chapter II. 1,3 In the HOMC simulation step, we considered a MD run of 10 5 steps using a time-step of 0.001 ps, i.e. a total of 100 ps, in order to ensure that the thermodynamic equilibrium was achieved. 3 In the GCMC simulations, the fugacity, temperature, and volume were fixed. All simulations consisted of 10 5 Monte Carlo (MC) steps. Insertion/deletion, translation, rotation and internal rotation trial moves with the following frequency, 0.4, 0.2, 0.2 and 0.2 were considered. For the quinary mixture, additional swapping trial move was involved with a frequency of 0.1. MD steps were performed in the NσT (N: number of particles, σ: pressure constraint and T: temperature=343 K) ensemble where the thermostat (relaxation time of 0.1ps) and the barostat (relaxation time of 0.5ps) were both considered by means of the Nose-Hoover algorithm. 14,15 Each MD step was accepted following the Metropolis criterion. 1 The mechanical pressure was considered by fixing the pressure through the MD step such as p=0.1 MPa, 0.5 and 1 GPa. The selectivity was calculated in the same way as presented in previous chapter. Additional MD simulations were carried out in the NσT ensemble to identify the preferential distribution and conformation of hexane isomers as well as to explore their interactions with the MIL-140B channel through the calculation of the radial distribution functions between hexane isomers/MIL-140B atom pairs. Furthermore, at low coverage the isosteric heat of adsorption for all C6 isomers was calculated from the fluctuations of number of molecules and the energy. 16

IV.3 Results and discussion

IV.3.1 Preliminary force field validation for MIL-140B

We report in Table IV.2 the simulated unit cell parameters (a, b, c, α, β, γ) of MIL-140B in its empty form by means of a MD run of 10 ns in the NσT ensemble implementing the flexible force field described above. A good concordance was obtained with the corresponding experimental data 7 with a maximum deviation of 4.4 % for the cell parameters and 2.3 % for the total unit cell volume. Interestingly, the unit cell volume reported previously from first principle calculations showed a higher deviation (6.6%). To ensure that the structure maintains its crystallinity and that no bonds are broken. Bond distances and bending angles for the MOF framework averaged over the MD runs are calculated and reported in Table IV.3 and IV.4. The structure's crystallinity is stable, as evidenced by the comparison of lattice volume with experimental data and other references, as well as the verification of average bonds length and average bending angle. This observation supports that the combination of UFF/DREIDING force field is suitable to accurately capture the structural dynamics of MIL-140B.
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IV.3.2 Adsorption Isotherms a) Adsorption of single component hexane isomers and equimolar quinary mixture

Single component adsorption experiment and simulation were performed for nC6, 2MP, 3MP, 23DMB and 22DMB in MIL-140B at 343K, 0.1 MPa by HOMC simulation method as illustrated in Figure IV.5. One can observe that these predicted data are in agreement with the experimental adsorption isotherms. 17 This emphasizes that the flexible force field use for MIL-140B describes well the structural response of the MOF framework to the adsorption. The adsorption equilibrium hierarchy of hexane isomers on MIL-140B is as linear > mono-branched > di-branched: nC6 > 2MP > 3MP > 23DMB > 22DMB, which is in line with the sequence of the isosteric heat of adsorptions, calculated at low coverage; 55.1 kJ mol -1 , 52.8 kJ mol -1 , 44.3 kJ mol -1 , 43.5 kJ mol -1 , and 40.1 kJ mol -1 for nC6, 2MP, 3MP, 23DMB and 22DMB, respectively. The single component adsorption isotherms show that the di-branched alkane 22DMB is almost fully excluded mostly due to a steric hindrance since its kinetic diameter (6.2 Å) significantly exceeds the pore size of MIL-140B (3.9 Å). One note that the HOMC simulations slightly overestimate the amounts adsorbed for all C6 isomers. This observation is consistent with the fact that the HOMC simulated unit cell volume of MIL-140B is about 2.3 % higher than the corresponding experimental value 7 as shown in Table IV.2.

Figure IV.5 Calculated and experimental single component adsorption isotherms of hexane isomers in MIL-140B at 343 K: HOMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) and 22DMB ( ) and experimental data nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ) and 22DMB ( ).

HOMC simulations were further performed for the equimolar quinary mixture. The maximum of selectivity was found to be 10.9 for a hexane total pressure of 10 kPa in line with the experimental value of 10.2. 3 Interestingly, we report in Figure IV.7 the tilting angle corresponding to the linker rotation as a function of the total hydrocarbon partial pressure. This figure shows that the degree of reorientation of the organic linker slightly changes upon incremental adsorption, from 10.2° to 7.8°. This emphasizes that the experimental profile cannot be reproduced by considering a single tilted configuration as evoked in the study 3 and that the tilting is impacted by the host/guest and guest/guest interactions. As shown in Figure IV.7, the decrease of the tilting angle as a function of the hexane total pressure is accompanied by a slight increase in the unit cell volume of the MOF (about 0.9 %). Compared with the rigid framework, by using the fully flexible force field, the simulation has a satisfying agreement with experimental data. This result confirmed the precision of HOMC simulation and the hybrid flexible force field of UFF and DREIDING allows reproducing the flexibility of the framework as well as the isotherms.

b) Adsorption and separation of hexane isomers by the mechanicalconstrained MIL-140B

We further assessed the impact of the mechanical pressure on the separation performance of MIL-140B for the quinary mixtures. Figure IV.9 shows that this translates into a substantial increase of the overall selectivity by 80% (from 10.9 to 21.5) for a hexane total pressure of 10 kPa (maximum of selectivity). This trend is explained by a pressure-induced reduction of the unit cell volume of the hexane isomers loaded MIL-140B that restricts the accessibility of the pores to the dibranched molecules. The origin of the decrease in adsorbed amount when the mechanical pressure is applied can be explained by the increase in the tilting angle of the organic linker combined with the decrease in pore dimension of MIL-140B. 

IV.4 Conclusion

To summarize, HOMC simulations were performed to gain microscopic insight into the separation performance of hexane isomers in the MIL-140B MOF material. We first revealed that a combination of the generic UFF and DREIDING forcefields to describe the flexibility of the MOF was capable to capture the structural features of MIL-140B and to reproduce its C6 isomers single component and quinary mixture adsorption isotherms. We evidenced that the adsorption of the hexane isomers induces a significant tilting of the MOF organic linkers. This tilting angle varies in the range of 7.8°-10.2° upon increase of the hydrocarbon vapor pressure. This highlights that the consideration of a single configuration of the MOF with a fixed tilting angle is not valid to account for the adsorption behavior of MIL-140B in the whole domain of pressure. We further demonstrated that the application of a mechanical pressure leads to a decrease of the adsorbed amount of all hexane isomers resulting from a contraction of the pore dimension and a more pronounced tilting of the organic linkers for the MOF framework. Interestingly, 22DMB and 23DMB are more strongly impacted by the mechanical pressure than nC6, 2MP and 3MP due to steric hindrance thus leading to a substantial enhancement of the C6 isomer separation performance of MIL-140B by 80%. This molecular simulation study reveals that the channel dimension of MIL-140B as well as the dynamics of its organic linkers can be controlled by applying mechanical pressure to boost the hexane isomer separation performance of this narrow channel MOF.

Chapter V. Tuning the hexane isomer separation performances of Zeolitic Imidazole Framework-8 using mechanical pressure 

V.1 Introduction and context

As previously underlined, the separation of hexane isomers according to the degree of branching is very important in the petrochemical industry to produce high-octane gasoline. 1 For past decades, researchers are looking for the alternatives porous materials for the effective separation to replace zeolite 5A. Metal Organic Frameworks (MOFs) [2][3][4][5] have been considered to achieve hexane isomer separation based on complementary mechanisms. We have seen previously that MIL-140B material enable to separate hexane isomers by degrees of branching. Besides MIL-140B, Zeolitic Imidazole Frameworks (ZIFs) 2,3,[6][7][8] is also a prominent candidates, as both MOFs feature small aperture of the pores that can be used for the molecular sieving.

ZIFs show a unique chemical/structural diversity as compared to other reference porous materials such as active carbons, mesoporous silica, and zeolites. 9-13 Indeed, they are highly tunable in terms of pore size/shape and chemical functionality, which make them attractive for molecular separation driven by not only molecular sieving but also thermodynamics, entropic(shape-selectivity), or kinetics. 14 More specifically, among the family of ZIFs, Dubbeldam et al. proposed the zinc-imidazole ZIF-77 as a promising candidate to separate the alkane isomers according to the degree of branching. This computational work assigned the unique separation capability of the ZIF-77 to its 2Dchannel architecture; the larger channels allowing to confine the linear and monobranched isomers, while the smaller channels enable a size-exclusion of the mono-and di-branched molecules. 4 The zinc-methyl imidazole ZIF-8 made of sodalite cages of 11.4 Å connected by a six membered ring with a free pore aperture of 3.4 Å also appears as an attractive candidate for the separation of hexane isomers. The pioneer work reported by Chang et al. revealed by breakthrough experiments that this ZIF can sieve 22DMB from nC6 6 as also confirmed later. Silva et al. revealed a complete kinetics-driven separation of nC6 from the branched paraffins by means of ternary nC6/3MP/22DMB breakthrough mixture experiments. 15 These studies collected under dynamic modes were completed by a series of experimental works performed under static conditions. Ferreira et al. evidenced that only 22DMB is not adsorbed in ZIF-8 owing to a size exclusion, and Chen et al. 16 observed that nC6 is more adsorbed than 2MP allowing a partial separation of the two isomers most probably due to stronger host/guest interactions in the case of the linear alkane. 8 Indeed, so far ZIF-8 has been demonstrated as an excellent selective adsorbent allowing a full separation from nC6 to 22DMB; however, its level of performance is far from optimal to separate both linear branched from mono-branched isomers and monobranched from di-branched isomers, which still remains a challenge for any types of porous adsorbents. Therefore, there is a need to envisage possible routes to boost the C6 isomer separation performance of this ZIF-8 platform.

Our research group delivered a proof-of-concept of an innovative strategy consisting of applying an external mechanical pressure to modulate the pore size/shape of MOFs upon adsorption. 17,18 This pioneered work revealed that a mechanical control of the pore size/shape of the MOFs enables (i) a spectacular enhancement of the kinetics-driven propane/propylene separation by ZIF-8 and (ii) an infinite carbon dioxide selectivity over nitrogen and methane by the highly flexible 1D-channel-like MIL-53 governed by a full-size exclusion. 17 More recently, this innovative strategy was tested on MIL-140B, which provided a great understanding of separation mechanism on C6 isomers. Therefore, the same approach was implemented to modulate the cage size/shape and pore aperture of ZIF-8 upon adsorption of hexane isomers. This synergistic combination of stimuli (mechanical pressure/guest adsorption) is expected to optimize the separation performance of ZIF-8 for the two challenging linear branched/mono-branched and monobranched/di-branched isomer mixtures. To that purpose, molecular simulations combining grand canonical Monte Carlo (GCMC) and Molecular Dynamics (MD) techniques into a hybrid osmotic Monte Carlo (HOMC) scheme have been deployed to predict the C6 isomer single component and binary mixture adsorption performance of the mechanically constrained ZIF-8. This computational effort based on a previously validated flexible force field for ZIF-8 19 reveals an enhancement of both nC6/2MP and 2MP/23DMB selectivity under the application of a mechanical pressure above 1 GPa.

The microscopic origin of this phenomenon is further elucidated by a careful exploration of the pressure-induced structural changes of the ZIF-8 framework upon adsorption and their consequences on the pore filling mechanism of the C6 isomers.

V.2 Methodology

V.2.1 ZIF-8 and C6 isomers Models

The simulation box corresponding to a 2 × 2 × 2 supercell of ZIF-8, starting with the crystal structure reported. 20 The ZIF-8 force field was developed by the charged flexible force field developed by Zheng et al. 19 The bonds, bending, torsion and improper intramolecular potential terms were described in the force field. the preferential distribution and conformation of hexane isomers as well to explore their interactions with the ZIF-8 pore wall through the calculation of the radial distribution functions between hexane isomers/ZIF-8 atom pairs. Furthermore, at a low coverage, the isosteric heat of adsorption for all C6 isomers was calculated from the fluctuations of number of molecules and the energy. 24 Each MD step was performed for 100 ps to reach the thermodynamic equilibrium the convergence of the adsorbed amount of nC6 in the case of nC6/ZIF-8, the information is presented in Figure V.3. The MD simulations were extended to 200 ps in the case that 100 ps was long enough to attain the thermodynamic equilibrium. Regarding the cage blocking, all the C6 isomers fit in the cages of 11.6 Å; however, the cages are only accessible by crossing small pore gate of 3.4 Å. Since the GCMC simulations can randomly insert a molecule inside these cages, all C6 isomers could be directly loaded in these cages. To prevent this, we blocked the cages artificially by considering dummy atoms at their centres. Typically, Figure V.4 clearly evidenced that no blocking of the cages leads to a dramatic overestimation of the experimental 23DMB amount adsorbed, while simulations performed by blocking the cages lead to a good agreement with the experimental values. This validates the use of dummy atoms in our GCMC simulations. MD steps however allow the molecules to diffuse through the gate to access the cages. The analyse confirmed also that all cages are homogeneously sampled. This demonstrates that the MD steps allow these molecules to diffuse through the gate to access the cages. Detailed information can be found in Figure V.5. We also examined the variation in unit cell volume as a function of simulation time up to 1ns to ensure that the structure maintained its crystallinity even under high mechanical pressure. 

V.3 Results and discussion

V.3.1 Adsorption/separation of hexane isomers in ZIF-8

Figure V.7 displays the simulated single component adsorption isotherms for nC6, 2MP, 3MP, 22DMB, and 23DMB in ZIF-8. The predicted isotherms are in fair agreement with the previously reported experimental adsorption isotherms, 8,15 which validates the force field parameters used to describe the flexibility of ZIF-8 as well as the ZIF-8/alkanes interactions. It is to be noted that the HOMC simulations slightly underestimate the amounts adsorbed for all C6 isomers. This observation is consistent with the general shrinking of the unit cell volume during the simulations. First of all, the unit cell volume of ZIF-8 is about 1% lower than the corresponding experimental value, 20 secondly, the cage dimension (at nC6 saturation) (10.5 Å) is slightly below the experimental value (10.9 Å). The simulated sorption hierarchy nC6 > 2MP > 3MP > 23DMB > 22DMB is found in excellent agreement with the previous adsorption data. 8 This trend is in line with the sequence of the isosteric heat of adsorption calculated at a low coverage: 57. This observation emphasizes that the two separations are thermodynamically driven although the resulting selectivity is far from optimal, e.g., S(nC6/2MP) = 2.5 and S(2MP/23DMB) = 4.7 for a total gas fugacity of 10 kPa.

V.3.2 Adsorption/separation of hexane isomers in mechanicalconstrained ZIF-8

As a further step in this study, the mechanical pressure was applied on ZIF-8 in order to investigate its influence on the separation performance. We focused on the two binary mixtures, nC6/2MP and 2MP/23DMB to simulate the scenario of linear/mono-branched and mono-branched/di-branched mixtures. First of all, the single component adsorption simulations for nC6, 2MP and 23DMB in the mechanically constrained ZIF-8 were performed, with the external pressures of 1 GPa and 1.5 GPa, see Figure V.11 -Figure V.13. Similar to other MOFs under huge mechanical pressure, a general decrease of the adsorbed quantity is observed. This decrease is explained by a pressure-induced decrease of the unit cell volume of the hexane isomers loaded in ZIF-8. Indeed, the fully nC6 loaded ZIF-8 under 1.5 GPa pressure shows a unit cell volume of 4104 Å 3 , versus 4840 Å 3 for the empty simulated structure (See Figure V.6). Note that this value is lower than the reported values for propane/propylene, 17 which are 4346 Å 3 and 4388 Å 3 respectively, as well as oxygen and argon which are 4782 Å 3 and 4720 Å 3 respectively under similar mechanical pressure. This decrease of the unit cell volume is accompanied by a decrease of the cage dimension by 1 Å, and of the gate size by 0.25 Å. One also observes a change of the gate shape, at 1.5 GPa, the swing angle for the fully nC6 loaded ZIF-8 is 40°. This value is similar to the value previously reported for open-gate HP ZIF-8 configuration which is 42°. The same magnitude value is observed for the mechanically constrained 2MP and 23DMB which is 40° and 41°, respectively. It is worth to mention that from the adsorption isotherm obtained, the 23DMB uptake is more affected by the mechanical pressure than 2MP and subsequently than nC6. Typically, at 60 kPa, we observe a decrease of the uptake by 44%, 28%, and 14% for 23DMB, 2MP, and nC6, respectively, when the pressure goes from 0.1 MPa to 1.5 GPa. This observation indicates that the cage size reduction is more detrimental to the adsorption of the branched isomers due to their bulkiness. Indeed, Figure V.14 -Figure V.16 show that while the end-to-end distance for the linear isomer remains almost unchanged under the application of the mechanical pressure from 0.1 MPa to 1.5 GPa, this geometric feature significantly changes for both 2MP and 23DMB with an associated shortening of the corresponding distance of 0.7 Å and 0.2 Å, respectively, in this range of applied pressure. This highlights that the mono-and di-branched molecules significantly change their conformations in the cages under mechanical pressure, while nC6 maintains its linear geometry. This is corroborated by the calculation of the dihedral angle distributions for the three isomers, as illustrated in Figure V.17, while we do not observe any changes in the dihedral angle distribution for nC6 under 1.5 GPa vs 0.1 MPa, the first peak is shifted for both 2MP and 23DMB and accompanied by the appearance of a second contribution that corresponds to a distortion of their chains. Interestingly, as Figure V.18 shows, the more pronounced structural changes (dihedral angle and end-to-end distance) for 2MP than both nC6 and 23DMB is concomitant with a higher shrinkage of the cages of ZIF-8 under mechanical pressure. This result highlights the host/guest interactions interplay on the mechanical response of the hexane isomers loaded ZIF-8. The analyse of the simulation evidenced that the application of the mechanical pressure makes even more pronounced the preferential adsorption of the three isomers in the corners of the cages owing to the shrinkage of the cages, as illustrated in 2D density from Figure V.22.

Regarding the 2MP/23DMB mixture, Figure V.24 a) shows that the mechanical pressure affects the uptake of both components in a similar way than for the single adsorption isotherm. Figure . V.24 b) reveals that the gain in terms of selectivity [S(2MP/23DMB)] is not as substantial as it in the case of nC6/2MP, the selectivity varying from 3.5 to 4.5 at 10 kPa when the mechanical pressure increases from 0.1 MPa to 1.5 GPa. 

V.4 Conclusion

In summary, the impact of the mechanical pressure on the adsorption of hexane isomers in ZIF-8 was assessed by HOMC simulations. We validated the force field of ZIF-8 by reproduced the adsorption isotherm and compared with the experimental data. nC6/2MP was chosen as the binary mixture of high interest to simulate the scenario of linear/monobranched isomers mixture. By comparing the selectivity of nC6/2MP at different mechanical pressure, we obtained an increase of the selectivity by 30% from 0.1 MPa to 1.5 GPa. We also evidenced that the application of a mechanical pressure above 1 GPa leads to a decrease of the adsorption uptake for all single component hexane isomers in ZIF-8. This results from the shrinkage of the ZIF-8 cage and a reduction of the gate opening leading to a decrease of the accessible porosity, which is proved by the PSD and distribution of swing angle for six membered rings of the gate. The conformation analyses for the adsorbates evidenced that nC6 remains linear under the mechanical pressure, both mono-and di-branched molecules show significant conformational changes resulting in a more pronounced pressure-induced decrease of their uptakes. We further revealed that the mechanical pressure induces a significant improvement of the selective behaviour of ZIF-8 with respect to the nC6/2MP mixture and in a lesser extent to the 2MP/23DMB mixture. This computational work highlights that the mechanical pressure enables a control of the size/shape of both the gate and cavity of ZIF-8 to optimize its C6 isomer separation performance. We successfully controlled both guest molecules and the application of mechanical pressure simultaneously to tune the pore size and gate shape. 

VI.1 Introduction and context

Previously in chapter 5, we evidenced that ZIF-8 is capable of separating hexane isomers, the origin is thermodynamic separation assisted by molecular sieving for di-branched isomers thanks to its narrow gate size of 3.4 Å. However, many systematic studies [1][2][3][4] have demonstrated that ZIF-8 is capable to host a variety of large molecules with kinetic diameters up to 7 Å, e.g., xylenes. 5 The mechanism behind such anomalous adsorption behaviour was assigned to a dynamical guest-induced gate opening that occurs due to the pronounced flexibility of the imidazolate linkers, leading to significant gate size fluctuations to enable the molecules to enter the cages. [6][7][8][9][10] Specifically, this porous material was found to be highly attractive for the kinetic-driven separation of short hydrocarbons, 11,12 e.g., ethane/ethene, propane/propene mixtures. Notably, ZIF-8 has been one of the most investigated MOFs for membrane-based hydrocarbons separation over the last few years. 2,[13][14][15][16][17] At the same time, despite the practical importance and the growing number of experimental and computational studies, the microscopic mechanisms related to the adsorption/separation of most of the hydrocarbons in ZIF-8 are still not fully understood.

Indeed, all conventional experimental techniques used to directly measure the microscopic diffusivities, such as quasi-elastic neutron scattering (QENS), 18 pulsed-field gradient (PFG)-NMR, 19,20 and IR microscopy, 21 have failed to determine the diffusivities of molecules longer than propane in ZIF-8 due to their very slow mobility and characteristic time. Furthermore, molecular dynamics (MD) simulations applied to such complex systems mostly led to calculated self-diffusivity that underestimates the experimental values even for the shortest hydrocarbons. [22][23][24][25] Recently, Alexander E. Khudozhitkov et al established a robust strategy to probe slow inter-cage molecular diffusion in ZIF-8 and similar porous solids based on a 2 H NMR spin relaxations analysis. 26 The main idea of this method is to consider the gates of the ZIF-8 cage as potential adsorption sites 8,26 and the translational motion for any guests confined in ZIF-8 decomposed into two events: motions inside the cage, i.e., intra-cage dynamics, and migrations from one cage to another one, i.e., intercage dynamics. It turns out that the two possible location sites, i.e., in the center of the cage (state I) and in the neighbourhood of the gates (state II), are characterized by drastically different dynamics patterns. The molecules within the cage have enough freedom to rapidly rotate in an isotropic manner, while the molecules localized next to the gates perform only local anisotropic motions, e.g., librational motions. In order to gain a complete atomistic picture of the intra-and intercage motions of butane and butene in ZIF-8, MD simulations with flexible force field were carried out.

VI.2 Methodology

The ZIF-8 model used is the same with the one used in chapiter 6. The simulation box corresponding to a 2 × 2 × 2 supercell of ZIF-8. The ZIF-8 force field was developed by the charged flexible force field developed by our collaborator Bin Zheng. The bonds, bending, torsion and improper intramolecular potential terms were described in the force field. The detailed force field information can be found in appendix. TraPPE UA 27,28 force field is employed to model the butane and butene. The detailed information of the force field can be found in the appendix.

MD simulations are performed to explore the translational dynamics of both n-butane and 1-butene in ZIF-8 at a loading of 2 molecules per cage to be in line with the NMR conditions. ZIF-8 was treated as fully flexible with the force field parameters taken from our previous work, while the guests were described by the TraPPE-UA flexible model as previously mentioned too. The ZIF-8/guest interactions were evaluated by a Lennard-Jones (LJ) potential term, with cross LJ terms calculated using the Lorentz-Berthelot mixing rule and by considering a cut-off distance set to 12 Å. The initial guest-loaded ZIF-8 configurations were generated by preliminary Monte-Carlo (MC) simulations in the canonical ensemble with the use of 1 × 10 6 steps. The MD simulations were performed in the NpT ensemble, where N is the number of particles, p is the mechanical pressure (1 bar), and T is the temperature. We used the Nose-Hoover algorithm 29 with the associated relaxation times of 0.5 ps (thermostat) and 0.1 ps (barostat), and the velocity-Verlet integration algorithm as implemented in the DLPOLY 2.2 program. 30 As the butane and butene diffusion inside ZIF-8 is expected to be very slow at 600K according the experimental value carried out by Alexander E. Khudozhitkov, the probability to capture the intercage motion is low, which translate to a huge computational effort. Therefore, four temperatures were considered: 600, 700, 800, and 1000 K to increase the translational/rotational motions and to increase the probability of the intercage motions. We carefully checked that the guest-loaded ZIF-8 maintains its structural integrity and shows only a small increase of window size in this range of temperature. Three independent MD trajectories for 100 ns were considered to extract averaged values of both the self-diffusion coefficient DS using Einstein's expression, the cage-to-cage transition time labelled as τtr and the jump rates (kjump) as well as their corresponding activation energies from the Arrhenius plots. Here, the ki are the rate constants of the i-th motional process and are related to the corresponding correlation times by τi = 1/(2πki ). Figure adapted from the Ref. 32 The resulting fits to relaxation curves evidence that the model gives a proper description of the experimental relaxations for both n-butane and 1-butene. All corresponding kinetic diameters of the molecular motions are summarised in the Table VI.1. n-butane 1-butene Eiso (kJ mol -1 ) 6.8 ± 0.5 6.5 ± 0.5 τiso 0 (s) (3 ± 1) × 10 -13 (4 ± 1) × 10 -13 ED (kJ mol -1 ) 34 ± 3 32 ± 3 τD 0 (s) (8 ± 4) × 10 -11 (6 ± 3) × 10 -11 EC 3 (kJ mol -1 ) 3 ± 1 3 ± 1 τC30 (s) (3 ± 2) × 10 -14 (3 ± 2) × 10 -14 Elib 1 (kJ mol -1 ) 0.5 ± 0.1 1 ± 0.2 τlib 10 (s) (4 ± 2) × 10 -7 (4 ± 2) × 10 -7 Eex (kJ mol -1 ) 1.5 ± 0.2 1 ± 0.2 τex 0 (s) (8 ± 2) × 10 -6 (3 ± 1) × 10 -5

VI.3 Results and discussion

The kinetic parameters for the diffusion of n-butane (ED = 34 kJ mol -1 ; τD 0 = 8 × 10 -11 s) and 1-butene (ED = 32 kJ mol -1 ; τD 0 = 6 × 10 -11 s) are similar. While the 2 H NMR provides directly only the correlation time of the motion and its activation barrier, we can nevertheless compute the diffusivities based on the correlation time τD and the framework geometry using the Einstein equation to isotropic diffusion model: D = ⟨l 2 ⟩/6τ. Here, l = 1 nm is the average jump length corresponding to the distance between two neighbouring ZIF-8 cage centers, and τ = (1/τex + 1/τD) -1 is a characteristic time between jumps. Thus, the estimated diffusivities D can be calculated: 1.5 × 10 -14 and 1.4 × 10 -14 m 2 s -1 at 308 K for n-butane and 1-butene, respectively. These computed diffusivities can be related to those previously derived only for n-butane using the gravimetric uptake curves conducted at this same temperature (308 K) by Eum et al., 3 which afforded a value of transport diffusivity of 2.5 × 10 -14 m 2 s -1 and a Maxwell-Stefan diffusivity of 1.5 × 10 -14 m 2 s -1 . The thermal activation process for the two hydrocarbons dominates above 330 K. Typically, at 343 K, the estimated diffusivities D are 2.6 × 10 -14 and 4.1 × 10 -14 m 2 s -1 for n-butane and 1-butene, respectively. At the same time, the intercage transport driven by the dynamics fluctuation of the gate's aperture dominates at lower temperatures and leads to D values of 1.0 × 10 -14 and 0.37 × 10 -14 m 2 s -1 for n-butane and 1-butene at 243 K, respectively. These values are summarized in Table VI.2 and compared to those we previously derived by the same approach for n-propane and propene. 26 

VI.3.2 Molecular Dynamic simulation

In order to gain more microscopic insight, the molecular dynamic simulations were carried out. The simulations were performed on relatively high temperature in order to increase the intercage motion observed. 4 temperatures were considered, 1000K, 800K, 700K and 600K. MSD was then calculated as shown in Eq. VI.1:

𝑀𝑆𝐷(𝑡) = 〈∑ ∑ [𝑟 𝑐,𝑖 (𝑡 0 + 𝑡) -𝑟 𝑐,𝑖 (𝑡 0 )] 𝑁 𝑖=1 𝑡 0 〉 𝑁𝑁 0 𝑡 Eq. VI.1
Where 𝑟 𝑐,𝑖 is the position of the centre of mass for atom i, 𝑡 0 is the time origin, and N is the number of the molecules and 𝑁 0 is the number of the time origin. The Figure VI.2 below presents the calculated Mean Squared Displacement (MSD) for n-butane and 1butene. The self-diffusivity Ds was calculated using the Einstein's equation:

𝐷 𝑠 = 𝑀𝑆𝐷 6𝑡
Eq. VI.2

The self-diffusivity Ds for n-butane and 1-butene were then extracted. The intercage transition time can also be extracted thanks to the analysis of the trajectory file from the variation of the coordinates of the atoms. In order to evaluate the self-diffusivity and transition time at 308K, the Arrhenius plots were plotted in These calculated values are equivalent to those predicted by Verploegh et al. at the same temperature and 1.01 bar (1-butene: 7.00 × 10 -14 m 2 s -1 and n-butane: 6.45 × 10 -14 m 2 s -1 ) using biased MD simulations implementing the DFT-derived intra ZIF-FF force field. [START_REF] Verploegh | Screening Diffusion of Small Molecules in Flexible Zeolitic Imidazolate Frameworks Using a DFT-Parameterized Force Field[END_REF] From our work, the simulated DS overestimates the experimental values by a factor of ∼2; this magnitude of deviation is lower than that classically observed for the diffusion of molecules in highly confined zeolites/MOFs when characterized by very slow dynamics. [22][23][24][25] Here, the overestimation of the diffusivity by our MD simulations is in line with a lower predicted activation barrier for the self-diffusion compared to the value obtained for the experimental diffusivity: 18.9 vs 34 kJ mol -1 for n-butane and 16.4 vs 32 kJ mol -1 for 1-butene. MD trajectories were analysed carefully to grasp the microscopic diffusion mechanism. Figure VI.3 shows that the trajectory implies intracage motions followed by a much less frequent intercage jump event. By counting the number of jumps in the MD trajectories for all temperatures, we evaluated the jump rates (kjump) of 8.85 × 10 5 and 1.02 × 10 6 s -1 at 308 K for n-butane and 1-butene, respectively. A detailed inspection shows that at all temperatures, this cage-to-cage transition is associated with a fast displacement over ∼0.8 nm, see Figure VI.4, which is consistent with the averaged jump length of 1 nm we considered for the evaluation of the experimental diffusivity as stated above. Temperature dependence of the time required for the jump, i.e., transition time labelled as τtr, shows an Arrhenius-type behaviour, which leads to activation barriers of 34.7 kJ mol -1 for n-butane and 33.1 kJ mol -1 for 1-butene, in excellent agreement with the experimental values (34 and 32 kJ mol -1 respectively).The simulated transition time value τtr for 1-butene (2.35 × 10 -8 s) is slightly shorter than that for n-butane (3.9 × 10 -8 s) extrapolated at 308 K, consistent with lower activation energy for 1-butene again in good agreement with the NMR findings. After the comparison of the simulated and experimental results, the following question arises: why is the activation barrier for the simulated self-diffusivity notably lower than the value obtained for the cage-to-cage transition time? The answer is hidden in the complexity of the diffusion mechanism in such a confined system since the selfdiffusivity calculated by MD simulations corresponds to an averaged value over the whole trajectory time, which implies two distinct diffusion events, the intracage diffusion and cage-to-cage transition. The intracage diffusion is governed by the same energy barrier as the in-cage isotropic rotation monitored by 2 H NMR for the mobile state I and is expected to be notably smaller than the barrier needed to overcome the cage gate for the jump from one cage to another. Moreover, as mentioned above, the intercage jump event is a rare event along the MD trajectory and the molecules need to adapt an optimal arrangement before crossing the windows. The self-diffusion coefficients extracted from such MD trajectories provide a certain weighted average of the two elementary steps of the dynamics process, i.e., diffusion in the cage and intercage jump, associated with the characteristic time for the intracage diffusion and intercage motion labeled as τs and τtr, both of which have a fixed displacement length limited by the dimension of the cage and the aperture of the gate windows. Normally, the slowest process should be the limiting one and thus governing the activation barrier, but not at conditions when the frequency of the intracage diffusion events is much higher than the one corresponding to the intercage jumps. Thus, the presented approach to investigate the transition event provides a robust protocol to elucidate the long-range diffusion in systems with a cage topology, such as ZIF-8. This overall accordance with experimental results served to validate our computational findings for further exploring in-depth the microscopic mechanism that governs the dynamics of both guests in ZIF-8. 

VI.4 Conclusion

We have performed a computational (MD) work to support the experimental ( 2 H NMR) study of the C4 hydrocarbons diffusion mechanism through ZIF-8. The numerical fit of the 2 H NMR T1 and T2 relaxation times vs temperature dependences yielded a detailed mechanism of the n-butane and 1-butene mobility in ZIF-8. These guest molecules were found to populate two dynamic states, localized in the central part of the cage and on the cage wall nearby the windows. Both C4 hydrocarbons are primarily involved in a fast isotropic reorientation inside the cage, whereas in the vicinity of the windows these guests can perform only intramolecular rotations and confined librations. These librational motions are associated with the molecule orientational change during the transition of the molecule from one cage to another. This motion thus reflects the lifetime of the state localized at the gate of the cage. We have further provided the first experimental evaluation of the microscopic diffusivity and activation barriers for n-butane and 1-butene in ZIF-8. The diffusion of 1-butene was found to be only slightly faster than n-butane, thus suggesting that the kinetics-driven separation of this mixture by ZIF-8 is hardly feasible. The computational results fully support the proposed dynamics picture for both n-butane and 1-butene and are capable to derive the diffusivity and energy barriers for long-range diffusion within the ZIF-8 framework. We showed that our combined NMRmodelling method provides a robust tool to probe molecular mobility at an atomistic level even for slowly diffusing species in ordered cagelike porous frameworks. This work is another perfect example of how molecular simulation assisted the understanding on the experiments, and evidenced the experimental model.

Conclusion and perspectives

Conclusion of current works

In this work, several molecular simulation methods: Molecular dynamics, Monte Carlo, and Hybrid Osmotic Monte Carlo simulation were used to investigate the adsorption of guest molecules inside the MOFs assisted by external mechanical pressure. We are thus able to modulate simultaneously the gas pressure and mechanical pressure induced structure flexibility. Our results deliver a novel concept of adsorption/separation processes of MOFs.

The adsorbate investigated in this thesis was hydrocarbon, include hexane isomers mixture and butane/butene mixture. Two MOFs were chosen as the objectives: MIL-140B and ZIF-8. We investigated the impact of mechanical pressure on ZIF-8 and MIL-140 series MOFs upon adsorption of hexane isomers. We first evidenced that the application of a mechanical pressure above 1 GPa leads to a decrease of the adsorption uptake for all single component hexane isomers in ZIF-8 as well as MIL-140B which is explained by microscopic analysis. PSD analysis pointed out the decrease of the adsorption quantity in ZIF-8 is due to the compressing of the cage at high mechanical pressure. The distribution of linker rotation and PSD provoked the decrease of free volume in MIL-140B. The effect is enhanced by the local disorder which conducts to the decrease of the adsorption uptake. We further revealed that the mechanical pressure brings a significant improvement of the selective behaviour on MIL-140B and ZIF-8. The increase of 70% for the overall selectivity of MIL-140B was recorded. In ZIF-8, the binary mixture of nC6/2MP had an increase of selectivity by 30%. The isosteric heat of adsorption and RDF proved this separation is thermodynamically drive. By coupling Monte Carlo and molecular dynamic simulation, our works provide a microscopic level understanding of the adsorption of hexane isomers into flexible porous MOFs ZIF-8 and MIL-140B.

We also improve the molecular understanding of the slow dynamics diffusion of n-butane and 1-butene in the ZIF-8, which is a great example that illustrates how the molecular simulation assist in validating a theoretical model. The most important advantage of simulations is the ability to reach the experimental condition which is hard even impossible. However, this is a double-edged sword, while we explored the properties of the MOFs at high mechanical pressure up to 1 GPa, experimentally it is very difficult to reach such pressure. For example, our collaborators, the team from MADIREL developed their experimental set up to apply the mechanical pressure on MOFs as shown in Figure CP.1, the maximum mechanical pressure that can be applied by this fairly sophisticated device is 400 MPa, which is far lower than theoretical simulation condition. What's more, the mechanical pressure that can be applied in this device is uniaxial, while in the simulation the anisotropic pressure was considered. This kind of detachment between experiments and simulation at high mechanical pressure is a serious limitation. The mechanical flexibility of the MOFs between the experiments and simulation also brings another challenge. Force field is not universal, it is very hard to fellow the flexibility of MOFs especially with multiple phase transitions in the point of view from the simulation.

To bring this discussion to industrial level, despite of the great potential of MOFs, they aren't being used in a large scale yet. Although some companies propose the using of MOFs materials for the industrial applications, for example, ProfMOF, NovoMOF. The main stumbling point that blocks the industrial application actually is the durability of the MOFs during the industrial standard process. To address this issue, the MOFs based membrane could help to improve the durability. This domain is still the forefront of the research. Despite the limitations, our simulation methods provide a novel concept to investigate the adsorption properties of MOFs in the condition the closest to laboratory condition, rendering this method much more precise than conventional methods. With the successful scenarios achieved on MIL-140B and ZIF-8. We can apply this method to a wider range of MOFs and even other non-MOFs porous materials. With further implementation of the electric field application, we can simultaneously control multiple parameters, mechanical pressure, electric field, temperature, and adsorption of guest molecules. This would be a bottleneck-breaking concept that brings the simulation methods to a higher level.

Perspectives

The work carried out in this thesis can be pursued in different directions. Firstly, we want to investigate the inversion of the selectivity for nC6 and 3MP, which is observed in MIL-140B and MIL-140C from equimolar quinary hexane isomers mixture breakthrough experiment. In order to explain the mechanism of this inversion, we already carried out the molecular dynamic simulation to probe the diffusion of hexane isomers inside the two MOFs in question. However, the long diffusion process is currently a bottleneck and it should be resolved in order to explain the selectivity inversion for nC6/3MP.

We also want to investigate a larger set of MOFs with different pore size/shape and functionality. For example, Fe2(BDP)3, which is also a 1D triangular form channelstructured MOF as MIL-140 series MOFs, it is reported to have a very high overall hexane selectivity up to 2000. The idea is to boost even higher the selectivity with external stimuli. Another example is UIO-66, it is reported to have reverse shape selectivity towards xylene isomers, but the microscopic mechanisms is not yet fully understood. The precise description of the flexibility of the UIO-66 is crucial to successfully reveal the origin and mechanism for this reverse shape selectivity. The main challenge here is the validation of the force field for new MOFs and automatization of the simulation programs.

Another theme is the investigation on other porous system, for example, mesoporous silica. Molecular simulation provides the possibility to investigate the rotational dynamics of nanoconfined water in this type of mesoporous materials. The challenge on this project is the modeling of the mesoporous system with the addition of the additional bridging unit.

Finally, there are still room to improve the simulation code. The generalization of the program can make it more user friendly, for example, implement a single interface to enter the parameters of the simulation. The possibility to couple between different molecular dynamics simulation package and Monte Carlo packages will make this method more universal and appealing. Avec la croissance des études sur MOFs, il y a de plus en plus de MOFs qui ont été synthétisés. Aujourd'hui, il existe plus de 100 000 MOF synthétisés, selon la Cambridge Structural Database (CSD).

II. Méthode de simulation

Avec le développement de la technologie informatique, la simulation numérique est devenue un outil puissant pour sonder le système physique et comprendre les expériences réelles. Le premier exemple de simulation numérique remonte à 1953, 5 

III. Séparation des mélanges gazeux avec MOFs

Grâce à la polyvalence structurelle, les MOFs ont montré leur potentiel dans de nombreuses applications, notamment la séparation des gaz, le stockage, la catalyse, les capteurs, le transport de médicaments. [6][7][8][9] Dans ma thèse, on s'intéresse à la séparation des mélanges gazeux industriels. En effet, les procédés conventionnels pour séparer et/ou purifier les produits industriels reposent en grande partie sur des distillations, qui consument beaucoup d'énergie. Pour information, les procèdes de séparation constituent environ 90 à 95 % de toutes les séparations dans les industries chimiques et de raffinage du pétrole. 10 Nous avons investigué 3 mélanges de gaz, propane/propylène, isomères xylène/éthylbenzène et notamment isomères hexane. Cependant, les propriétés physiques similaires des isomères hexane (nC6, 2MP, 3MP, 23DMB et 22DMB) apportent une grande difficulté au processus de séparation. Les isothermes obtenus pour le mélange quinaire ont montré leur accord avec les données expérimentales comme illustré dans la figure R.8. Le maximum de sélectivité a été trouvé à 10,9 pour une pression totale d'hexane de 10 kPa qui est en cohérence avec la valeur expérimentale de 10,2.

Comparer au MIL-140B rigide, en utilisant le champ de force entièrement flexible, la simulation en accord satisfaisant avec les données expérimentales. Ce résultat a confirmé la précision de la simulation HOMC. Nous avons ensuite évalué l'impact de la pression mécanique sur les performances de séparation du MIL-140B pour les mélanges quinaires illustré dans la figure R.9. Nous avons constaté que la quantité d'adsorption diminue avec l'augmentation de la pression mécanique, due à la diminution de taille des pores qui est prouvé par des analyses structurales. Cependant, la sélectivité augmente avec l'augmentation de la pression mécanique. Illustré dans la figure R.10 : En résumé, l'impact de la pression mécanique sur l'adsorption des isomères de l'hexane dans le ZIF-8 a été évalué par des simulations HOMC. Nous avons validé le champ de force de ZIF-8 en reproduisant l'isotherme d'adsorption et en le comparant aux données expérimentales. nC6/2MP a été choisi comme mélange binaire de grand intérêt pour simuler le scénario du mélange d'isomères linéaires/mono-branchés. En comparant la sélectivité de nC6/2MP à différentes pressions mécaniques, nous avons obtenu une augmentation de la sélectivité de 30 % de 0,1 MPa à 1,5 GPa.

IV. Conclusions

Dans ce travail de thèse, plusieurs méthodes de simulation moléculaire : la dynamique moléculaire (MD), Monte Carlo (MC) et la simulation Hybrid Osmotic Monte Carlo (HOMC) ont été utilisées pour étudier l'adsorption de molécules dans les MOFs assisté par une pression mécanique externe. On est ainsi capable de moduler simultanément la pression de gaz et la
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 3 Figure I.3 Illustration of separation by physisorption. The blue dots and black dots represent gas A and B, respectively,this adsorbent adsorbs more gas A than B, resulting in αA/B > 1.
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 4 Figure I.4 Illustration of LTA, SOD and FAU type Zeolite. Figure adapted from the Ref.4
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 5 Figure I.5 SEM image of banana leaf activated carbon prepared under optimum conditions. Figure adapted from theRef.11 
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 6 Figure I.6 SEM Image of the surface of the silica gel. Figure adapted from the Ref.29 
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 7 Figure I.7 SEM image of activated alumina. Figure adapted from the Ref.30 
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 8 Figure I.8 3D illustration of a unit cell structure of MOF-5. Oxygen, carbon and hydrogen are represented in red, black and white color. The yellow sphere represents the pore volume. Tetrahedrons represent the coordination of BDC to the Zinc ions centers.
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 9 Figure I.9 3D illustration of a unit cell structure of MIL-100(Fe). Oxygen, carbon and iron are represented in red, grey and dark orange color. Hydrogens atoms are omitted for clarity. The green sphere represents the pore volume. Tetrahedrons represent the coordination of benzenetricarboxylic acid (BDC) to the Iron ions centers.

  For the past decades, we witnessed a growth in research interesting trend of MOFs research as show in the Figure I.10.
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 10 Figure I.10 Trend in annually number of MOF research items published for the record between 2005 and 2018. Figure adapted from the Ref.[START_REF] Chedid | Recent Trends in Covalent and Metal Organic Frameworks for Biomedical Applications[END_REF] 

  Figure I.11.

Figure I. 11

 11 Figure I.11 Simple illustration of the composition of MOFs, MOFs consists of metal ions or clusters and organic ligands.
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 1251325513 Figure I.12 View from XY plane of the structure for MIL-140A, MIL-140B, MIL-140C, and MIL-140D. Figure citedfrom Ref.[START_REF] Gelb | Pore Size Distributions in Porous Glasses: A Computer Simulation Study[END_REF] 

  Figure I.14 illustrates the 3D model of propane and propene.
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 14 Figure I.14 3D view of a) propane and b) propylene. Grey and white ball represents carbon and hydrogen atoms respectively.

  Figure I.15 illustrates the crystal structure of JNU-3a upon adsorption of propane and propene.
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 15 Figure I.15 Binding sites of JNU upon adsorption of (a) propane and (b) propene(propylene). The arrangement of these two molecules is different inside the cage. Light blue, red, blue and grey nodes represent Co, O, N, H and C atoms, respectively. Hydrogen atoms are omitted for clarity. Yellow cylinder represents the 1D channel, and cyan
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 16 Figure I.16 3D view of a) PX, b) OX, c) MX and d) Ethylbenzene. Grey and white ball represents carbon and hydrogen atoms respectively.

Figure I. 17

 17 Figure I.17 3D view of a) nC6, b) 2MP, c) 3MP, d) 23DMB and e) 22DMB. The Grey and white sphere represent carbon and hydrogen atoms respectively.

  i) Breathing 'Breathing' designate reversible transitions of MOFs, during which the substantial displacement of atoms of the framework resulting a variation in unit cell volume. One representative example for this kind of flexibility is the MIL-53(M) family ([M(BDC)(OH)]n (BDC = 1,4-benzenedicarboxylate) (M = Al, 40 Fe, 117 Cr 38,39 , Sc, 118 Ga, 119 In 42 ). It has a particular 'breathing' corresponds to a structural change between narrow pore (np) and large pore (lp) phases. Figure I.18 illustrated the breathing effect in MIL-53(Cr).
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 18 Figure I.18 Large pore (lp) and narrow pore (np) phases of MIL-53(Cr). Light blue, red and grey nodes represent Cr, O, H and C atoms, respectively. Figure adapted from Ref. 120
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 19 Figure I.19 View along the c(z) axis of one pore of the dried a) MIL-88B, b) MIL-88(CH3), c) MIL-88B(2CH3) and d) MIL-88B(4CH3). Orange, black, and grey represents Metal polyhedral, C, and H atoms respectively. Figure adaptedfrom the Ref.123 
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 20 Figure I.20 View along the c(z) axis of 1D channel-structured MOF a) snapshot of ideal MIL-140C from crystallographic information file (CIF), b) snapshot of MIL-140C in molecular dynamic simulation. Note the linker rotation decrease the accessible volume in the MOF. Cyan, red, grey and white represents Zr, O, C and H atoms respectively.
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 21 Figure I.21 View along the c(z) axis of Crystal structure of 3D view of the α-Po type 3-fold interpenetrated framework. Figure adapted from the Ref. 129
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 22 Figure I.22 Illustration of the photochemically induced phase transitions in metal-organic frameworks. Figure adapted from the Ref.135 
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 23 Figure I.23 Illustration of nplp transition for [Zn2(BME-bdc)2(dabco)]n with thermal treatment. Figure adaptedfrom the Ref.135 
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 24 Figure I.24 Phase transition between lp and cp of MIL-53(Cr) in function of the electrical field (E). Full and emptysymbols correspond to increasing and decreasing electrical field range, respectively. Grey, white, light purple, and red spheres represent C, H, Cr, and O atoms, respectively. Figure adapted from the Ref.120 
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 25 Figure I.25 Phase transition of Co(BDP) upon adsorption/desorption of CO2. Grey, blue, white, purple, and red spheres represent C, N, H, Co, and O atoms, respectively. Figure adapted from the Ref.149
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 26 Figure I.26 Illustration of the pressure induced phase transition of the MIL-53(Al) between the large pore form (a) and the closed pore form (b). Figure adapted from the Ref. 157
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 1 Figure II.1 Illustration of different statistical ensembles: canonical, grand canonical, isobaric-isothermal ensemble.

8 Figure II. 2

 82 Figure II.2 The classification of 6 types of adsorption isotherms according to IUPAC.

  upon adsorption or desorption, Co(BDP) passes through 5 distinguished phases as illustrated in Figure II.3.

Figure II. 3

 3 Figure II.3 N2 adsorption isotherm (bottom) measured at 77 K in Co(BDP), indicating the five pressure-dependent phases. Filled and empty symbols represent adsorption and desorption, respectively. Figure adapted from the Ref.10 
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 4 Figure II.4 Illustration of the intermolecular bond potential, where Kr represents the force constant of the bond, and r0 represents the equilibrium bond length.
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 5 Figure II.5 Illustration of the intermolecular bend potential, where 𝐾 𝜃 represents the force constant of the angle, and 𝜃 0 represents the equilibrium angle.
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 6 Figure II.6 Illustration of the intermolecular dihedral potential, where 𝜙 is the torsion angle between the plane formed by 4 atoms.
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 7 Figure II.7 Schematic representation of Lennard-Jones potential, where 𝜎 is collision parameter and 𝜖 represents the strength of the interaction.
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 8 Figure II.8 2D periodic system. The simulation boxes contain 9 atoms, their duplicated images contain the same atoms, the positions and movements are conserved. rcut represents the cut off distance. The black dotted cycle is the ongoing position of the highlighted particle.
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 9 Figure II.9 Illustration of how a HOMC simulation works. One HOMC step include MD -> MC -> MD steps in sequence.
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 1 Figure III.1 Illustration of hexane isomers with united atom (UA) model. Each methyl group is represented as a single pseudo atom. The UA model is applied for nC6, 2MP, 3MP, 23DMB and 22DMB.
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 5 Figure III.5 nC6 single component adsorption isotherm vs experimental data. experimental data ( ), 0° linker rotation ( ), 2° linker rotation ( ), 5° linker rotation ( ), 7° linker rotation ( ), 10° linker rotation ( ), 12° linker rotation ( ) and 15° linker rotation ( ).

Figure III. 6

 6 Figure III.6 2MP single component adsorption isotherm vs experimental data. experimental data ( ), 0° linker rotation ( ), 2° linker rotation ( ), 5° linker rotation ( ), 6° linker rotation ( ), 7° linker rotation ( ), 10° linker rotation ( ), 12° linker rotation ( ) and 15° linker rotation ( ).

  Figure III.10 further illustrates the preferential sittings of each isomer in the most representative tilted MIL-140B configurations. The molecules are arranged in such a way as to interact with the organic linkers preferentially via the methyl (-CH3) united atoms. This implies relatively weak van der Waals interaction with characteristic separation MOF/hexane isomer distances over 3 Å.

Figure III. 10

 10 Figure III.10 snapshots of one molecule inside the MIL-140B channel. With a,b,c,d and e represents nC6, 2MP, 3MP, 23DMB and 22DMB respectively.

Figure III. 11

 11 Figure III.11 RDF for 5 isomers. a), b), c), d) and e) corresponds to nC6, 2MP, 3MP, 23DMB and 22DMB respectively. RDF between CH3(UA) and C is represented in red line ( ), between CH3(UA) and H from MIL-140B aromatic ring is represented in blue dash line ( ).

  Figure III.13, the calculated selectivity for 10° and 7° linker rotation is 15.5 and 19. The simulated isotherms reproduce better the experimental data than the previous one with pristine MIL-140B, which underlined again the importance of considering the linker rotation as well as the flexibility of the MOFs to simulate the sorption properties in MIL-140B.

Figure III. 13

 13 Figure III.13 Quinary mixture adsorption isotherm vs experimental data. a) 10° linker rotation tilting, b) 7° linker rotation tilting. GCMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) and 22DMB ( ) and experimental data nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ) and 22DMB ( ).
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Figure IV. 1

 1 Figure IV.1 a) Labels of atoms in the MIL-140B material. The carbon, hydrogen, oxygen and zirconium atoms are represented in grey, white, red and cyan respectively. b) Illustration of the tilting of organic linker along the axis connecting the carbon atoms C1.

Figure IV. 2

 2 Figure IV.2 Snapshot of MIL-140B structure under mechanical pressure, view from xy plane. Cyan, red, grey and white color represents Zirconium, Oxygen, Carbon and Hydrogen atoms, respectively.

  We also looked at the bond length distribution and the bending angle distribution, which are shown in Figures IV.3 and Figure IV.4.

Figure IV. 3

 3 Figure IV.3 Distribution of bond length calculated in MIL-140B for the force field validation. a) Zr-Zr, b) Zr-Or. For different mechanical pressure: 0.1 MPa (), 500MPa ( ) and 1 GPa ( ).

Figure IV. 4

 4 Figure IV.4 Distribution of bending angle calculated in MIL-140B for the force field validation. a) C2-C3-C4, b) C1-O2-Zr. For different mechanical pressure: 0.1 MPa (), 500MPa ( ) and 1 GPa ( ).

Figure IV. 6

 6 first shows a fair agreement between the HOMC and experimental multicomponent adsorption isotherms, the preferential adsorption sequence being the same that obtained from the single component isotherms (Figure IV.5).

Figure IV. 6

 6 Figure IV.6 Calculated and experimental equimolar quinary mixture adsorption isotherms of hexane isomers in MIL-140B at 343 K: HOMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) and 22DMB ( ) and experimental data nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ) and 22DMB ( ).

Figure IV. 7

 7 Figure IV.7 Tilting angle (black square, left axis and black color) and unit cell volume (red circle, right axis and red color) as a function of hydrocarbon partial pressure in quinary mixture at 343 K at 0.1 MPa.

  Figure IV.8 a) and Figure IV.8 b) reveal a global decrease of the adsorbed amount for the five components as the mechanical pressure increases from 0.7 GPa et 1 GPa. Interestingly, the amount adsorbed of di-branched isomers decreases more than that of the linear and mono-branched isomers once the mechanical pressure is applied.

Figure IV. 8

 8 Figure IV.8 Calculated equimolar quinary mixture adsorption isotherms of hexane isomers in MIL-140B at 343 K at a) 0.7 GPa and b) 1.0 GPa: HOMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) and 22DMB ( ).

Figure IV. 9

 9 Figure IV.9 Calculated Selectivity at 0.1 MPa ( ), 0.5 GPa ( ), 0.7 GPa ( ) and 1.0 GPa ( ).

Figure IV. 10

 10 Figure IV.10 a) Average pore size as a function of hexane total pressure for 0.1Mpa (-◾-) and 1 Gpa (-•-) b) Titling angle (-◻-, left axis) and unit cell volume (-○-, right axis) as a function of the hexane total pressure for a mechanicalpressure of 1 Gpa.

  Figure IV.10(b) further shows that the tilting angle decreases as the hexane total pressure increases and this decrease is more pronounced than for the mechanically unconstrained MOF (Figure IV.7). Indeed, a drop of 6.8° and 2.2° are observed for the mechanically constrained and unconstrained MIL-140B in the range of hexane total pressure of 50 kPa. Figure IV.11 further evidences that the increase of the mechanical pressure (from 0.1 MPa to 1 GPa) for an hexane total pressure of 10 kPa induces a shortening of the end-to-end distances of mono-branched and di-branched (change between 0.3-0.4 Å) isomers while the length of the linear C6 isomer remains almost unchanged. This highlights that the mono-and di-branched molecules significantly change their conformations in the channels under mechanical pressure while nC6 maintains its linear geometry. These results show a pressure-induced cooperative deformation of the channels (Figure IV.11 a) and Figure IV.11 b)) and a distortion of the molecules in the case of 2MP, 3MP, 22DMB and 23DMB. 23DMB and 22DMB amounts decrease more than the 2MP, 3MP and nC6 due to their more rigid backbones and the steric hindrance created by the pore size of MIL-140B (3.2 Å) at 1 GPa as shown in Figure IV.11.

Figure IV. 11

 11 Figure IV.11 Distribution of the end-to-end distance for a) nC6 ( ), 2MP ( ), and 3MP ( ) b) 23DMB ( ) and 22DMB ( ) at 0.1 MPa. Distribution of end-to-end distance for a mechanical pressure of 1 GPa are represented in dashed line.
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Figure V. 1

 1 Figure V.1 Snapshot of 2x2x2 supercell of ZIF-8, view from xy plane. Light purple, blue, grey and white color represent Zinc, Nitrogen, Carbon and Hydrogen atoms, respectively.

Figure V. 3

 3 Figure V.3 Temperature a) and pressure b) time evolution during one MD step, c) nC6 adsorbed as a function of a HOMC cycle.

Figure V. 4

 4 Figure V.4 HOMC simulated single component adsorption isotherms of 23DMB isomers in ZIF-8 at 373 K with ( ), without ( ) blocking cages and experimental data ().

Figure V. 5

 5 Figure V.5 nC6 adsorbed as a function of the HOMC steps for two different equilibration time, 100 ps (filled symbols) and 200 ps (dashed line) for a gas fugacity of a) 5 kPa and b) 80kPa.

  Figure V.6 presented the unit cell volume variation with and without mechanical pressure upon adsorption of different hexane isomers.

Figure V. 6

 6 Figure V.6 Unit cell volume of the fully hexane isomers loaded ZIF-8 as a function of time at 373 K for two pressures at 0.1 MPa and 1.5 GPa.

Figure V. 7

 7 Figure V.7 Calculated and experimental single component adsorption isotherms 8,15 of C6 isomers in ZIF-8 at 373 K: HOMC simulations nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ), and 22DMB ( ) and experimental data 8,15 nC6 ( ), 2MP ( ), 23DMB ( ), and 22DMB ( ).

  8 (51) kJ mol -1 , 53.6 (42.5) kJ mol -1 , 51.1 kJ mol -1 , 38.5 (35) kJ mol -1 , and 31.4 (30.5) kJ mol -1 for nC6, 2MP, 3MP, 23DMB, and 22DMB, respectively. Although the calculated values slightly differ from the corresponding experimental data (values in bracket), the force field employed enables to capture the energetic trend. The single component adsorption isotherms suggest that the di-branched alkane 22DMB is expected to be almost fully excluded mostly due to a steric hindrance since its kinetic diameter (6.2 Å) largely exceeds the gate size of ZIF-8 (3.4 Å). As a further stage, HOMC simulations were performed for the three binary mixtures nC6/22DMB, nC6/2MP, and 2MP/23DMB. The corresponding adsorption isotherms are presented as Figure V.8 -Figure V.10. These scenarios are considered to illustrate the ability of ZIF-8 to separate (i) linear nC6 from its mono-and di-branched isomers as well as (ii) mono-branched from di-branched isomers. Figure V.8 first confirms that ZIF-8 sieves the branched 22DMB from the linear isomer. Figure V.9 and Figure V.10 show that nC6 is more adsorbed than 2MP and 2MP more than 23DMB in their respective binary mixtures following the sequence of the isosteric heat of adsorption.

Figure V. 8

 8 Figure V.8 HOMC simulated binary mixtures isotherms: nC6 ( )/22DMB ( ) represented in solid lines and full symbols. nC6 ( )/22DMB ( ) represent the data simulated for the single component for comparison.

Figure V. 9

 9 Figure V.9 HOMC simulated binary mixtures isotherms: nC6 ( )/2MP ( ) represented in solid lines and full symbols. The open symbols and dashed lines: nC6 ( )/2MP ( ) represent the data simulated for the single component for comparison.

Figure V. 10

 10 Figure V.10 HOMC simulated binary mixtures isotherms: 2MP ( )/23DMB ( ) represented in solid lines and full symbols. The open symbols and dashed lines: 2MP ( )/23DMB ( ) represent the data simulated for the single component for comparison.

Figure V. 11

 11 Figure V.11 HOMC simulated single component adsorption isotherms of nC6 in ZIF-8 at 373 K. Black ( ), red ( ), and green ( ) symbols correspond to a mechanical pressure of 0.1 MPa, 1 GPa, and 1.5 GPa, respectively.

Figure V. 12

 12 Figure V.12 HOMC simulated single component adsorption isotherms of 2MP in ZIF-8 at 373 K. Black ( ), red ( ), and green ( ) symbols correspond to a mechanical pressure of 0.1 MPa, 1 GPa, and 1.5 GPa, respectively.

Figure V. 13

 13 Figure V.13 HOMC simulated single component adsorption isotherms of 23DMB in ZIF-8 at 373 K. Black ( ), red ( ), and green ( ) symbols correspond to a mechanical pressure of 0.1 MPa, 1 GPa, and 1.5 GPa, respectively.

Figure V. 14

 14 Figure V.14 Distribution of the end-to-end distance for nC6 at 0.1 MPa ( ) and under mechanical pressures of 1 GPa ( ) and 1.5 GPa ( ) for a representative loading of 0.78 mmol/g in the case of single component adsorption.

Figure V. 15

 15 Figure V.15 Distribution of the end-to-end distance for 2MP nC6 at 0.1 MPa ( ) and under mechanical pressures of 1 GPa ( ) and 1.5 GPa ( ) for a representative loading of 0.78 mmol/g in the case of single component adsorption.

Figure V. 16

 16 Figure V.16 Distribution of the end-to-end distance for 23DMB nC6 at 0.1 MPa ( ) and under mechanical pressures of 1 GPa ( ) and 1.5 GPa ( ) for a representative loading of 0.78 mmol/g in the case of single component adsorption.

Figure V. 17

 17 Figure V.17 Distribution of the end-to-end distance for (a) n-C6, (b) 2MP, and (c) 23DMB at 0.1 MPa ( ) and under mechanical pressures of 1 GPa ( ) and 1.5 GPa ( ) for a representative loading of 0.78 mmol/g for all isomers in the case of single component adsorption.

Figure V. 18 Figure V. 19 -

 1819 Figure V.18 Angular distributions of the dihedral angles: a) CH3-CH2-CH2-CH of 2MP CH3-CH2-CH2-CH2, b) nC6 and c) CH3-CH2-CH2-CH2 of 23DMB for the fully loaded ZIF-8 at T= 373 K. 2MP at 0.1 MPa ( ), 2MP at 1.5 GPa ( ), nC6 at 0.1 MPa ( ), nC6 at 1.5 GPa ( ), 23DMB at 0.1 MPa ( ) and 23DMB at 1.5 GPa ( ),

Figure V. 19

 19 Figure V.19 Swing angle distribution for nC6 of loaded ZIF-8 (0.78 mmol/g) at 0.1 MPa ( ), 1 GPa ( ), at 373 K.

Figure V. 20

 20 Figure V.20 Swing angle distribution for 2MP of loaded ZIF-8 (0.78 mmol/g) at 0.1 MPa ( ), 1 GPa ( ), at 373 K.

Figure V. 21

 21 Figure V.21 Swing angle distribution for 23DMB of loaded ZIF-8 (0.78 mmol/g at 0.1 MPa ( ), 1 GPa ( ), at 373 K.

Figure V. 24

 24 Figure V.24 (a) 2MP/23DMB equimolar binary mixture adsorption isotherms. (b) Calculated selectivity as a function of the total gas fugacity. 2MP ( ) and 23DMB ( ) at 0.1 MPa; 2MP ( ) and 23DMB ( ) at 1 GPa pressure; 2MP ( ) and 23DMB ( ) at 1.5 GPa pressure; 2MP/23DMB ( ) selectivity at 0.1 MPa; 2MP/23DMB ( ) selectivity at 1 GPa pressure; and 2MP/23DMB ( ) selectivity at 1.5 GPa pressure.
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VI. 3 .1 2 H NMR relaxation analyses 2 H

 322 NMR spectra of deuterated n-butane and versus temperature for n-butane and 1-butene are shown in Figure VI.1(a), (b). The relaxation times for both guests exhibit qualitatively similar behaviour. Temperature dependence of T1 exhibits a single slope, thus implying a single fast motion of the adsorbed guests. Remarkably, the temperature dependence of T2 shows an unusual pattern with two regimes: a low-temperature region (labelled as a in Figure VI.1), where T2 remains almost unchanged, and a high-temperature region (marked as b in Figure VI.1) with a steep decrease-growth pattern.As demonstrated in earlier studies on benzene31 and propane/propene in ZIF-8,26 such behaviour is a fingerprint of chemical exchange of guest species between two adsorption states, i.e., state I (in the center of the cage) and state II (in the neighborhood of the gate) exhibiting different individual mobilities.

Figure VI. 1

 1 Figure VI.1 Experimental temperature dependences of T1 (○) and T2 (□) with numerical fitting results for n-butane-1,4-d6 (a) and 1-butene-d8 (b) in ZIF-8. Kex and KD are equilibrium constants. Numerical simulations with elaborated motion models are presented in solid or dashed lines: individual T1, T2 I for state I (blue dashed); individual T1 II, T2 II for state II (pink dashed); and effective T1, T2 after the exchange (solid lines). (c) The guests can migrate between two dynamically different states I and II within the ZIF-8 framework. State I is populated by relatively mobile molecules localized at the center of the cage. State II represents the guest confined at the cage gate and restricted in its dynamics.

Figure VI. 2

 2 Figure VI.2 Averaged MSD calculated for (a) n-butane and (b) 1-butene at different temperatures. 1000K, 800K, 700K, 600K. Dotted lines represent the linear fit.

  Figure VI.3 in order to extrapolate the value.

Figure VI. 3

 3 Figure VI.3 Arrhenius plots for (1) the simulated self-diffusion coefficients (DS) for (a) n-butane and (b) 1-butene, (2) the transition time τtr for the intercage jump for (c) n-butane and (d) 1-butene and (3) jump rate kjump (calculated by counting the number of jumps per MD simulation time) for (e) n-butane and (f) 1-butene. Filled and empty symbolsrepresent the simulated data and the extrapolated point at 308 K, respectively. Dotted line corresponds to the linear fit.

Figure VI. 4

 4 Figure VI.4 Time-evolution of the center of mass of the molecule along x axis. (a) n-butane at 600K, (b) n-butane at 1000K, (c) 1-butene at 600K and (d) 1-butene at 1000K. The intercage jump event is shown with the vertical red lines.

  Thanks to the trajectory generated by MD simulation, which offer us the opportunity to visualise the process of the gate crossing. As illustrated in Figure VI.5.

Figure VI. 5

 5 Figure VI.5 Illustration of the progressive crossing of the ZIF-8 gate by n-butane from the center of the cage (a) to the neighbor cage (e) extracted from the MD trajectory recorded at 600 K. The alkane adapts its conformation (b, c) prior to crossing the gate (d); the time required for this alkane rearrangement and gate crossing is about 150 ps.

23 Figure VI. 6

 236 Figure VI.6 Time-evolution of the window size for (a) n-butane at 600K and (b) 1-butene at 600 K.

Figure VI. 7

 7 Figure VI.7 Radial distribution functions calculated between the terminal methyl groups of 1-butene (a) and n-butane (b) and the atoms of the ZIF-8 gate (H2 and C2 represented in upper panel) of (a)).

Figure CP. 1

 1 Figure CP. 1 Experimental set up from MADIREL team to investigate the adsorption in MOFs.

Figure R. 2

 2 Figure R.2 Illustration 3D d'une structure de cellule unitaire de MOF-5. L'oxygène, le carbone et l'hydrogène sont représentés en rouge, noir et blanc. La sphère jaune représente le volume poreux. Les tétraèdres représentent la coordination du BDC(linker) aux centres des ions zinc.

  réalisé par Metropolis et al., qui a proposé une méthode générale de calcul des propriétés de toute substance, basée sur une distribution de probabilité prédéterminée. Avec les progrès réalisés au cours des dernières décennies, la simulation moléculaire a considérablement amélioré son efficacité et sa précision. Comme l'amélioration et le raffinement des algorithmes sur le calcul et hardware sont en cours, nous pouvons estimer que l'outil numérique jouera un rôle plus en plus important dans la compréhension du système complexe. Dans ma thèse, j'ai utilisé principalement 3 méthodes de simulation, Simulation Dynamique Moléculaire (MD), Simulation Monte Carlo (MC), et Simulation Hybrid Osmotique Monte Carlo (HOMC).a) Simulation Dynamique Moléculaire Le concept de simulation MD consiste en l'intégration numérique dépendante du temps des équations de mouvement newtoniennes des particules. Comme illustré dans l'équation:𝑭𝑭 𝒊𝒊 = 𝑚𝑚 𝑖𝑖 𝒂𝒂 𝒊𝒊 (𝑡𝑡) = 𝑚𝑚 𝑖𝑖 𝑑𝑑𝒗𝒗 𝒊𝒊 (𝑡𝑡) 𝑑𝑑𝑡𝑡 = 𝑚𝑚 𝑖𝑖 𝑑𝑑 2 𝒓𝒓 𝒊𝒊 (𝑡𝑡) 𝑑𝑑𝑡𝑡 2 = -𝜕𝜕 𝜕𝜕𝒓𝒓 𝒊𝒊 𝑈𝑈 Où Freprésente la force exercée sur les particules, vi, mi et ri représentent respectivement la vitesse, la masse et la position de l'atome i. U est l'énergie potentielle du système. Les interactions entre atomes et molécules peuvent être modélisées via l'énergie potentielle par un ensemble de fonctions potentielles empiriques. La résolution numérique peut se faire avec des algorithme différents: Leapfrog algorithm, Beeman algorithm, Verlet algorithm, etc. Avec la simulation MD, nous pouvons avoir accès à la trajectoire des atomes dans le système, et ainsi, extraire les propriétés physiques. b) Simulation Monte Carlo Contrairement à la simulation MD, la simulation Monte Carlo consiste à la génération des configurations aléatoires à l'aide de l'algorithme Metropolis pour déterminer s'il faut accepter/rejeter une nouvelle configuration. Cet algorithme est un Markovien et n'est pas dépendant du temps. Chaque configuration est générée par un mouvement d'essai aléatoire d'atomes ou de molécules, par exemple, la translation, la rotation, l'insertion/la suppression, etc.Les critères de la méthode Metropolis permettent de s'assurer que la probabilité d'obtenir une configuration est égale à son facteur de Boltzmann. Les configurations à faible énergie sont générées avec une probabilité plus élevée que les configurations à énergie plus élevée. Si l'énergie de la nouvelle configuration est inférieure à la configuration précédente, alors la nouvelle configuration sera acceptée. Cette méthode de simulation est très répandue pour simuler l'adsorption/la désorption dans les matériaux poreux. c) Simulation Hybrid Osmotique Monte Carlo Dans ce travail, la simulation Hybrid Osmotic Monte Carlo (HOMC) a été adoptée pour étudier l'adsorption et la séparation des gaz d'hydrocarbures dans les MOFs. Les méthodes de simulation introduites précédemment, les simulations de dynamique moléculaire (MD) et de Monte Carlo (MC) ne sont pas capables de suivre une transition de phase structurelle , ni la flexibilité engendrée par l'adsorption des molécules. Parce que dans la simulation MC, le structure de MOFs est considéré rigide, et dans la simulation MD, on travaille dans un ensemble ou le nombre des molécules sont fixes. HOMC permet de franchir ces difficultés en combinant MD et MC. Une simulation HOMC se compose de plusieurs cycles, chaque cycle contient plusieurs étapes HOMC. Une étape HOMC comprend une simulation MD et une simulation MC. Le programme commence par une simulation MD, la structure atteindra l'équilibre thermodynamique et l'énergie sera convergée. À la fin de la simulation MD, le programme convertit les fichiers de sortie de la simulation MD en fichiers d'entrée pour la simulation MC et ainsi de suite. Comme illustré dans la figure R.3. Ce programme est un code qui est développé au sein de l'IPR de l'université de Rennes 1.

Figure R. 3

 3 Figure R.3 Illustration de simulation HOMC.

  a) MIL-140B Malgré les difficultés concernant la séparation des isomères hexanes, le famille MIL-140 (MIL : Les matériaux de l'Institut Lavoisier) Ils sont intéressants pour séparer l'isomère hexanes. MIL-140A, MIL-140B et MIL-140C ont été étudiés par des expériences de percée chromatographique réalisé par notre collaborateurs. 11 MIL-140B présente la sélectivité la plus élevée, ainsi, notre travail informatique s'est concentré sur MIL-140B. Figure R.4 illustre MIL-140B.

Figure R. 4

 4 Figure R.4 MIL-140B 1x2x4 supercell. Les couleurs cyan, grise, rouge et blanche représentent respectivement les atomes de zirconium, de carbone, d'oxygène et d'hydrogène. Dans un premier temps, nous avons utilisé la simulation MC pour sonder l'adsorption des corps purs des hexane dans MIL-140B, et puis nous l'avons concomparé avec des données expérimentales. Illustré dans la figure R.5.

Figure R. 5

 5 Figure R.5 Isotherme d'adsorption corp pure VS données expérimentales. GCMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) and 22DMB ( ) and experimental data nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ) and 22DMB ( ). Malgré l'accord qualitatif pour la séquence d'adsorption entre les données de simulation et les données expérimentales, la simulation a surestimé la quantité d'adsorption. D'après l'étude bibliographique, nous suggérons que c'est à cause du manque de la considération de flexibilité de MIL-140B. Toujours avec la simulation Monte Carlo, nous avons effectué des rotations de linkers de manière artificielle pour voir l'effet de la flexibilité. Le résultat de simulation, i.e isotherme d'adsorption relève qu'effectivement la rotation de linker joue un rôle important dans l'adsorption des isomères hexane dans MIL-140B. Prenons exemple de nC6 qui est illustré dans la figure R.6.

Figure R. 6

 6 Figure R.6 isotherme d'adsorption de nC6 vs données expérimentales expérimentales(

Figure R. 7

 7 Figure R.7 Isothermes d'adsorption corp pure VS données expérimentales à 343 K: HOMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) et 22DMB ( ) et expérience nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ) et 22DMB ( ).

Figure R. 8

 8 Figure R.8 Isotherme d'adsorption mélange quinaire VS données expérimentales à 343 K: HOMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) and 22DMB ( ) and experimental data nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ) and 22DMB ( ).

Figure R. 9

 9 Figure R.9 Isothermes d'adsorption simulés de mélange quinaire équimolaire des isomères d'hexane dans MIL-140B à 343 K a) 0.7 GPa and b) 1.0 GPa: HOMC simulations nC6 ( ), 2MP ( ), 3MP, ( ) 23DMB ( ) et 22DMB ( ).

Figure R. 10

 10 Figure R.10 Sélectivité calculée à 0.1 MPa (

Figure R. 11

 11 Figure R.11 Illustration de Fenêtre ZIF-8, avec différents types d'atomes (C2, H2, C1, C3, H3, N et Zn). Les couleurs violet clair, bleu, gris et blanc représentent respectivement les atomes de zinc, d'azote, de carbone et d'hydrogène.

Figure R. 12

 12 Figure R.12 Isotherme d'adsorption corp pure calculé VS données expérimentales dans ZIF-8 à 373 K: simulations HOMC. nC6 ( ), 2MP ( ), 3MP ( ), 23DMB ( ), et 22DMB ( ) et données expérimentales nC6 ( ), 2MP ( ), 23DMB ( ), and 22DMB ( ).

Figure R. 13

 13 Figure R.13 Isothermes adsorption pour mélange binaires nC6 ( )/22DMB ( ) représenté en traits pleins et en symboles pleins. nC6 ( )/22DMB ( ) représentent les données simulées pour le corp pure pour la comparaison.

Figure R. 14

 14 Figure R.14 Isothermes adsorption pour mélange binaires nC6 (

Figure R. 15

 15 Figure R.15 Isothermes adsorption pour mélange binaires 2MP ( )/23DMB ( ) ( ) représenté en traits pleins et en symboles pleins. 2MP ( )/23DMB ( ) représentent les données simulées pour le corp pure pour la comparaison.

Figure R. 16

 16 Figure R.16 Simulation HOMC (a) nC6/2MP isothermes adsorption mélange binaires dans ZIF-8 à 373 K et (b) sélectivité en fonction de la pression de gaz. nC6 ( ) et 2MP ( ) à 0.1 MPa; nC6 ( ) et 2MP ( ) à 1 GPa; nC6 ( ) et 2MP ( ) à 1.5 GPa. (b) nC6/2MP ( ) sélectivité à 0.1 MPa; nC6/2MP ( ) sélectivité à 1 GPa ; et nC6/2MP ( ) sélectivité à 1.5 GPa.
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Table I .1 Physical properties of propane and propene. Kinetic diameter (Å) Boiling point (K) Freezing point (K)

 I 

	Propane	4.3	231.2	85.2
	Propene	4.0	225.6	222.5

Table I .3 Physical properties

 I 

of xylene isomers and ethylbenzene. PX, MX, OX et EB represent Para-Xylene, Meta-Xylene, Ortho-Xylene, and Ethylbenzene.

Kinetic diameter (Å) Boiling point (K) Freezing point (K)

  

	PX	6.7	411.5	286.4
	MX	7.1	412.3	222.5
	OX	7.4	417.6	248
	EB	6.7	409.3	178.2

  .3-I.5 is the summary of the MOFs for the xylene isomers separation. With MX adsorption preference, PX adsorption preference and OX adsorption preference. The table is adapted from the reference with minor update.

	MOF	Capacity (mmol g-1)	Temperatur e (K)	PX/ MX		PX/ OX	PX/ EB	MX/ OX	Ref
			4.55			323			1.1			0.6	1.7	-	87
	MIL-47												
				-			298			2.5			b	7.6	-	69
	MOF-48		0.95			323			1.7			1.7	1.5	(b)	87
	MIL-140B			1.2			323			1.6			1.8	2.1	(b)	87
	MIL-125(Ti)			1.5			313			1.5			1.6	-	(b)	71,88
	MOF Co 2 L 2 (AzoD) 2	Capacity (mmol g-1) 2.5	Temperatu re (K) 298	MX/P X -		MX/O X 2.61	MX/E B -	OX/P X -	Ref
	Ni(NCS) 2 (isoquinoline) 2 (4-phenylpyridine) 2		-			321		4.7		2.6	1.9	1.8	74
	HKUST-1			-			298		1.1		2.4	1.4	0.7
	MOF	Capacity (mmol g-1)	Temperatur e (K)	OX/P X	OX/M X	MX/P X	OX/E B	Ref
	UiO-66	2.32			313		2.4		1.8		-	-	75
	MOF CAU-13	Capacity (mmol g-1) 2 3.3	Temperatur e (K) 298 1.7 398 1.83	PX/ MX 2.1 1.64	PX/ OX	PX/ EB 0.8 (b)	-MX/ OX 1.77	Ref 91
	Zn 4 O(L) 3 0.5 Mg-CUK-1 HKUST-1 CPO-27-Ni	2.8 2.1	2.73 1.18		398 398	298 298	1.08-1.21 3.3		-1.7	1000(a) 1.32 15 (a) 2	--	77,78 79 92
	MAF-X8	3.37	2.1		298	433	3.5		2.7	5.3(a) (b)	10.9	71 93
	JUC-77 MIL-53(Al)	0.55 6.76		313	433	2.1		2.1	2.25(a) (b)	-	71 94,95
	CoBDP MIL-53(Fe)			1.4		323	433	2.53	1.57	1.4(a) 1.83	-	71 96
	Ag 4 (O 2 CCF 3 ) 4 (phe nazine) 3 CD-MOF	2.7		-		298	298	17.9	14.2 6.73	9.13	2.67	-	-4.75	80 97
	Cu(CDC) rho-ZMOF	12 wt% 0.92	398	298	1.3	7		-	10	3.5-5 -	-	3	81 98
	Nd(HTCPB) ZIF-76	2.21 0.26		398	383	1.1	6.33	-	-	-	-	-	-	82 98
	Ce(HTCPB) Ni(NCS) 2 (ppp) 4		1.62		295	383	40.5	4.5 34.2	5.6	2.4 12.7	1.22 -	82 99
	Co 2 (dobdc)			1.5		306	398	3.9	1.15 2.5	1.5	1.1 1.6	-1.21	83 100
	ZIF-8 MIL-101			2.1		408	343	-		3.1	1.5	8.8	-	10	-1.4	84
														71,85,
				1.2			298			3			2.2	1.6	1.03	86
	MIL-125(Ti)-NH2												
			1.25			323			1.5			1.6	1.3	(b)

[START_REF] Yang | Separation of Xylene Isomers: A Review of Recent Advances in Materials[END_REF] 
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MOFs with MX adsorption preference applied in separation of xylene isomers by adsorption. "-" means N/A. 69 Table I.5 MOFs with PX Preference Applied in Separation of Xylene Isomers by Adsorption, "-" represents N/A, (a) represents the number is overall selectivity, (b) represents the corresponding cannot separate the certain mixture. 89 Table I.6 MOFs with OX preference applied in separation of xylene isomers by adsorption. "-" represents N/A, (b) represents the corresponding cannot separate the certain mixture. 90 Zn(BDC)(Dabco)

Table I . 7

 I7 Physical properties of hexane isomers. nC6, 2MP, 3MP, 23DMB et 22DMB represents n-hexane, 2-methyl pentane, 3methylpentane, 2,3-methylbutane, 2,2-methyl butane respectively.

		Kinetic diameter (Å) RON	Boiling T (°C)
	nC6	4.3	30	68.7
	2MP	5	74	60.3
	3MP	5	75	63.3
	23DMB	5.8	94	58
	22DMB	6.2	105	49.7

Table I . 8

 I8 MOFs Applied in Separation of Hexane Isomers by Adsorption

	MOF	Tempera ture (K)	nC6/22D MB	3MP/22D MB	nC6/2 MP	nC6/3 MP	nC6/23D MB	Ref
	MOF-508	313-423	separation by packed column gas chromatography	114
	MIL-140B		10.2		-	-	-	-
	MOF Cu(hfipbb)(H2hfi pbb)0.5	Tempera ture (K) 303	nC6/22D MB	3MP/22D MB exclusion of 22DMB nC6/2 MP nC6/3 MP	nC6/23D MB	Ref 115
	MIL-100(Cr)	453 343	3	separation by inverse gas chromatography 2.5 --	-	105 112
		373	25		4.5	4	-	-	106
	ZIF-8 I.3.3 Gas separation mechanism 398 ∞	∞	-	6.4	-	107
		373	16		-	1.2	-	1.8	107
		423	-			-	5.8	-	-	108
	Fe2(BDP)3	433					2000(a)		103
	IM-22	398	∞		∞	-	2	-	109
	ZIF-76	398	0.7		0.8	-	0.8	-	109
	ZIF-67	298	4.5		-	-	4.7	-	110
	ZIF-68	298	-			-	-	3.5	-	110
	ZIF-78	298	-			-	-	6	-	110
	ZIF-81	298	-			-	-	6	-	110
	Zn(BDC)(dabco) 0,	313	33.15		5.35	-	-	-	111
	5							
		343	1.4		-	-	1.2	1.1	112
	UIO-66(Zr)							
		423	6.3		-	-	2.7	5.8	112
	UIO-66-OH	298	15		-	-	-	-	110
		343	7			-	-	5.6	-	113
	MIL-127(Fe)	373	6.1		-	-	6	-	113
		423	16		-	-	9.6	-	113
		373	2.6		1.8	-	-	-	113
	MIL-125-NH2							
		423	2.4		1.6	-	-	-	113
	ZIF-69	423	-			-	-	3	-
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  𝒓 𝒊 (𝑡) + 𝒗 𝒊 (𝑡) 𝛿𝑡 + 𝑭 𝒊 (𝑡) 2𝑚 𝑖 𝛿𝑡 2 + 𝑂(𝛿𝑡 3 ) Eq. II.14The position of each atom at 𝑡 is expressed as:

	𝒓 𝒊 (𝑡) = 𝒓 𝒊 (𝑡 + 𝛿𝑡) -𝒗 𝒊 (𝑡 + 𝛿𝑡) 𝛿𝑡 +	𝑭 𝒊 (𝑡 + 𝛿𝑡) 2𝑚 𝑖	𝛿𝑡² + 𝑂(𝛿𝑡 3 )	Eq. II.15
	the velocity can be then written as		
	𝒗 𝒊 (𝑡 + 𝛿𝑡) = 𝒗 𝒊 (𝑡) +	𝑭 𝒊 (𝑡) + 𝑭 𝒊 (𝑡 + 𝛿𝑡) 2𝑚 𝑖	𝛿𝑡² + 𝑂(𝛿𝑡 3 )	Eq. II.16
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Table III . 1

 III1 Hexane isomers TraPPE force field parameters

	Pseudo atom	Type	ϵ [K]	σ [Å]
	CH3	CH3-CHx	98	3.75
	CH2	CH2-CHx	85	3.675
	CH	CHx=CH-CHy	47	4.8
	CH2	CHx-CH2-CHy	46	3.95
	C	(CHx)3-C-CHx	0.5	6.4
	Bond		r 0 [Å]	
	CHx-CHx		1.54	
	CHx=CHx		1.33	
	Bending angle	θ 0 (°)	K θ /k b [K/rad² ]
	CHx-CH2-CHy	114		62500
	CHx=CH-CHx	119.7		70420

Table IV .

 IV 

	Type	ϵ [kJ mol -1 ]	σ[Å]	Charge[e]
	C1	0.3979	3.473	0.7965
	C2	0.3979	3.473	-0.0278
	C3	0.3979	3.473	-0.0309
	C4	0.3979	3.473	-0.3556
	C5	0.3979	3.473	0.236
	C6	0.3979	3.473	-0.233
	H3	0.0636	2.846	0.1339
	H4	0.0636	2.846	0.1339
	H6	0.0636	2.846	0.1339
	O1	0.4004	3.033	-1.2585
	O2	0.4004	3.033	-0.688
	Zr	0.2301	4.045	2.437

1 Lennard Jones and partial charges parameters of atoms of the MIL-140B force field.

Table IV .

 IV 

2 Calculated and experimental lattice parameters of the empty MIL-140B at 0.1 MPa and 298 K.

  Figure IV.2 that reports an illustration of the equilibrated configuration of the empty MIL-140B, confirms that the guest-free framework remains intact with only a slight tilting of the organic linkers. Bond distances and bending angles for the MOF framework averaged over the MD runs are reported in the appendix. These geometric characteristics are in excellent agreements with the corresponding data reported for the crystal structure of MIL-140B.

								3 )
	This	27.99±	13.26±	7.98 ±	90.00±	95.58±	89.99±	3003.4
	work	0.02	0.01	0.01	0.08	0.07	0.07	± 3.0
	Ref.	27.95 13.46	7.91	90	93.34	90	2764.77
	Exp.	26.71 13.3	7.79	90	93.82	90	2963.3

Table IV .

 IV 

		Average bond length (Å)
	Bonds type	0.1 MPa	1GPa
	C-H	1.02 ± 0.01	1.02 ± 0.01
	C1-C2	1.38 ± 0.01	1.38 ± 0.01
	C1-O2	1.35 ± 0.01	1.34 ± 0.02
	Or-Zr	2.27 ± 0.02	2.20± 0.07
	O2-Zr	2.37 ± 0.02	2.22 ± 0.09
	Zr-Zr	3.58 ± 0.01	3.42± 0.10

3 Average bond length calculated in MIL-140B for the force field validation with and without mechanical pressure.

Table IV . 4

 IV4 Average bending angle calculated in MIL-140B for the force field validation.

		Average angles (°)
	Angles type	0.1 MPa	1GPa
	C2-C3-C4	119.8 ± 1.9	122.1 ± 3.9
	C2-C3-H3	120.3 ± 2.2	121.5 ± 4.7
	Zr-O1-Zr	91.8 ± 1.7	82.6 ± 5.2
	O1-Zr-O2	63.9 ± 1.4	51.8 ± 3.8
	O1-Zr-O1	137.3 ± 2.4	131.9 ± 4.7
	C1-O2-Zr	122.8 ± 4.5	125.4 ± 9.3

Table VI .1 Fitting

 VI With τiso represents the fast isotropic reorientation of the molecule and Eiso is the corresponding energy, τC3 represents characteristic time of fast internal rotation of the methyl groups and EC3 is the corresponding energy. τlib is characteristic time of restricted libration, Elib is the corresponding energy, τex is the time until the size of the gate fluctuates owing to the intrinsic mobility of the linkers and Eex is the corresponding energy, ED is the activation energy, and τD is the characteristic time.

parameters for T1 and T2 relaxation time (spin-lattice T1 and spin-spin T2 relaxation time) versus temperature dependences of n-butane-1, 4-d6 and 1-butene-d8 adsorbed on ZIF-8.

Table VI .

 VI 

	3 MD-Simulated Self-Diffusion Coefficients (DS) and Intercage Transition Times (τtr) for n-Butane and 1-
	Butene at Different Temperatures and Extrapolated at 308 K.		
		n-butane	1-butene
	T (K)	Ds (m² s -1 )	τtr (s)	Ds (m² s -1 )	τtr (s)
	308	2.4 × 10 -14	3.9 × 10 -18	3.3 × 10 -14	2.35 × 10 -8
	600	9.5 × 10 -13	5.3 × 10 -11	1.4 × 10 -12	4.3 × 10 -11
	700	2.0 × 10 -13	1.9 × 10 -11	2.3 × 10 -12	1.7 × 10 -11
	800	2.7 × 10 -12	9.2 × 10 -12	3.0 × 10 -12	8.2 × 10 -12
	1000	4.5 × 10 -12	3.2 × 10 -12	4.8 × 10 -12	3.0 × 10 -12

Table A . 6

 A6 Description of bonds in ZIF-8 force field.𝑈 𝑏𝑜𝑛𝑑 = ∑ 𝐾 𝑟 (𝑟 -𝑟 0 )²

		𝑏𝑜𝑛𝑑𝑠	
	Bonds	Kr [kJ. mol -1 ]	r0 [Å]
	C-C	2197	1.39
	C1-N	1464	1.02
	C1-O2	2196	1.35
	Zr-O2	1464	2.33
	Zr-O1	1464	2.23
	Zr-Zr	1464	3.35

Table A . 7

 A7 Description of bendings in ZIF-8 force field.𝑈 𝑎𝑛𝑔𝑙𝑒𝑠 = ∑ 𝐾 𝜃 (𝜃 -𝜃 0 )²

		𝑎𝑛𝑔𝑙𝑒𝑠	
	Bending	kθ [kJ. mol -1 ]	θ0 [degree]
	C-C-C	279	120
	C-C-O	279	120
	C-C-H	279	120
	O1-Zr-O1	235	109
	O1-Zr-O2	235	109
	O2-Zr-O2	235	109

Table A . 8

 A8 Description of dihedrals in ZIF-8 force field.

		𝑈 𝑡𝑜𝑟𝑠𝑖𝑜𝑛 = ∑ 𝑎𝑛𝑔𝑙𝑒𝑠	𝑉 𝑛 2	[1 + 𝑐𝑜𝑠(𝑛𝜙 -𝛾)]
	Dihedral	𝑉 𝑛 [kcal. mol -1 ]	n	𝛾 (integer value
					of degrees)
	C-C-C-C	13.07		2	540
	H-C-C-C	13.07		2	540
	C-C-C-O	5.23		2	540
	C-C-O-Zr	26.15		2	540

pression mécanique. L'originalité de ce travail c'est qu'il offre un nouveau concept de processus d'adsorption/séparation des MOFs. Nous avons mis en évidence que l'application d'une pression mécanique supérieure à 1 GPa engendre une diminution de l'absorption d'adsorption pour tous les isomères d'hexane à un seul composant dans ZIF-8 ainsi que MIL-140B. L'analyse de la distribution de taille des pores (PSD) a souligné que la diminution de la quantité d'adsorption dans ZIF-8 est due à la compression de la cage à haute pression mécanique. La distribution de la rotation de linkers a provoqué la diminution du volume libre dans le MIL-140B. L'effet est renforcé par le désordre local qui conduit à la diminution de la quantité d'adsorption. Nous avons en outre révélé que la pression mécanique apporte une amélioration significative du comportement sélectif sur MIL-140B et ZIF-8. L'augmentation de 70% pour la sélectivité globale du MIL-140B a été enregistrée. Dans ZIF-8, le mélange binaire de nC6/2MP avait une augmentation de sélectivité de 30 %. Cela signifie que certains stimuli externes peuvent améliorer le rendement de séparation, qui ouvre un portail vers une nouvelle conception de séparation utilisant les MOFs. Cette méthode de simulation peut être aussi appliquée sur d'autre matériaux, nous avons utilisé les champs de force généraux pour que la méthode soit transférable.

The detailed force field information for ZIF-8 can be found below, Figure V.2 represents the 6 membered ring window in ZIF-8. The detailed ZIF-8 force field information can be found in Appendix, from Table A For hexane isomers, TraPPE UA force field was employed which is consistent with previous study on MIL-140B, the force field information of hexane isomers was presented in Chapter III, Table III.1.

V.2.2 Computational details and validation

HOMC simulations on the C6 isomers/ZIF-8 systems were carried out at 373 K. The HOMC simulation method couples GCMC and MD simulations. Theoretical background behind the HOMC method is detailed in chapiter II. In the HOMC simulation step, the MD part consisted of a run of 10 5 steps, with a time step of 0.001 ps. In the GCMC simulations, the chemical potential, temperature, and volume were fixed. All simulations consisted of 10 5 Monte Carlo (MC) steps. The frequencies of insertion/deletion, translation, rotation, and internal rotation trial moves are 0.4, 0.2, 0.2, and 0.2, respectively. For binary mixture additional swapping, the trial move was considered with a frequency, of 0.1 and 0.3 for the insertion/deletion move. A cavity bias (CBMC) was employed to avoid the insertion of the molecules in the sodalite cages as it was previously achieved. 8 To that purpose, we blocked these cages with the use of a dummy atom associated with the following LJ parameters, i.e., ϵ = 10 K and σ = 5 Å. The accessibility to these cages throughout the small pore aperture was only possible during the MD steps by removing the dummy atom. MD steps were performed in the NsT (N: number of particles, s: anisotropic pressure, and T: temperature = 373 K) ensemble where the thermostat (relaxation time of 0.1 ps) and the barostat (relaxation time of 0.5 ps) were both considered by means of Nose-Hoover algorithms. 21,22 Each MD step was accepted following the Metropolis criterion. 23 The mechanical pressure was considered by fixing the pressure through the MD step such as p = 0.1 MPa, 1.0 GPa, and 1.5 GPa. The selectivity of the equimolar mixtures was calculated from the ratio of adsorbed amounts such as 𝑆 (𝑛𝑐6/2𝑀𝑃) = 𝑞 𝑛𝐶6 /𝑞 2𝑀𝑃 . Additional MC simulations were considered to identify The above observations pointed out that 2MP is able to change its conformation more easily than 23DMB in response to the pressure-induced contraction of the ZIF-8 porosity. This better adaptability to the mechanical constraint is at the origin of the lowest decrease of the uptake for 2MP vs 23DMB in the whole range of applied mechanical pressure. As ZIF-8 is able to discriminate di-branched C6 hexane isomers, even almost exclude dibranched isomers, so the focus on the separation ability shifts to linear and monobranched isomers. 

MIL-140B Force field

Butane and butene Force field

TraPPE-UA (united atoms) flexible force field was used to describe n-butane and 1butene. Each CHx was considered as a single uncharged Lennard-Jones (LJ) site. ---------------------------------------------------------------------------------------------------------------- 

Résumé étendu de la thèse

I. MOFs

Les