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    The energy crisis combined with environmental pollution has been recognized as one of the most serious global concerns. Therefore, huge attempts have been devoted in recent decades to resolving these challenges by introducing more advanced materials with higher efficiency. Specially-designed catalysts are among the first candidates proposed to combat environmental contaminations. Metal-organic frameworks (MOFs) are a novel class of crystalline porous substances possessing high surface area, excellent structural properties, chemical adjustability, and stability which can be used in different applications including catalysis. The significant benefits of MOFs in the field of catalysis can be found in their tunable porosity, uniformly-distributed active sites, and excellent porosity offering accessible active sites through their open channels facilitating the mass transport and diffusion, and finally, their robust structure ensuring recyclability. Thus, MOFs can efficiently offer the positive features of both homogeneous and heterogeneous catalysts, at high reaction efficiency and recyclability. Catalytic properties of MOFs can be further enhanced when used as precursors and/or templates. Their combination with other compounds as a hybrid can further improve their catalytic activities due to synergic effects. The huge attempts to reinforce and modify this class of materials raise our hopes in the bright future of MOFs in the field of catalysis.




    Due to unique features of inorganic-organic hybrid compositions, MOFs, compared with traditional porous materials, have a variety of advantages: (1) Good crystallinity. MOFs with highly ordered structures, could be precisely and intuitively analyzed by X-ray diffraction technology, which is helpful to determine structure-property relationships; (2) Good designability and facile functionalization. Applying to crystal engineering, MOFs can not only be predesigned with expected structures (topologies) and functions, even the coordination diversity of metal ions and organic ligands, but also easily operated by post synthetic methods; (3) High porosity. MOFs are highly porous materials with a large specific surface area (exceeding to 7000 m2 g-1), and more importantly, the size, shape and composition of pores can be well tuned by a lot of methods, which is beneficial for host-guest studies; (4) Flexibility. Due to the flexibility of coordination bond and organic linkers, most of the MOFs are somewhat flexible, which endows MOFs with peculiar properties like dynamic irritating response to external conditions (temperature, pressure, humidity, etc.), and these features make MOFs more intelligent in applications.




    The MOF-based materials offer favorable catalytic performance owing to their unique structural attributes and subsequent modulation. Their range of chemical functionalities and porosities facilitate to adsorb/activate other substrates/CO2 leading to facile CO2 conversion. The rise in the number of MOF based catalytic materials with improved performance has opened a new avenue for CO2 capture and conversion. One of the most important attributes an MOF has is its chemical tunability along with its interactions with other substrates. MOFs as photocatalysts are benefited from a large surface area, suitable band-gap, the ideal structure for charge transfer, and high photo-corrosion resistance.
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      Abstract




      Metal-Organic Frameworks (MOFs), as one type of famous porous material with many advantages (good crystallinity, design ability, facile modification and flexibility), show a wide range of applications in gas adsorption and separation, ion exchange, fluorescent recognition, nonlinear optics, molecular magnets and ferroelectrics, heterogeneous catalysis, semiconductors, and so on. The research of MOFs span many disciplines, such as inorganic chemistry, organic chemistry, coordination chemistry, supramolecular chemistry, crystal engineering and materials science. The design, synthesis, and applications of MOFs have attracted tremendous attention in broad scientific areas. Therefore, it is worth releasing a professional publication to elucidate so many related issues. In this chapter, we start with the introduction of MOFs, including the definition, classification, concepts, terminologies, and some well-known research. Then we carefully summarize the design and synthesis of MOFs from three aspects of raw materials, synthetic methods, and design strategy, aiming to get the goal of controllable syntheses of MOFs. Following this, we report the developments and applications of MOF materials in adsorption and separation, organic catalysis, luminescence, and drug delivery. Finally, we briefly outline challenges and perspectives of MOF materials, and provide some promising research subjects in this area.
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      1. INTRODUCTION OF METAL-ORGANIC FRAMEWORKS




      Metal-Organic Frameworks (MOFs), also known as porous coordination polymers (PCPs), are crystalline porous materials with periodic networks formed by the self-assembly of metal ions (or metal clusters) and organic ligands through coordination bonds. The concept of MOFs was proposed and firstly reported by the group of Yaghi in 1995 [1]. In their work, it is proved that MOFs are microporous framework materials, which are adjusted through selecting proper organic ligands and metal ions. Furthermore, MOFs can adsorb guest molecules and remain stable after the guest molecules are removed. With the quick development of MOF materials, other some similar terms were proposed from different perspectives as well, such as MILs (Materials of Institute Lavoisier Frameworks) by Férey’s group [2], ZIFs (Zeolitic Imidazolate Frameworks) by Yaghi’s group [3], MAF (Metal Azolate Frameworks) by Chen’s group [4], PCPs (Porous Coordination Polymers) by Kitagawa’s group [5] and PCN (Porous Coordination Networks) by Zhou’s group [6]. In recent years, the bonding interactions in MOFs have not only referred to coordination bonds, but also included other interactions, such as hydrogen bonds, van der Waals force, π-π interactions between aromatic rings, etc.Due to the abundant interactions, the structures and functionalities of MOFs are becoming more and more diversified. In 2013, to classify coordination polymers (CPs), coordination networks (CNs) and MOFs, International Union of Pure and Applied Chemistry (IUPAC) published a set of terms and definitions [7]. According to the recommendations, MOFs are CNs with potential voids, where CPs refer to coordination compounds that extend through repeating coordination entities in one dimension (1D, including cross-links between two or more individual chains, loops or spiro-links), or coordination compounds that extend through repeating coordination entities in two or three dimensions (2D or 3D). That is to say, MOFs are a subset of CNs, also a branch of CPs.




      Due to unique features of inorganic-organic hybrid compositions, MOFs, compared with traditional porous materials, have a variety of advantages: (1) Good crystallinity. MOFs with highly ordered structures, could be precisely and intuitively analyzed by X-ray diffraction technology, which is helpful to determine structure-property relationships; (2) Good designability and facile functionalization. Applying to crystal engineering, MOFs can not only be predesigned with expected structures (topologies) and functions, even the coordination diversity of metal ions and organic ligands, but also easily operated by post synthetic methods; (3) High porosity. MOFs are highly porous materials with a large specific surface area (exceeding to 7000 m2 g-1), and more importantly, the size, shape and composition of pores can be well tuned by a lot of methods, which is beneficial for host-guest studies; (4) Flexibility. Due to the flexibility of coordination bond and organic linkers, most of the MOFs are somewhat flexible, which endows MOFs with peculiar properties like dynamic irritating response to external conditions (temperature, pressure, humidity, etc.), and these features make MOFs more intelligent in applications.




      Nowadays, as a new type of functional molecular material, the design and synthesis of MOFs with the desired structure and properties have become one of the frontier fields of coordination chemistry, supramolecular chemistry, crystal engineering and materials science. The research of MOFs span many disciplines and categories, such as inorganic chemistry, organic chemistry, coordination chemistry, material chemistry, and synthetic chemistry, which have shown broad applications in heterogeneous catalysis, molecular recognition, gas adsorption, ion exchange, molecular magnets, ferroelectric materials, fluorescent materials, nonlinear optical materials, and so on. In this chapter, we aim to introduce the synthesis methods, construction strategies and potential applications of MOFs, as well as some recent developments in this area.


    




    

      



      2. Synthesis of MOFs




      As a kind of coordination compounds, MOFs are composed of inorganic metal ions, organic ligands and guest molecules inside the frameworks. The synthesis process of MOFs is very similar with that of other coordination compounds, and the key for the synthesis of MOFs is the formation of coordination bonds between metal centers and coordination atoms from organic ligands. Compared with covalent bonds, the bond energy of coordination bonds is much smaller, and so most of the MOFs have a simple and mild synthesis condition. Due to great potential applications of MOFs, some of them have begun to be commercialized. Therefore, to meet requirements of rapid, controllable and large-scale production, new methods including microwave synthesis, ultrasonic synthesis, electrochemical method, mechanochemical method, spray drying and mobile chemical synthesis have been gradually developed, besides traditional methods.




      

        



        2.1. Raw Materials




        

          



          2.1.1. Meal Nodes




          In the synthesis of MOFs, various central metal nodes provide empty orbitals for the formation of coordination bonds, which can be regarded as binders to anchor organic ligands. Most of the metal nodes have relatively definite coordination numbers and configurations, which are one key factor to determine the structures of final products. It is worth mentioning that metal nodes in MOFs are not only limited to simple mononuclear metal ions, but also polynuclear clusters with different sizes and spatial configurations. With the development of coordination chemistry, the types of metal ions or polynuclear clusters for the synthesis of MOFs have been expanded and updated.





          

            	Transition metal ions


          




          The most commonly used central metal ions come from the transition elements of periodic table, including d, ds and f regions. Most d and ds-region metals in the 4th period often exhibit fixed coordination number and configuration, which could guide the arrangement of organic ligands, thus providing opportunities for designing MOFs with specific structures. In addition, several metals from the fifth period, are also commonly used in recent years, for example, the ZrIV ion for the assembly of highly stable MOFs. Meanwhile, Lanthanide metals with large and variable coordination numbers are often applied for the construction of luminescent MOFs, due to their fluorescence properties.





          

            	Main group metal ions


          




          The often-used main group metals to construct MOFs include alkali and alkaline earth metals of IA and IIA groups, respectively. These metals are easily obtained with non-toxicity and safety for human bodies and environments, which are suitable for applying MOFs into biomedicine areas. However, there is also large variability in coordination numbers, which brings troubles for the prediction of MOF structures. Additionally, the IIIA group metals, such as Al and In, are also widely utilized in the set-up of MOFs.





          

            	Metal clusters


          




          Metal centers could be simplified as nodes in the topology analysis of MOFs. Except for single metal nodes, metal clusters formed by either in-situ synthesis or pre-synthesis could be viewed as special nodes as well, which has a fairly large proportion in MOF structures. Metal clusters, also known as secondary building units (SBUs), often have specific configuration and different number of directional coordination sites, which are easily replaced by organic ligands to make the targeted construction of MOFs much achievable. Fig. (1) shows some famous SBUs that are often used in the construction of MOFs [8].
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Fig. (1))


          Some classical SBUs in MOFs [8].

        




        

          



          2.1.2. Organic Linkers




          Organic ligands play a role of linkers for metal nodes. Theoretically, matters that could coordinate with metal ions are all potential ligands for the construction of MOFs, including organic and inorganic ligands. Among these used ligands, organic ligands with O, N and/or S as coordination atoms have an overall majority, in spite of some inorganic anions (OH-, F-, Cl-, SiF62-, etc.), they may also act as linkers in the structures of MOFs (Fig. 2).





          

            	Ligands containing O/S donors


          




          These ligands are mainly multi-carboxylate ligands, which own plenty of coordination modes and provide various linking manners for the diversity of MOF structures. For example, MOF-5 was synthesized from PTA ligands, and HKUST-1 from TMA ligands. A small part of ligands contain coordination groups like -SH, -OH or mixed groups of -COOH and -SH/-OH, such as HHTP, HTTP and 2,5-dimercaptoterephthalic acid (dmpta).





          

            	Ligands containing N donors


          




          These kinds of ligands are mainly organic compounds including nitrogenous heterocyclic rings, such as pyridine, azole, or other N-containing groups like -NH2 and -CN. Besides coordination with metals of N-donor groups, the rest non-metal N sites could call for property studies.





          

            	Ligands containing both O and N donors


          




          Through pre-designation, these ligands can be obtained with both O and N donor groups, which would not only enrich the structural topologies but also endow MOFs with more properties. For example, incorporated with -COOH and triazole, these ligands could provide abundant coordination modes to link metal centers, meanwhile act as guest binding sites inside the resulting architectures.
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Fig. (2))


          Various ligands used for the construction of MOFs.

        




        

          



          2.1.3. Other Compositions




          Due to high porosity, the as-prepared MOF samples are always obtained with some guest matters in their pores. Firstly, because MOFs are synthesized in some solutions, their pores are usually filled with water or organic solvent molecules. Secondly, if the frameworks are ionic, there must be cations or anions inside the pores as counter charges for maintaining electroneutrality. Additionally, some guest-directed synthesis or post-synthetic methods may introduce some guest molecules as templates.


        


      




      

        



        2.2. Synthesis Methods




        

          



          2.2.1. Solution Methods (Stirring, Evaporation and Diffusion)




          Solution method is the primitive synthesis of MOFs, offering several ways of operation.




          (1) Stirring. A common process is as below: directly mix metal salts and organic ligands in specific solvents (such as water or organic solvent), and adjust pH values by deprotonation reagents if necessary; the reaction system is then stirred in an open environment below 100°C, and MOF products will be precipitated with the progress of reaction.




          (2) Evaporation. This operation is suitable for organic ligands with high solubility. Similar to the stirring way, the reactants (metals and ligands) are dissolved in certain solvents (maybe heating), and then keep standing for some time. Perfect crystals will grow with supersaturation during the cooling and evaporating process.




          (3) Diffusion. In this method, different solvents with less mutual solubility are often used to dissolve the reactants, and single crystals with high quality are easier to produce in the interface between the solvents. One specific operation is: after dissolving metal salts and organic ligands in different solvents, the solution A with smaller density is carefully spread over solution B with larger density; or put the reaction system C into the vapor atmosphere of solvent D that will slowly diffuse to adjust the solubility of reaction solution C. Another operating way is the gel diffusion method by using a U-tube as a reaction container, in which agar or gelatin is firstly added as gels, and then solutions of metal salts or organic ligands is added from different sides, respectively. The solutions in both sides will slowly diffuse to the gels, and single crystals are generated at the junction of two solutions.




          Usually, the stirring synthesis has advantages of short reaction time and large yield, but it also faces problems such as low purity and poor crystallinity. While MOF crystals, prepared by the evaporation and diffusion methods, show features of large size and high quality (the reaction rate is always slow enough), but the resultant framework structures are often unstable and not attractive. Therefore, these time-killing methods are not suitable for the study of unknown MOFs.


        




        

          



          2.2.2. Hydrothermal Method (Water and Organic Solvents)




          Hydrothermal method was first used by geologists for the simulated study on natural mineralization, which was then widely applied for the synthesis of functional materials. For MOF synthesis, hydrothermal methods have been the most popular way in recent two decades. Generally, metal salts and organic ligands are directly mixed in a specific solvent (such as water or organic solvent) or mixed solvents, which were put into a well-closed high-pressure autoclave; then the reaction system is heated by a temperature controlling program, and coordination reactions will happen under the self-generated pressure of the solvent system (Fig. 3) [9]. The reaction temperature is usually in the range of 80~200 °C, and many MOFs can be synthesized at around 150°C. Because solvents in the closed high-pressure vessel could reach supercritical states when temperatures rise to a certain extent, the insoluble reactants under normal conditions can be dissolved in supercritical liquid and thus the self-assemble reactions occur, which have an overwhelming superiority over many other methods.
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Fig. (3))


          Synthesis methods of MOFs [9]: (a) hydrothermal synthesis; (b) ionothermal synthesis (c) microwave-assisted synthesis; (d) sonochemical synthesis; (e) electrochemical synthesis; (f) mechanochemical synthesis.



          There are also shortcomings of hydrothermal methods. 1) it is very easy to form mechanical mixtures of different compound crystals in the product, which are very difficult to separate. Recently, some strategies, such as solvent-assisted separation of mixed MOFs based on density disparity [10], seed-mediated synthesis of phase-pure MOFs [11] and purification of MOF mixtures through precisely modulating reaction conditions [12], have been proposed and proved to be very useful and effective for solving this problem; 2) Reaction vessels are opaque, so that the reacting progress could not be real-time monitored. To overcome this difficulty, some other reaction containers such as hard glass tubes were used instead of high-pressure autoclave, making it easier for observation. In addition, when the solvent with high boiling point and low reaction temperature are used, the glass bottle with cover can also be used as the reaction container. However, it should be noted that the reaction temperature and time must be well controlled in the experimental process, lest container cracking or boiling dry.


        




        

          



          2.2.3. Ionthermal Method




          Ionothermal synthesis, conducted in ionic liquids, is a novel method used in the synthesis of MOFs. The synthesis process is similar to hydrothermal methods, except using ionic liquid instead of conventional solvents.


        




        

          



          2.2.4. Sublimation Method




          When raw materials have high vapor pressure below the decomposition temperature, it is possible to prepare single crystals of MOFs by a sublimation method. Heat the raw materials to sublimate, make the reaction happen in gas phase or gas-solid multiphases, and MOF products will crystallize in the cool part of reactor. MOF crystals obtained by this method are usually of high purity, but there are only a few raw materials meeting the sublimation requirements, so this method has not been popularized at present.


        




        

          



          2.2.5. Solid-State Reaction Method




          Solvent-free methods, especially high-temperature solid-state reactions, have been widely used in the synthesis of various inorganic materials. For MOF synthesis, it only needs to mix raw materials in a certain proportion within a mortar and the reaction will be finished by grinding the mixture for a while. This reaction process not only needs no solvent, but also has a very flexible scale and is very easy for mass production, which is beneficial to environmental protection and cost reduction. However, these solid-state reactions are always of low completion and there may be some raw materials leaving in the products. However, this method can be improved by heating the grinded mixture at a certain temperature. For example, high purity MAF-4 (ZIF-8) can be produced by heating ZnO and 2-methylimidazole to 180°C for 3h with the yield of almost 100% and no by-product except for water vapor, which can be used in adsorption measurements without any pretreatment and has a better performance than that of samples obtained by solvothermal methods [13].


        




        

          



          2.2.6. Microwave-Assisted Synthesis




          Microwave-assisted synthesis, which uses microwave as a heating mode, can be considered as an improvement in energy sources of hydrothermal methods. The main advantages of microwave-assisted hydrothermal synthesis of MOFs are quick reaction, energy saving, pure phase, high yield and uniform crystal size. However, this method is usually difficult to grow large-sized single crystals which can be used in single-crystal diffractometers. In some cases, by exploring and optimizing reaction conditions, for example, using continuous and multi-step microwave heating to raise the temperature, it is possible to obtain single crystals with a relatively large size.


        




        

          



          2.2.7. Sonochemical Synthesis




          Although not often used, the sonochemical synthesis has proved that crystallization time can be much shortened and crystal particle sizes can be controlled by adjusting nucleation rates in the crystallization process. Raw materials are mixed and placed in a trumpet-shaped Pyrex reactor, and treated by ultrasonic waves. During the process of ultrasonic degradation, the so-called cavitation effect occurs that a large number of bubbles will appear in the reaction system. When these bubbles are broken, it could locally generate high temperature (about 5000 K) and high pressure in the reactor within a short time, rapidly accelerating the MOF crystallization during the rapid rise and fall process of temperature. However, pore structures of MOFs are diverse, leading to impurity of as-synthesized products.


        




        

          



          2.2.8. Electrochemical Synthesis




          The target of electrochemical synthesis is preparing MOFs through the direct reaction of organic ligands in the electrolyte with metal ions continuously supplied by the anodic dissolution in the electrolytic cell. To prevent metal deposition on the cathode, ionic solvents are usually selected. This method can realize the continuous synthesis of MOFs and presents unparalleled advantages over others. 1) The influence of anion on the synthesis system is avoided, due to metal source from anodic dissolution instead of metal salts. 2) The reaction can be controlled autonomously through the turn-on/off of power. 3) The reaction process can be finished in a short time, which can also be real-time recorded by electrochemical workstation so that people can make a better perception of the reaction mechanism. However, it should be noted that as-prepared samples by electrochemical synthesis may have some differences in properties. For example, the electrochemically synthesized MIL-53 and NH2-MIL-53 samples exhibit suppressed flexibility compared to their solvothermally synthesized samples [14].


        


      


    




    

      



      3. Design Strategies




      

        



        3.1. Reticular Chemistry




        The reticular chemistry strategy was initially proposed by O’Keeffe and Yaghi groups [15]. In brief, the strategy is based on topological analysis to assemble judiciously selected rigid building blocks into predesigned ordered networks, which are held together by strong bonding (Fig. 4). Firstly, all networks constructed from fixed nodes and linkers can be defined. Then, the framework structures are simulatively constructed by actual SBU and organic ligands instead of fixed nodes and linkers. Furthermore, the most possible network is determined by calculating the energy of different MOF structures, and based on this, specific experimental routes are later designed. Reticular chemistry has yielded many targeted materials with predetermined structures, compositions and properties, which is not only suitable for the synthesis of MOFs, but also significant for the design and preparation of other long-range ordered structures, such as covalent organic frameworks (COFs) and hydrogen-bonded organic frameworks (HOFs) [16].
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Fig. (4))


        Examples of reticular chemistry strategy [15].

      




      

        



        3.2. Natural Mineral Structure Simulation




        Natural minerals with long-range ordered structures are original modes of artificial synthesis. For MOFs, it is of great possibility to obtain coordination frameworks similar to that of natural minerals, by selecting central metals and ligands with specific coordination configuration to simulate structural motifs of minerals. Zeolite molecular sieves are the most imitative minerals, due to their structural unit of TO4 with regular tetrahedron configuration and the T-O-T angle of 145°. Therefore, through employing metal nodes with four-connected tetrahedron configuration and ligands with certain coordination angles (around 145°), zeolite-like coordination frameworks may be prepared when minimizing the energy (Fig. 5). For example, using Zn, Co and other metals to combine with imidazole ligands that just have 145° bridging angle, Chen and Yaghi’ groups have successively synthesized a series of MOFs with zeolite structures, i.e. Zeolitic Imidazolate Frameworks (ZIFs).
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Fig. (5))


        The bridging angles in ZIFs (1) and zeolites (2) [3].

      




      

        3.3. Stepwise Assembly




        Generally, this strategy can be described in two steps. Coordination fragments with fixed coordination patterns and intrinsic properties are pre-synthesized aforehand, which are called molecular building motifs. Then, the synthesis of MOFs is further realized by connecting the pre-synthesized coordination motifs with other metals or ligands. There are mainly two advantages for stepwise assembly synthesis. On one hand, it greatly improved the predictability and regulation of final structures. On the other hand, the unique features of molecular building motifs are also brought into final frameworks.


      




      

        3.4. Synthesis of Homologues with the Same Frameworks




        This method is suitable for the cases of MOFs with fixed structures that can be specifically prepared under certain reaction conditions. One or several raw materials in the reaction system can be finely adjusted, so as to accurately obtain related homologues with the same overall structures but different properties. The implementation method includes changing the present metal into other kinds of metal ions with similar coordination modes and charge numbers, and replacing organic ligands with homologous molecules with different functional groups. The most successful examples of such strategies are the preparation of IRMOF-5 and IRMOF-74 series materials. In 1999, the famous MOF-5 was synthesized from terephthalic acid (TPA) by Yaghi and coworkers with pore size of 12.9 Å [17]. Then, in 2002, while they used Zn4O(CO2)6 as the fixed SBU and expanded TPA-like organic ligands with functional groups, a series of IRMOF (isoreticular MOF) homologues of good thermal stability and high specific surface area were successfully constructed with pore sizes span from 3.8 Å to 28.8 Å (Fig. 6) [18]. Moreover, according to the structure of Mg-MOF-74, Yaghi’s group have successfully extended the pore size of this series of IRMOFs from 14 Å to 98 Å by gradually lengthening these linear dicarboxylic ligands [19]. Adding different homologues into the original system to prepare solid-solution MOFs can also be regarded as an extension of this strategy. In 2010, Yaghi’s team further fabricated a series of multivariate MOF-5 samples by mixing various analogues of PTA ligand with different functional groups into one framework (Fig. 7) [20].
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Fig. (6))


        Structures of the IRMOFs [18, 19].
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Fig. (7))


        Construction of the multivariate MOF-5 samples [20].



        The successful synthesis of coordination pillared-layer (CPL) structures by Kitagawa’ group is also a classic example of this strategy [21], which provides a very popular method due to good predictability of pillared-layer frameworks and adjustability of pore structures (Fig. 8) [22]. This kind of structures are generally constructed by mixing carboxylic acids and bipyridyl ligands, in which stably 2D layers could be obtained by the connection of carboxylic acids with metal ions in certain conditions, and bipyridyl ligands as pillars further connect these 2D layers into 3D frameworks by substituting coordinated solvent molecules in these 2D layers. As a result, the pore sizes, shapes and properties of pillared-layer MOFs can be well adjusted by replacing different “pillars”.
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Fig. (8))


        Examples of CPL structures [21, 22].

      




      

        



        3.5. Postsynthetic Modification Strategy




        The ultimate goal of MOF research is practical applications. Therefore, it is a priority to achieve excellent performance through structural design and control. However, due to the complexity of assembly, MOFs cannot be designed to reach the level that any necessary functional groups can be directly introduced through the reactions within raw materials. Therefore, the method of postsynthetic modification (PSM) was developed (Fig. 9) [23]. PSM allows for the introduction of diverse chemical functional groups into pre-existing frameworks [24]. Active sites can be decorated in these frameworks by various possible chemical reactions (electrophilic bromination [25], “Click” chemistry [26], amide couplings [27], imine condensation [28], reduction [29], etc.) without changing the original structure of MOFs. A common process of PSM is to introduce active components into original frameworks by the reactions with specific functional groups in MOFs under mild conditions, and directly replacing the central metals or organic ligands by changing related properties of original frameworks through the redox activity of central metals.
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Fig. (9))


        A general scheme illustrating the PSM concept of porous MOFs [23].



        Recently, Mandal et al. have presented a summary of PSM, which are divided into four main aspects [30], i.e. metal-based, ligand-based, metal & ligand-based and guest-based modification. For example, the structures and properties of MOFs can be well controlled through the single-crystal-to-single-crystal conversion, which are realized by UV irradiation [31], heating [32], ligand exchange [33, 34] or adsorption/desorption of guest species [35]. The surface features of MOFs can also be modified by PSM techniques to increase structural stability as well as inducing desired properties (Fig. 10).
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Fig. (10))


        Single-crystal-to-single-crystal conversion realized by UV irradiation (a) [31], heating (b) [32] and ligand exchange (c, d) [33, 34].

      


    




    

      



      4. Applications




      

        



        4.1. Adsorption and Separation




        Due to regular pore structures, adjustable pore sizes, large specific surface area, MOFs were preliminarily explored for potential applications in adsorption and separation. We would describe this section from following three aspects, according to adsorbed guests.




        

          



          4.1.1. Gas Storage and Separation




          Hydrogen storage. In 1999, Yaghi et al. reported for the first time hydrogen storage properties of MOF-5 with CaB6 topology constructed from the reaction of terephthalic acid and zinc nitrate17. Because of its structural stability, high porosity and excellent hydrogen adsorption performance under 77 K, it has attracted extensive attention and led to a hot topic of MOF researches. Further studies revealed that MOF-5 can adsorb up to 4.5 wt% of hydrogen at 77 K and 20 atm, and 1.0wt% at 300K and 2MPa [36]. Long et al. have improved the synthetic route of MOF-5 and the as-synthesized samples under restrict anhydrous and anaerobic conditions present excess hydrogen uptake of 76 mg g-1 at 77 K and 40 bar, and the total adsorption uptake reached to 130 mg g-1 at 170 bar [37]. In 2010, Yaghi and co-workers reported MOF-210 with a very large specific surface area (6240 m2 g-1) and the excess and total hydrogen adsorption capacity of MOF-210 was as high as 86 mg g-1 (7.9 wt%) and 176 mg g-1 (15 wt%) at 77 K and 60 bar, respectively (Fig. 11) [38]. MOF-210 has also an uptake of 2.7 wt% for hydrogen at room temperature and 80 bar. Meanwhile, Hupp et al. have reported the synthesis of NU-100, which was pre-designed by theoretical simulation [39]. The BET specific surface area of NU-100 reaches 6143 m2 g-1, which shows a high excess hydrogen adsorption capacity of 99.5 mg g-1 at 77 K and 56 bar and total adsorption capacity of 164 mg g-1 at 70 bar. Over the past twenty years, hundreds of thousands of MOF materials have been used for the study of hydrogen storage. Although MOFs have good physical adsorption of hydrogen and show fast adsorption-desorption kinetics, the hydrogen storage capacity is relatively low near room temperature, which has seriously hindered the practical application of MOFs in hydrogen storage.




          Methane storage. CH4 is the main component of natural gas. As one kind of cleaner, cheaper and more widely distributed fuel, it has considerable environmental, economic and political advantages compared with oil. However, the bulk density of natural gas is very low under ambient temperature and pressure. Therefore, it is still a great challenge for the storage of natural gas with high density, especially for mobile applications with small space (such as natural gas vehicles). Common storage methods, such as compressed natural gas technology (CNG), have very harsh storage conditions (200-300 bar), resulting in unnecessary energy waste. Absorbed natural gas (ANG) by porous materials has been a promising technology, because it is expected to achieve CH4 storage capacity equivalent to CNG at room temperature and a relatively low pressure. The key of this field is the development of efficient methane adsorbent. However, the adsorption capacity of traditional porous materials is relatively low, and theoretical simulations show that the transport capacity of almost all traditional adsorbents will not be higher than 196~206 V (STP)/V.
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Fig. (11))


          Structures and hydrogen storage of NU-100 (a) and MOF-210 (b) [38, 39].



          As an excellent absorbent, MOFs have naturally become an ideal candidate for CH4 storage. Compared with H2 storage, high capacity of CH4 adsorption by MOFs under room temperature could be much easier to be realized for practical application, due to moderate interactions between MOFs and CH4. Recently, the CH4 uptake capacity of some well-designed MOFs have reached the application level, especially these MOFs developed by Yaghi have been applied in natural gas vehicles produced by BASF and Ford in 2013, which proved the great application prospect of MOFs in the future. New energy vehicles have been one of the most important applications of MOFs that is the closest to the public, just as Yaghi said “to a large extent, the problem of methane storage in motor vehicles has been solved”. Depending on actual requirements of practical applications, such adsorbents not only have high adsorption capacity, but also present high available working capacity: it should be able to absorb a large amount of CH4 at storage pressure (30-60 bar) while release most of the CH4 at delivery pressure (5.8 bar, working pressure of internal combustion engine using natural gas as fuel).




          In 1997, for the first time, Kitagawa et al. reported that MOFs can be used as potential CH4 adsorbents [40]. In 2002, Yaghi et al. synthesized a series of IRMOFs with 3D cubic networks and systematically studied their CH4 adsorption performance [19]. Among them, IRMOF-6 has the largest adsorption capacity, reaching 155 V (STP)/V at 298 K and 36 bar. Since then, a large number of researchers have realized potential value of MOFs in CH4 storage, and made a breakthrough in 2008-2009. For example, PCN-14 synthesized by Zhou et al. and NiMOF-74 synthesized by Wu et al., they both show ultra-high CH4 capacity [6, 41, 42], reaching 230 V (STP)/V and 200 V (STP)/V at room temperature and 35 bar, respectively, exceeding the target of 180 V (STP)/V set by U.S. Department of Energy (DOE) at that time. Meanwhile, molecular simulation technology has become a powerful tool to study the adsorption behavior of MOFs [43, 44], which provides a reasonable theoretical basis for the systematic design and performance research of MOFs. These results and subsequent studies have opened up a new chapter for MOFs as excellent CH4 adsorption materials [45-48].




          In 2012, in order to continue to promote the research in the field of ANG, DOE launched a new program “Methane Opportunities for Vehicular Energy (MOVE) Program”, and reset the goal as following: at room temperature and 35 bar, the CH4 adsorption capacity of adsorbent should reach 0.5 g (CH4)/g (sorbent) by weight and 263 V (STP)/V by volume. If 25% compression loss is taken into account, the required volume capacity should reach 330 V (STP)/V.




          To improve the MOFs gravimetric CH4 capacity, a viable strategy is seeking or developing MOFs with high porosity. In 2015, Alezi et al. reported an aluminum MOF (Al-soc-MOF-1) showing exceptionally high pore volume (2.3 cm3 g-1) and BET specific surface area (5585 m2 g-1). Sorption curves revealed that this MOF exhibited the highest total gravimetric CH4 uptake so far, that is ~580 cm3 (STP)/g-1 (0.42 g/g) at 298 K and 65 bar, achieving 83% of DOE gravimetric target (Fig. 12) [49].
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Fig. (12))


          (a) Crystal structure and topological analysis of Al-soc-MOF-1; (b) Single-component CH4 adsorption isotherms for Al-soc-MOF-1 at different temperatures; (c) Comparison of the CH4 volumetric working capacities (5–80 and 5–65 bar) for Al-soc-MOF-1 with USTA-76, HKUST-1, Ni-MOF-74 and PCN-14 [49] at different temperatures (258, 273, and 298 K).



          HKUST-1 is one of the MOF materials that has been widely studied and many groups have investigated its high pressure CH4 storage. However, the reported adsorption data were not completely consistent, which might be caused by the differences of synthetic and activated methods. In 2013, Peng et al. studied the effect of MOF shaping and densification on CH4 adsorption [46]. Using the theoretical crystal density (0.883 g cm-3), HKUST-1 showed a maximum CH4 uptake amount up to 270 cm-3 (STP) cm-3 at 65 bar, so HKUST-1 was identified as the only MOF material that can achieve the volumetric DOE target. According to the linear fitting, they also estimated that to reach the gravimetric target, a hypothetical MOF might have pore volume of 3.2 cm3 g-1 and specific surface area of 7500 m2 g-1. However, if HKUST-1 was densified experimentally, the volumetric adsorption capacity became 180 cm-3 (STP) cm-3, which is 35% lower than that of the theoretical maximum value. This could be attributed to the partial mechanical collapse of internal pore structure. One main challenge for the practical applications of MOFs in industry is indeed the densification and pelletization of MOFs, since the powder MOFs produced by conventional synthesis methods display very low packing density, generally three to four times loss compared to the theoretical crystal density. To solve this problem, Tian et al. reported the improved synthesis of monoHKUST-1 by using a sol–gel method (Fig. 13) [50]. After densification, the methane storage capacity can reach 259 cm3/cm3, which is the first CH4 adsorbent meeting the goal of US DOE, and is more than 50% higher than any of previously reported materials. Considering the early accurate calculation model of CH4 storage, the researchers deduced that this material might have reached the physical limit of CH4 storage capacity at ambient temperature. Nanoindentation test on the monoHKUST-1 sample showed strong mechanical properties, and the hardness is at least 130% higher than that of traditional MOFs. This research is an important step for the application of high volume and dense MOFs in energy storage industry.
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Fig. (13))


          (a) The synthesis follows a sol–gel process of monoHKUST-1; (b) Optical image of the monoHKUST-1; (c) Comparison of PXRD patterns of monoHKUST-1; (d) Comparison of absolute volumetric CH4 adsorption isotherms at 298 K on monoHKUST-1 (red filled circles), excess volumetric uptake on monoHKUST-1 (red open circles), HKUST-1 pellets under hand packing (blue diamonds), HKUST-1 pellets packed under 27.6 MPa (black squares), HKUST-1 pellets under 68.9 MPa (green triangles) and the DOE target of 263 V (STP)/V (red dashed line); (e) Equilibrium time of CH4 adsorption at 298 K as a function of equilibrium pressure; (f) Decay of pressure over time for monoHKUST-1 (blue diamonds) and powdHKUST-1 (red circles) [50] at 40 bar.



          Chen’s group have found that the introduction of Lewis basic N atoms could greatly enhance the CH4 storage ability of MOFs (Fig. 14). In 2016, they synthesized a new MOF (UTSA-76a) using an organic linker with pyrimidine groups, which exhibited very high volumetric CH4 uptake exceeding to that of NOTT-101 with the same structure, up to ~260 cm3 (STP) cm-3 at 298 K and 65 bar, and record CH4 capacity of ~200 cm3 (STP) cm-3 (5 ~ 65 bar) at that time [51]. As revealed by computational studies and neutron scattering experiments, the central “dynamic” pyrimidine groups within the framework of UTSA-76a could adjust their orientation to optimize the methane packing at high pressure, which lead to such exceptionally high working capacity of this MOF. Subsequently, through the incorporation of different groups (e.g. pyridine, pyridazine and pyrimidine) into the organic linkers, this research group synthesized a series of NOTT-101-like MOFs that contain Lewis basic N sites [52]. Because these immobilized functional groups are not beneficial to the storage capacity at 5 bar but could significantly enhance the methane storage capacities at high pressure of 65 bar, the total volumetric CH4 storage capacity at 298 K and 65 bar can be promoted from 237 cm3 (STP) cm-3 (NOTT-101a) to ~249–257 cm3 (STP) cm-3 (the functionalized MOFs), which also exhibit impressively high working capacity of ~188–197 cm3 (STP) cm-3. The authors also mentioned that there might exists an up-limit on the CH4 storage capacity of MOF materials at room temperature and 65 bar, due to the materials genome studies [53] and their rough empirical formulas.




          Although some MOFs illustrate excellent CH4 uptakes, the enthalpy of CH4 adsorption is relatively low for MOF materials, due to the weak interaction between adsorbed CH4 molecules and frameworks. Since MOFs can be easily designed with large specific surface area and pore volume, the researchers have mainly focused on how to improve the binding affinity of CH4, and the most common method is to introduce open metal sites (OMSs) inside the frameworks. However, it is very hard to improve the concentration of OMSs, even not considering the undesired adsorbent weight increase. Lin et al. reported the realization of very high CH4 uptake in a new OMS-free MOF (MAF-38) with a novel pore structure packed by large quasi-cuboctahedral cages and small octahedral cages [54]. MAF-38 with BET specific surface area of 2022 cm2 g-1 showed a novel adsorption mechanism, which presented exceptional CH4 uptakes of 263 cm3 (STP) cm-3 at 298 K and 65 bar with adsorption enthalpies of 21.6 kJ mol−1 that is as high as OMS-MOFs, even beyond Ni-MOF-74 (21.4 kJ mol−1). The working capacities for MAF-38 in the range of 5 ~ 35, 65 and 80 bar are 150, 187 and 197 cm3 (STP) cm-3, respectively. Computational simulations revealed that there are suitable sizes/shapes and organic binding sites in the hierarchical pore structure that consist of single-wall nanocages, which could enforce not only host–CH4 and CH4–CH4 interactions but also dense packing of CH4 molecules (that is 0.481 g cm-3 even exceeding the value of liquid CH4 (0.423 g cm-3)).
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Fig. (14))


          UTSA-76a: (a) structure and topology; (b) total and excess CH4 adsorption (solid) and desorption (open) isotherms at 298 K; (c) The primary (green), secondary (black), and ternary (orange) CH4 adsorption sites, as well as the unique supramolecular CH4 dimer and hexamer, as revealed by computational simulation [54].



          For practical application, it is crucial to improve the working capacity of MOFs. Employing flexible MOFs might be a promising way to realize this target. This is because that flexible MOFs with S-shaped or stepwise adsorption isotherms usually exhibit well-known “gate-opening” behavior making a non-porous structure expand to a porous framework when the gas pressure reaching a certain threshold. If the gate-opening pressure can be well controlled around 5.8 bar, it will obviously maximize the CH4 working capacity in the range after 5.8 bar, which might realize the lossless delivery of CH4. In 2015, Mason et al. made the attempt in this way [55]. They synthesized a flexible MOF (Co(bdp)) by using 1,4-benzenedipyrazolate ligand (Fig. 15). In situ powder X-ray diffraction experiments demonstrated the reversible structural phase transition of Co(bdp), while in its CH4 adsorption isotherm at 298 K, a sharp step was observed at 16 bar. At 298 K, the working capacities of Co(bdp) reached 155 cm3 (STP) cm-3 at 35 bar and 197 cm3 (STP) cm-3 at 65 bars, which are among the highest values under these conditions. In 2016, researchers of this group further controlled the pressure of CH4-induced framework expansion systematically by ligand functionalization, providing tools for the optimization of phase-change MOFs towards better CH4 storage performance [56].
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Fig. (15))


          (a) Effect of mechanical pressure on CH4 storage in Co(bdp); (b) Excess CH4 adsorption isotherms for Co(bdp) at 25 °C with different external mechanical pressure [55].



          In 2018, Yang et al. reported another flexible MOF (NiL2, L=4-(4-pyridyl)-biphenyl-4-carboxylic acid) with a diamondoid topology, which switched among non-porous (closed) and several porous (open) phases at specific CH4 and CO2 pressures [57]. The total volumetric and working capacity of CH4 uptakes for NiL2 is 189 cm3 (STP) cm-3 and 149 cm3 (STP) cm-3 at 298 K and 65 bar, respectively. NiL2 showed a potential CH4 working capacity approaching that of compressed natural gas but at much lower pressures. The detailed structural characterization, including single-crystal XRD, synchrotron powder XRD, in-situ variable pressure powder XRD, pressure-gradient differential scanning calorimetry (P-DSC) and molecular modeling, proved that the phase switching were enabled by the ligand linker contortion, interactions between interpenetrated networks and sorbate–sorbent interactions.




          Recently, Kundu et al. reported the solvent-induced changes in the particle size and stability of different breathing phases of a group of MIL-53 MOF series with flexible frameworks [58]. Researchers found that simple adjustment of synthesis solvent would cause great changes in MOF flexibility. Based on this, a series of MIL-53(Al)-NH2 materials were synthesized by changing the water/DMF ratio while keeping the same ratio of metal to ligand. Interestingly, when there was 20 vol% DMF in the solvent, the CH4 adsorption curve of as-synthesized materials significantly changed, while the desorption curve was less affected, which could be attributed to the shape memory effect caused by the decreasing particle size of MOFs. Compared with the very low gravimetric CH4 working capacity (only 62 mg g-1) for MIL-53(Al)-NH2 traditionally synthesized in aqueous phase, the CH4 storage and working capacity of MOF samples synthesized by their method have been increased by 33%. The similar phenomenon is also reflected in another kind of water stable flexible MOF materials MIL-53(Al)-OH. This simple modulation method brought new opportunities for flexible porous materials in challenging applications such as natural gas storage and transportation.




          Greenhouse gas capture. CO2 is the main greenhouse gas, which could lead to the increasing of global temperature. Natural ecosystems will be significantly impacted by the climate change, which could threaten the survival and development of human beings. Although the greenhouse effect of CO2 is relative weaker compared with other greenhouse gases (CH4, O3, N2O, etc.), CO2 has the largest ratio, which take up 60% of total temperature increasing effect of all greenhouse gases. In recent years, studies of CO2 capture have received great attention, which is also one of the most researched areas of MOFs. To enhance the CO2 capture ability of MOFs, several strategies have been developed in the past two decades, such as introducing open metal sites (OMSs) with unsaturated coordination centers, doping metal ions in the frameworks, producing narrow pore-size distribution by controlling the interpenetration of frameworks, and modifying pore channels by ligand size or functionalization.




          In 2005, Yaghi’s group firstly studied the CO2 storage capacity of MOFs at room temperature [59]. Gravimetric CO2 isotherms for MOF-2, MOF-505, Cu3(BTC)2, MOF-74, IRMOFs-11, IRMOFs-3, IRMOFs-6, IRMOFs-1 and MOF-177 are tested up to the pressure of 42 bar. Type-I isotherms are observed in all situations except for the Zn4O(O2C)6 cluster-based MOFs, which show a sigmoidal kind isotherm with one step. The onset pressures of isotherm steps increase as pore sizes, which indicates the potential application of these MOFs in gas separations. The amine-functionalized IRMOF-3 with modified pores shows an increasing affinity for CO2. Adsorption capacity qualitatively multiplies with surface area, and ranges from 3.2 mmol/g for MOF-2 to 33.5 mmol/g (320 cm3(STP)/cm3, 147 wt %) for MOF-177, the highest CO2 capacity up to now.




          M-MOF-74 (M = Mg, Mn, Fe, Co, Ni and Zn) series are typical MOFs with open metal sites (OMSs). Due to strong coordination of OMSs inside the frameworks with adsorbed CO2 molecules, M-MOF-74 generally present high uptake amount at low pressure. Among them, with the high initial CO2 adsorption enthalpy of 47 kJ mol-1, Mg-MOF-74 exhibit the largest CO2 capacity at 298 K, and could adsorb 23.6 wt% of CO2 at 0.1 atm with the value increasing to 35.2 wt% at 1 atm, which was also the highest CO2 capacity of MOFs under the same conditions [60, 61].




          Besides OMSs, the introduction of special group to enhance the framework-CO2 interaction is another mostly used method towards improving the CO2 capture ability of MOFs. Zhang et al. found that the reaction of Ni(II) ion with co-ligands of 2,4,6-tri(4-pyridinyl)-1,3,5-triazine (tpt) and o-phthalicacid (OPA) could result into highly porous frameworks, Ni(tpt)(OPA)(H2O) (TKL-101) [62]. Through analyzing the coordination environment of OPA in the framework, there was enough space inside the pores for the ligand functionalization. As a result, functionalized MOFs isostructural with TKL-101 were prepared by applying a series of OPAs with different functional groups including -NH2, -NO2, and -F. Interestingly, when fluorine was introduced into the framework via the functionalization, both the stability and adsorption capacity towards CO2 were enhanced significantly, while other groups (amino and nitro groups) decorated frameworks were not stable after activated. More detailed analysis revealed that the fluorine atoms of 3-position (3-F) in the OPA ligands played a significant role in the stabilization of the frameworks, due to the additional weak interaction between the introduced fluorine and ambient atoms of tpt ligand, which were confirmed by PXRD and theoretical calculation of Mayer bond order. Therefore, these MOFs (3-F, 3,6-F2 and -F4) with 3-F decorated pores present more stable frameworks than that of MOFs only with 4-F (and 4-NH2, 4-NO2) decorated pores. The porosity and adsorption properties could also be fine turned by the number of fluorine atoms, and CO2 uptakes are remarkably improved with the increasing the number of F atoms. TKL-107 with the largest number of F atoms (four) in the OPA ligand presented the highest CO2 storage capacity of 150 cm3 g-1 (29.5wt%) at 273K and 1.2 bar, increasing up to 42.5% till 30 bars, although its BET specific surface area is the lowest (1454 m2 g-1) among 3-F decorated frameworks (3-F, 1509 m2 g-1 and 3,6-F2, 1636 m2 g-1). Moreover, the authors also used TKL-107 to fabricate mixed matrix membranes (MMMs) to examine the potential application for CO2 separation. It revealed that at 20% TKL-107 loading, the ideal selectivity and mixed-gas selectivity values both reached a maximum of 64.6 and 50.3, respectively, showing the promising applications of these TKL-MOFs as filter in MMMs.




          In addition, it is also an efficient way to enhance the CO2 capture of MOFs by constructing pores which is suitable for the CO2 molecule. For example, Zhao et al. demonstrated that through a ligand-insertion pore-space partition strategy [63], crystalline porous materials (CPMs) could be created with superior capacity (Fig. 16). Specifically, they synthesized a MIL-88-type of MOFs without OMSs (CPMs, [M3O(H2O)2X(L)3]·guest, where M = Fe, Cr; X = F, Cl, acetate; L = fdc, bdc, ndc, bpdc) by a series of terpyridine ligands. The 1D hexagonal nano-channels along the c-axis of MIL-88 structure were partitioned into octahedron cages by the terpyridine ligand. Significantly, CPM-33b exhibited CO2 uptake capacity of 173.9 cm3 g-1 at 273 K and 126.4 cm3 g-1 at 298 K, which are comparable to that of MOF-74 at 1 bar. In another example, Zaworotko and Eddaoudi et al. reported SIFSIX series MOFs with no OMSs, which also showed great potential in selective CO2 uptake [64-66]. These MOFs were synthesized by linear dipyridyl ligands with structural characteristics of ‘pillared square grids’, in which that 2D grids are pillared via SiF62- anion (‘SIFSIX’) to form 3D networks with a primitive cubic topology. Interestingly, the CO2 uptake ability of these MOFs was strongly affected by the pore volume. Although possessing the largest BET specific surface area (3140 m2 g-1), pore volume (1.15 cm3 g-1) and pore size (13.05 Å) among these MOF series, SIFSIX-2-Cu presented the lowest CO2 uptake amount (1.8 mmol g-1 at 298 K and 1 bar). Conversely, SIFSIX-2-Cu-i, which has a similar but two-fold interpenetrated framework of SIFSIX-2-Cu, exhibited a much higher CO2 uptake of 5.4 mmol g-1 at 298 K and 1 bar, despite its much lower BET specific surface area (735 m2 g-1), pore volume (0.26 cm3 g-1) and pore size (5.15 Å) than those of non-interpenetrated SIFSIX-2-Cu. SIFSIX-3-Cu and SIFSIX-3-Zn constructed by the shortest pyrazine ligand presented the lowest pore sizes of 3.5 Å and 3.84 Å, respectively. They almost had no adsorption of N2 even under 77 K due to their pore sizes close to the dynamic diameter of N2 (3.64 Å), but could adsorb moderate amounts of CO2 (2.5 mmol g-1) at 298 K and 1 bar. Further analysis revealed that although presenting lower CO2 uptake amount compared with SIFSIX-2-Cu-i, SIFSIX-3-Zn showed a 2.4 mmol g-1 of CO2 uptake at 0.1 bar, which is higher than that of SIFSIX-2-Cu-i (1.7 mmol g-1). The mixed-gas breakthrough experiments revealed that SIFSIX-3-Zn showed much higher selectivity (495 for CO2/N2:10/90 and 109 for CO2/CH4:50/50, respectively) than SIFSIX-2-Cu-i, and CO2 was retained for longer time (for example, ~2000 s versus 300s for CO2/N2).
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Fig. (16))


          (a) CPMs with pore-space partition; (b) the variable pore-size channels of SIFSIX-2-Cu, SIFSIX-2-Cu-i and SIFSIX-3-Zn; (c), (d), (e) CO2 adsorption capture properties of CPM-33, SIFSIX-2-Cu-i and SIFSIX-3-Zn, repectively [63, 64].



          Light hydrocarbon separation. The light hydrocarbon (LH) mixtures separation and purification have been one of the most significant but energy demanding processes in the petrochemical industry. As an alternative technology to traditional separation methods (distillation and extraction), adsorptive separation which uses porous solid as adsorbents can not only reduce energy cost but also bring higher efficiency. Therefore, the development of solid porous materials for the efficient selective adsorption of LH molecules under mild conditions, is of great significance and urgency. In recent several years, MOFs have got substantial achievement in the field of light hydrocarbon separation, and many well-designed strategies have been proposed. Herein, we mainly discuss the recent studies of C2 (C2H6, C2H4, C2H2) and C3 (C3H8, C3H6, C3H4) separations using MOFs as passivating agents. Ethylene (C2H4), which is produced by thermal decomposition of ethane (C2H6) or steam cracking, is the largest feedstock in petrochemical industry. It requires an ethylene purity of at least 99.95% for polymer production, and therefore, the separation of residual ethane and ethylene should be considered in this process. However, there are great challenges for efficient separation of C2H4/C2H6, because of their similar physical and chemical properties (similar sizes and volatilities). In addition, cleavage products both contain ethylene and acetylene (C2H2), which could lead to the catalyst poisoning in the ethylene polymerization. Thereby, it is also very important for the efficient C2H4/C2H6 separation in industry.




          In 2015, Yang et al. reported the supramolecular binding and separation of hydrocarbons by using NOTT-300 with a formula of Al2(OH)2(L) (H4L = biphenyl-3,3′,5,5′-tetracarboxylic acid) [67]. Comprehensive studies combining synchrotron X-ray and neutron diffraction, neutron scattering and computational modelling, allow defining detailed binding of ethane, ethylene and acetylene at a molecular level within the pores of NOTT-300. At 293 K and 1.0 bar, the total adsorption uptakes for CH4, C2H6, C2H4 and C2H2 in NOTT-300 were measured as 0.29 0.85, 4.28 and 6.34 mmol g-1, respectively. After analyzing pure-component gas adsorption isotherms at 293 K by the ideal adsorbed solution theory (IAST), the selectivity of C2H4/C2H6 and C2H2/C2H4 for NOTT-300 was calculated to be 48.7 and 2.30 for equimolar mixtures at 1.0 bar, respectively. At the same conditions, the C2H6/CH4, C2H4/CH4 and C2H2/CH4 selectivity of NOTT-300 were estimated as 5, ~380 and >1,000 by IAST analysis, respectively.




          Lin et al. reported an ultramicroporous MOF Ca(C4O4)(H2O) (termed as UTSA-280) possessing rigid 1D cylindrical channels (Fig. 17), which could be easily and environment-friendly synthesized by calcium nitrate and squaric acid at the kilogram scale [68]. These apertures with slightly different shapes (3.2×4.5 Å2 and 3.8×3.8 Å2) displayed cross-sectional areas of about 14.4 Å2, which are smaller than that of C2H6 (15.5 Å2) but larger than that of C2H4 (13.7 Å2), suggesting potential size/shape sieving for C2H4/C2H6 separation. Although UTSA-280 showed a low BET specific surface area of 331 m2 g-1, it could adsorb a high amount of C2H4, reaching 2.5 mmol g-1 (88.1 cm3 cm-3) at 298 K and 1 bar, while the C2H6 molecule was excluded by the pore apertures with only a negligible C2H6 uptake amount of 0.098 mmol g-1 under the same condition, and the sieving effect for C2H6 did not decline by even deceasing temperature to 195 K. Single-crystal X-ray diffraction demonstrated a weak C–H···O hydrogen bond (3.32–3.44 Å), van der Waals (vdW) interaction (shortest C–H···π distance of 3.32 Å) and π···π stacking (3.31 Å) between aromatic rings of organic ligands and discrete C2H4 molecules. Considering the vdW radii, the tilted C2H4 molecule was well-fitted with the narrow pore channel. Calculated from the measured isotherms, record-high C2H4/C2H6 selectivity was obtained exceeding 10,000 that is several orders of magnitude larger than those of Fe-MOF-74 (13.6) [69], NOTT-300 (48.7) [67] and π-complexation sorbents like PAF-1-SO3Ag (27) [70]. Breakthrough experiments at 298 K presented an amount of C2H4 enriched up to 1.86 mol kg-1 from an equimolar C2H4/C2H6 mixture. Furthermore, specific C2H4 enrichment was realized by UTSA-280 for a quaternary C3H8/C2H6/C2H4/CH4 mixture (5/25/25/45) and even more complicated octonary cracking stream of C4H8/C3H8/C3H6/C2H6/C2H4/C2H2/CH4/H2 (2/1/2/40/45/1/5/4) on the basis of sieving effect.
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Fig. (17))


          Structure and gas sorption properties of UTSA-280 [68].



          Many absorbents take up lower amounts of C2H6 than C2H4, mainly because of the weaker interaction of C2H6 with immobilized metal sites. If C2H6 is preferentially adsorbed, the later C2H4 can be directly recovered in the adsorption area. Furthermore, this approach can reduce about 40% of energy consumption (0.4 to 0.6 GJ/ton of ethylene) for the C2H4/C2H6 separation on pressure swing adsorption (PSA) technology, compared with C2H4-selective adsorbents. To date, there are scarce adsorbents exhibiting C2H6 adsorption preferred over C2H4, and only a few MOFs have been reported for selective C2H6/C2H4 separation, for example, MAF-49 [71], ZIF-7 [72], Ni(bdc)(ted)0.5 [73] and PCN-250 [74]. Although these MOFs showed quite low separation selectivity and productivity, these pioneering works lead to a feasible and reverse way to develop new porous materials with preferential adsorption of C2H6. In 2018, Li et al. realized highly reversed selective separation of C2H6/C2H4 in a microporous MOF [75], Fe2(O2)(dobdc) (dobdc4- = 2,5-dioxido-1,4-benzenedicarboxylate), with Fe(III)–peroxo sites as the preferential binding of C2H6 over C2H4 (Fig. 18). Fe2(O2)(dobdc) with a BET specific surface area of 1073 m2 g-1 showed a C2H6 uptake amount of 74.3 cm3 g-1 (about 1.1 C2H6 per formula), which is much higher than the C2H4 adsorption at 298 K and 1 bar. However, the pristine Fe2(dobdc) without Fe(III)–peroxo sites could take up more C2H4 than C2H6, indicating the significance of Fe(III)–peroxo sites in improving the C2H6 binding affinity of the framework confirmed by the high Qst value of C2H6 adsorption (66.8 kJ mol-1) than that of C2H4 adsorption (36.5 kJ mol-1) in Fe2(O2)(dobdc). IAST calculations revealed that the adsorption selectivity for C2H6/C2H4 (50/50) at 298 K and 1 bar was estimated to be 4.4, which is higher than previously reported best-performing MOFs (MAF-49: 2.7) and all-silica zeolite structures (highest value: 2.9) [76]. Transient breakthrough simulation validated the feasibility of using Fe2(O2)(dobdc) toward C2H6/C2H4 mixtures separation in a fixed bed. Then breakthrough experiments for the C2H6/C2H4 (50/50) mixture at 298 K revealed a clean and sharp C2H6/C2H4 separation in Fe2(O2)(dobdc), which is in accord with the simulation. Meanwhile, Fe2(O2)(dobdc) showed high recyclability and regeneration capability, with no obvious decrease in the mean residence times within five continuous cycles for both C2H6 and C2H4. This research group also reported an approach to boost the C2H6/C2H4 separation by controlling pore structures in two isoreticular ultramicroporous MOFs, namely Cu(ina)2 (Hina = isonicotinic acid) and Cu(Qc)2 (HQc = quinoline-5-carboxylic acid) [77], presenting weakly polar pore surface that strengthen the binding affinity of C2H6 over C2H4. Cu(ina)2 possessing a larger pore size of 4.1 Å showed a quite small adsorption difference and selectivity for C2H6/C2H4 under ambient conditions, whereas its isoreticular analogue Cu(Qc)2 with smaller pores (3.3 Å) exhibited a very large adsorption ratio of 237%, that is 60.0/25.3 cm3 cm-3, significantly improving the selectivity of C2H6/C2H4. Moreover, Cu(Qc)2 exhibited a calculated C2H6/C2H4 selectivity up to 3.4 for the corresponding binary equimolar mixture by using IAST at 298 K and 100 kPa, while the value was only 1.3 for Cu(ina)2.
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Fig. (18))


          Structures determined from NPD studies of (a) Fe2(dobdc), (b) Fe2(O2)(dobdc), and (c) Fe2(O2)(dobdc)[image: ]C2D6 at 7 K. Note the change from the open Fe(II) site to Fe(III)-peroxo site for the preferential binding of ethane. Fe, green; C, dark gray; H or D, white; O, pink; O22-, red; C in C2D6, blue [75].



          Separating acetylene from ethylene is one of the important procedures in high-purity polymer production. In 2016, Cui et al. reported the pore-size control in hybrid porous materials for C2H2 capture from C2H4 as the first time [78]. They used SIFSIX-MOFs as target adsorbents. Because of the preferential binding of C2H2 molecule enabled by the geometric disposition of SiF62- moieties, SIFSIX-2-Cu-i and SIFSIX-1-Cu both exhibit exceptional C2H2 capture performance. SIFSIX-2-Cu-i could rapidly adsorb C2H2 at very low pressure (≤0.05 bar) with an uptake reaching 2.1 mmol g-1 at 298 K and 0.025 bar, indicating the promise prospect for capturing minor C2H2 in a gas mixture (1/99). The C2H2/C2H4 selectivity was calculated by IAST to be a record of 39.7~44.8 as the pressure increasing. SIFSIX-1-Cu displayed moderate C2H2/C2H4 selectivity (7.1~10.6). The amounts of C2H2 captured by SIFSIX-1-Cu and SIFSIX-2-Cu-i from the 1/99 mixture is 0.38 and 0.73 mmol g-1, respectively and 6.37 and 2.88 mmol g-1, respectively from the 50/50 mixture during the breakthrough process, which agreed well with simulated results. This unprecedented performance could be attributed to the “sweet spots” in pores that enable the occurring of highly specific recognition and high uptake of C2H2 in the same material.




          Recently, Xue et al. have successfully prepared a series of MOFs with excellent C2H2 storage capacity and ultra-high C2H2/CO2 separation by adopting precise pore partition strategy and introducing high-density hydrogen bonding receptors [79]. They selected a typical MOF, MIL-88 as pore-space-partition architecture. The 1D hexagonal channels of MIL-88 was divided into finite segments with well-modulated pore sizes (SNNU-26,4.5 Å; SNNU-27, 6.4 Å; SNNU-28, 7.1 Å; SNNU-29, 8.1 Å). Coupled with 6 or 12 bare N sites of tetrazole within one cage as high-density H-bonding acceptors of C2H2, the target MOFs offered good combination of high C2H2/CO2 adsorption selectivity and high C2H2 uptake capacity besides the good stability. The optimized SNNU-27-Fe demonstrated a very high C2H2 uptake of 182.4 cm3 g-1 and extraordinary breakthrough time of C2H2/CO2 up to 91 min g-1 under ambient conditions.




          The purity of propylene (C3H6) is also very important for the synthesis of polypropylene in industrial production, and the removal of minor amount of propane (C3H8) and/or propyne (C3H4) is the key step in the purification process. Cadiau et al. successfully realized the separation of C3H6/C3H8 mixture [80], using a chemically stable fluorinated MOF (KAUST-7 with the formula of NiNbOF5(pyrazine)2·2H2O) synthesized by tuning SIFSIX platform (using Nb5+ instead of Si4+) (Fig. 19). Compared with the parent SIFSIX-3-Ni, the judiciously selected bulkier (NbOF5)2- in KAUST-7 caused the looked-for hindrance of previously free-rotating pyrazine moieties, delimiting the pore system and dictating the aperture size maximally open. Therefore, the resultant square-shaped channels of KAUST-7 was obtained with aperture size reducing to 3.0471(1) Å compared to SIFSIX-3-Ni [5.032(1) Å]. Due to small pore size, KAUST-7 did not adsorb N2 (3.64 Å) at 77K, showing an estimated BET specific surface area of 280 m2 g-1 with a pore volume of 0.095 cm3 g-1 by using room temperature CO2 sorption isotherms. At 298 K and 1 bar, KAUST-7 showed a C3H6 uptake of 60 mg g-1 while almost no adsorption for C3H8. Breakthrough measurements for the mixed-gas of C3H6/C3H8 at 50/50 revealed that KAUST-7 presented an obvious longer breakthrough time of C3H6 than C3H8 and excellent repeatability for the C3H6/C3H8 separation. Under ambient conditions, KAUST-7 could adsorb 0.6 mol kg-1 of C3H6 every cycle.
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Fig. (19))


          (a) Illustration of the building blocks arrangement; Structure description of KAUST-7 (b, c), and its comparison with parent SIFSIX-3-Ni (d, e) [80].



          Li et al. showed the first example of MOFs with efficient C3H4/C3H6 separation [81]. The MOF material selected in this work was a previously reported flexible−robust framework, ELM-12, with the formula Cu(bpy)2(OTf)2 (bpy = 4,4′-bipyridine, OTf− = trifluoromethanesulfonate) [82, 83]. ELM-12 contained two kinds of cavities, that is, the dumbbell-shaped (type I) with a small pocket of 6.1 Å × 4.3 Å × 4.3 Å at each end which is connected together via a small aperture of 3.2 Å × 4.3 Å, and the ellipsoid-shaped (type II) with the size of 6.8 Å × 4.0 Å × 4.2 Å, which is isolated from type I through the dynamic dangling OTf− groups. Considering the shape and size of C3H4 (6.2 Å × 3.8 Å × 3.8 Å) and C3H6 (6.5 Å × 4.0 Å × 3.8 Å), these cavities obviously matched well with the C3H4. The C3H4 uptake of ELM-12 with a very high Qst value of 60.6 kJ mol-1 was 1.83 mmol g-1 at 298 K and 0.01 bar, and increased to 2.55 mmol g-1 at 0.1 bar, about 93% of total uptake at 298 K and 1.0 bar, which is critical for C3H6 purification. However, for the C3H6 uptake, ELM-12 only showed a relatively low adsorption amount (0.67 mmol g-1 at 0.1 bar and 298 K) with a far smaller Qst value of 15.8 kJ mol-1, implying the much weaker host−guest interaction than that of C3H4. IAST calculations revealed that ELM-12 exhibited excellent C3H4/C3H6 selectivity, up to 84 for the 1/99 mixture and 279 for the 50/50 mixture, and it could capture 0.881 mmol g-1 of C3H4 from the C3H4/C3H6 (1/99) mixture. The purity of obtained C3H6 is over 99.9998%, as demonstrated by experimental breakthrough curve for 1/99 C3H4/C3H6 mixture. The high uptake capacity and selectivity of ELM-12 are attributed to its suitable pore confinement and strong binding affinity for C3H4, as evidenced by density functional theory (DFT) calculations and neutron powder diffraction studies.




          Other gas adsorptions. Except for the gas mentioned above, MOFs also show wide potential applications in the adsorption and separation of some other harmful gases, such as C2H2, Xe, O2, NO, SO2, CO and so on.
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Fig. (20))


          View of the structure of NOTT-300·3.2CO2 obtained using PXRD analysis and gas adsorption properties of NOTT-300 [84].



          In 2012, Yang et al. reported a non-amine-containing MOF (NOTT-300) constructed by biphenyl-3,3′,5,5′-tetracarboxylic acid and Al(NO3)3·9H2O (Fig. 20) [84]. Gas adsorption experiments revealed that NOTT-300 with high thermal and chemical stability, presented high uptake capacity and selectivity for SO2 and CO2 over a lot of gases (N2, O2, H2, CO, Ar, CH4). The SO2 selectivity was 4974, 2518, 105, 6522, 3105 and 3620 for Ar, O2, H2, N2, CO and CH4, respectively, which were calculated from the initial slope ratio of isotherms. Interestingly, compared with CO2 (kinetic diameter, 3.30 Å), the adsorption of SO2 (kinetic diameter, 4.11 Å) exhibits higher uptakes, and the maximum SO2 capacity is 8.1 mmol g-1 at 273 K and 1.0 bar, which is the highest value at that time. In situ powder X-ray diffraction and inelastic neutron scattering studies, combined with modelling, revealed that the Al–OH group in the framework could take part in moderate interaction with SO2 and CO2, which is supplemented by cooperative interaction with adjacent C–H group of benzene ring. This study offered potential application of new SO2 ‘easy-on/easy-off’ capture system that brought fewer environmental and economic penalty.




          Rare gases such as Xe and Kr are widely used in lighting, medical diagnosis, semiconductor, aerospace military industry, flat panel TV, electronic chip, insulating glass, satellite science and other research fields, known as “gold gas”. The Xe/Kr mixture separation is very important to industry, but limited selectivity for the adsorption of Xe and Kr is obtained with available porous materials. Recently, Wang et al. reported an anion-pillared ultramicroporous material (ZU-62) with finely tuned pore size and structure flexibility, which as the first time enables an inverse size-sieving effect in separation along with record Xe/Kr selectivity and ultrahigh Xe capacity [85]. Evidenced by single-crystal X-ray diffraction, the rotation of anion and pyridine ring adapts cavities to the shape/size of Xe and allows strong host-Xe interaction, while the smaller-size Kr is excluded. Breakthrough experiments confirmed that ZU-62 has a real practical application for producing high-purity Kr and Xe from air-separation byproducts, showing record Kr productivity (206 mL g−1) and Xe productivity (42 mL g-1, in desorption) as well as good recyclability.




          Many industrial processes produce CO, which could be used as a chemical feedstock, but separation of CO from other gases, especially N2, is too difficult to be economically viable. Sato et al. reported a soft nanoporous crystalline MOF with adaptable pores that could selectively adsorb CO, and presented crystallographic evidence that the CO molecule can coordinate with Cu2+ ion [86]. Unprecedented high CO selectivity was obtained, due to the synergetic effect of local interaction between the accessible metal sites and CO molecules (CO can be Cu2+ ion can selectively bound through serial structural changes). This MOF material with transformable crystalline structure realized the CO separation from mixture with N2 (the most competitive gas to CO). This efficient and dynamic molecular trapping and releasing system make the CO-N2 mixture separation achieve a low input energy for the desorption of CO.




          The former mentioned Al-soc-MOF-1 reported by Eddaoudi’ group also showed excellent O2 storage property [49]. Al-soc-MOF-1 exhibited a record amount of absolute gravimetric O2 uptake (29 mmol g-1at 140 bar) that is much higher than those of NU-125 (17.4 mmol g-1) and HKUST-1 (13.2 mmol g-1), and a record deliverable capacity (27.5 mmol g-1 between 5 and 140 bar) [87]. Compared to the conventional empty cylinder [88], a 1 L cylinder that is filled with Al-soc-MOF-1 will potentially enhance the volumetric O2 storage capacity (172 cm3 cm-3) by 70% at 100 bar, if the effect of void space and packing density are neglected. Notably, a 25% enhancement of the volumetric O2 storage capacity for Al-soc-MOF-1 still could be obtained over an empty cylinder, even if a prospective 25% loss is considered associated with packing density.




          In addition, MOFs can also be applied in the adsorption of chemical warfare agents, which is of great importance in military fields. For example, Montoro et al. reported the capture of mustard gas analogues and nerve agents by a hydrophobic robust MOF [89], [Zn4(μ4-O)(μ4-4-carboxy-3,5-dimethyl-4-carboxy-pyrazolato)3], whose crystal structure showing remarkable mechanical, thermal, and chemical stability resembled that of MOF-5. Based on the adsorption heat values and Henry constant for different essayed adsorbates along with the H2O/VOC partition coefficients that is gained from variable-temperature reverse gas chromatography experiments, it revealed that this MOF could selectively capture harmful VOCs (including the chemical warfare agent models of Sarin and mustard gas), even competing with ambient moisture (for example, under conditions that mimick operative ones). Further study showed that the capture ability of this MOF is comparable to carbon molecular sieve Carboxen, and better than HKUST-1. Liu and coworkers reported a sodalite-type porous MOF [90], H3[(Cu4Cl)3(BTC)8]2[PW12O40]·(C4H12N)6·3H2O (NENU-11; BTC = 1,3,5-benzenetricarboxylate), by using polyoxometalate as templates. NENU-11 with a relatively low BET area (572 m2 g-1) and pore volume (0.39 cm3 g-1) displayed repaid adsorption behavior for nerve gas dimethyl methylphosphonate (DMMP) with an uptake of 19.2 mmol g-1 at 298 K, that is, about 15.5 molecules, exceeding that of HKUST-1 (8.2 per unit) and MOF-5 (6.0 per unit) with larger BET specific surface area under the same conditions. Due to the catalytic activity of polyoxometalate guest, NENU-11 could also efficiently accelerate the nerve gas mimic degradation by a hydrolysis reaction with methyl alcohol, methyl methylphosphonic acid (MMPA) and methylphosphonic acid (MPA), and the conversion ratio gradually increased with temperature, achieving 93% at 50 °C.


        




        

          



          4.1.2. Vapor Adsorption




          Organic vapor adsorption. In 2004, Lee et al. obtained a MOF, {[Ni(cyclam)(bpydc)]·5H2O}n, which was constructed by nickel macrocyclic complex [Ni(cyclam)](ClO4)2 and Na2bpydc ligand [91]. In this MOF, [Ni(cyclam)]2+ and bpydc2- were connected together to form 1D chain structures. Neighboring chains were further linked with each other to generate a 3D supramolecular framework with 1D honeycomb channels (about 5.8 Å) by π-π stacking interaction and hydrogen bonds. The MOF showed high stability and BET specific surface area of 817 m2 g-1, and could selectively adsorb ethanol, benzyl alcohol, pyridine and benzene, but not toluene.




          Galli et al. reported the harmful organic vapors adsorption by flexible hydrophobic MOFs [92], Zn(bpb) and Ni(bpb) (H2bpb = 1,4-(4-bispyrazolyl)benzene). The obtained Zn(II) and Ni(II) MOFs showed square and rhombic channels, respectively, which account for 65 and 57% of total cell volume. The BET specific surface area and pore volume of two MOFs were 2200 m2 g-1 and 0.71 cm3 g-1 for Zn(bpb), and 1600 m2 g-1 and 0.38 cm3 g-1 for Ni(bpb), respectively. The pore-size, hydrophobic nature and flexibility of their channels made two MOFs adequate to incorporate organic vapors. At 303 K, Zn(bpb) and Ni(bpb) could adsorb a large amount of benzene vapors, that is, 5.8 and 3.8 mmol g-1, respectively. The authors also explored breakthrough measurements, which revealed that the thiophene uptake amount for Zn(bpb) and Ni(bpb) could reach up to 0.34 g per gram of adsorbents from a flow of CH4/CO2 that contain 30 ppm of thiophene. Importantly, the excellent thiophene removal performance of Ni(bpb) could not be significantly affected, even at the presence of relative humidity (RH) 60%, while Zn(bpb) and HKUST-1 became ineffective under moisture conditions.




          Yang et al. demonstrated the high affinity and capacity to C6–C8 hydrocarbons of oil components of the highly hydrophobic porous fluorous MOFs (FMOFs) materials [93]. In their work, FMOF-1, which was constructed from 3,5-bis(trifluoromethyl)-1,2,4-triazolate and Ag(I) center, exhibited reversible adsorption and high capacity for n-hexane (190 kg m-3), cyclohexane (300 kg m-3), benzene (290 kg m-3), toluene (270 kg m-3), and p-xylene (265 kg m-3), without detectable water adsorption even at near RH 100%, which drastically outperform zeolite and activated carbon porous materials. Obtained from the anneal of FMOF-1, FMOF-2 showed double toluene adsorption vs FMOF-1 due to its enlarged channels and cages.




          In 2018, Xie et al. reported a new type of MOFs, Zr6(μ3-O)4(μ3-OH)4(BDB)6 (BUT-66, H2BDB = 4,4’-(benzene-1,3-diyl)dibenzoate) and Zr6 (μ3-O)4 (μ3-OH)4(NDB)6 (BUT-67, H2NDB = 4,4’-(naphthalene-2,7-diyl) dibenzoate) as excellent adsorbent towards capturing trace amount of aromatic VOCs in air (Fig. 21) [94]. BUT-66 and BUT-67 both have two-fold interpenetrated 3D pcu-type frameworks with permanent porosity, small pore size, hydrophobic pore and crystal surface, and high hydrolytic stability. Particularly, BUT-66 represented high volumetric benzene adsorption capacity of 1.75 mmol cm-3 at 0.12 kPa and 353 K even at high temperature and low pressure, better than some benchmark adsorbents, such as hydrophobic ZIF-8 or MAF-4 (0.05 mmol cm-3), highly porous MIL-101-Cr (0.19 mmol cm-3), highly porous and hydrophobic PAF-1 (0.08 mmol cm-3), mesoporous MCM-41 (0.01 mmol cm-3), and commercial carbon molecular sieve Carboxen 1000 (0.83 mmol cm-3). Furthermore, BUT-66 was capable of capturing benzene in air of 50% RH with high capacity of 0.28 mmol cm-3. The high VOCs capture performance of BUT-66 resulted from mutually less-interfered hydrophobic, hydrophilic adsorption sites, small hydrophobic pores and rigid framework with local rotatable phenyl rings, suggested by its single-crystal structure of guest-loaded phase.
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Fig. (21))


          (a) Single-Crystal X-Ray Diffraction Elucidation of Benzene Adsorption in BUT-66; (b) Selected Aromatic VOCs Adsorption in BUT-66 and BUT-67 [94].



          Water Adsorption




          Water is everywhere in nature. Stable MOFs as water adsorbents could be applied in thermal batteries, dehumidification, and drinking water delivery in remote areas.




          Yaghi’s group have recently researched the water adsorption performances of a series of water-stable MOFs, which show excellent performance meeting the basic requirements [95-102]. They proposed the criteria for water adsorption application of MOFs: water condensation pressure in MOF pores, adsorption capacity, and water stability and recyclability. In 2014, they investigated twenty MOFs and compared their water adsorption properties [95]. Among them, MOF-801-P (microcrystalline powder of MOF-801, Zr6O4(OH)4(fumarate)6) and MOF-841 (Zr6O4(OH)4(MTB)2(HCOO)4(H2O)4, H4MTB = 4,4′,4″,4‴-Methanetetr ayltetrabenzoic acid) with water-stable frameworks are the highest performers according to the three criteria mentioned above. The two mentioned MOFs could rapidly adsorb water with high capacities (at 298 K: MOF-801-P, 22.5 wt% at P/P0 = 0.1 and 36 wt% at P/P0 = 0.9; MOF-841, 44 wt% at P/P0 = 0.3 and 51.4 wt% at P/P0 = 0.9) under well-defined, low relative pressure. Importantly, capacity loss did not happen after five cycles for the two MOFs that are readily regenerative at room temperature.




          In 2017, Yaghi et al. reported the water harvesting performance of MOFs from air powered via natural sunlight [96]. They designed the first-generation device based on MOF-801 and demonstrated that it could capture water from atmosphere under ambient conditions through using low-grade heat from natural sunlight under a flux of less than 1 sun (1 kilowatt per square meter). Water could be adsorbed at night and released the next day with the sun heat, and the water vapor condensed on the inside surface of container. 2.8 liters of water could be daily harvested per kilogram of MOF by this device at RH level as low as 20% with no additional requirement of energy input.
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Fig. (22))


          Proof-of-concept water-harvesting prototype with 1.34 g activated MOF-801, whose packing porosity of (a) ~0.85 and outer dimension of 7 × 7 × 4.5 cm3; (b) Formation and growth of water droplets as temperatures and local time; (c) Representative temperature profiles for MOF-801 layer [96].



          In 2018, Yaghi’s team further reported the practical production of water from desert air and turned the proof-of-concept device into a second-generation harvester [103]. They did laboratory vs desert experiments where a prototype that used up to 1.2 kg of MOF-801 was measured in laboratory and later in desert of Arizona, USA (Fig. 22). The obtained device could produce 141.8 g and 100 g water per kilogram of MOF-801 in one day-and-night cycle under laboratory condition or only employing natural cooling and ambient sunlight as energy source at 5 to 40% RH. In this work, they also reported a new aluminum-based MOF-303 (Al(OH)(HPDC), HPDC = 1H-pyrazole-3,5-dicarboxylate) by the use of relatively cheap aluminum to replace zirconiuma, with an xhh topology containing infinite Al(OH)(COO)2 SBUs and HPDC linkers. MOF-303 featured 1D hydrophilic pores with a diameter of 6 Å and free pore volume of 0.54 cm3 g-1, which facilitated the water capture capacity with a large maximum of 0.48 g g-1. Up to 233 g of water could be produced by MOF-303 at laboratory conditions, which is more than twice the amount of water for MOF-801, thus bringing the production of water at low RH a step that is closer to practical application.


        




        

          



          4.1.3. Hazards and Pollutant Concentration in Solutions




          Due to modifiable pores, MOFs can also be used as potential absorbents in liquid adsorption and separation, such as heavy metal ions, anions and organic compounds.




          Ion exchanges and separation. MOFs with good ion adsorption properties often have ionic frameworks countered by cations or anions inside their pores, which can be reversibly exchanged by other ions. For example, Dincǎ et al. reported an anionic MOF, Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2 (1-Mn2+; BTT = 1,3,5-benzenetristetrazolate), countered with hydrated Mn2+ ions filled in the pores [104]. Cation exchanges led to the generation of a class of compounds 1-M (M = Li+, Cu+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+) with isostructural frameworks. Similar to original 1-Mn2+, obtained 1-M materials were stable to desolvation with microporosity which showed a modulable high H2 storage capacity (2.00 ~ 2.29 wt % under 77 K and 900 torr). The initial isosteric heat of H2 adsorption revealed a 2 kJ/mol difference between the weakest (1-Cu2+, 8.5 kJ mol-1) and strongest H2-binding materials (1-Co2+, 10.5 kJ mol-1), which could be assigned to the variations in the interaction strength between the H2 molecules and the unsaturated metal centers inside its own framework.




          Wang’ group have reported a series of cationic MOFs showing great promise in anionic pollutant removal. For example, they presented a solution to solve the challenge of selective 99TcO4- remediation in the face of a large excess of SO42- and NO3- from natural waste systems based on a stable cationic MOF, Ni2(tipm)3(NO3)4 (SCU-102) (Fig. 23) [105]. ReO4- (a surrogate for TcO4-) exchange experiment with SCU-102 exhibited fast sorption kinetics, large capacity (291 mg g-1), high distribution coefficient, and record-high uptake selectivity. SCU-102 could almost quantitatively remove TcO4- in the presence of a large excess of NO3- and SO42-. The researcher also practically used this MOF for the decontamination of a simulated waste stream with low activity and contaminated groundwater at the Hanford site, which confirmed the representation of SCU-102 as the optimal Tc scavenger that has the highest clean up efficiency (distribution coefficient (Kd) as high as 5.6 × 10 mL g-1). DFT simulation revealed that the exceptional selectivity was derived from the TcO4− recognition via the plentiful hydrophobic pockets inside the framework.
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Fig. (23))


          (a) Chemical structure of tipm ligand; (b) optical image of SCU-102 crystals; (c) coordination environment of Ni2+ with six tipm ligands; (d, e) perspective packing structure of SCU-102 viewed along a axis; (f) three tiles of SCU-102 [105].



          Except for inorganic ions, MOFs can also effectively adsorb organic pollutant ions, such as organic dyes. For example, Han et al. synthesized a anionic MOF, [(CH3)2NH2][Co2NaL2(CH3COO)2] (BUT-51, H2L = 5-(pyridine-4-yl)isophthalic acid) containing two kinds of nanotubular channels, and reported its dye adsorption properties [106]. Through ion exchanges of counter (CH3)2NH2+ inside the pores, BUT-51 could quickly adsorb cationic dyes, such as Methylene Blue (MB), Acriflavine Hydrochloride (AH) and Acridine Red (AR), but Methylene Violet (MV), Methyl Orange (MO) and neutral Solvent Yellow 2 (SY2) with larger size, could hardly be adsorbed. Obviously, the selective cationic dyes adsorption properties of BUT-51 followed not only a charge- but also size- and shape-exclusive effect. Moreover, because of the coordination of AH with Co2+ in its framework, BUT-51 also presented preferential adsorption of AH over MB and AR in their acetone solution, respectively. Li et al. ionothermally synthesized the first mesoporous cationic MOF [107], [Th3(bptc)3O(H2O)3.78]Cl·(C5H14N3Cl)·8H2O (SCU-8, H3bptc = [1,1′-biphenyl]-3,4′,5-tricarboxylicacid) containing channels with large inner diameter of 2.2 nm and possessing specific surface area of 1360 m2 g-1 (Fig. 24). SCU-8 exhibited superior anion-exchange capability toward various anionic environmental pollutants, containing small oxo-anions ReO4- and Cr2O72- as well as organic dyes such as MB, and the persistent organic pollutant perfluorooctane sulfonate (PFOS). Particularly, SCU-8 showed efficient removal of PFOS, which could quickly adsorb 88 and 96% of PFOS anion in 30 s and 2 min (and sequentially reached equilibrium), respectively, as determined by HPLC-MS/MS.




          Organic Isomer Separation In natural and crude petrochemical products, isomers of many important chemical matters usually coexist with each other. Therefore, it is of great significance for the separation of isomers. Luckily, porous MOF materials bring a new idea to resolve this issue.




          Alaerts et al. firstly studied the C8 alkylaromatic isomer separation properties of MOFs (using HKUST-1, MI-53-Al and MIL-47 as adsorbents) in 2007 [108]. They found that MIL-47 with the best performance among three MOFs was an excellent adsorbent for the separation of ethylbenzene, meta-xylene, and para-xylene. MIL-47 showed both high selectivity of 9.7 for para-xylene/ethylbenzene and 2.9 for para-xylene/meta-xylene. Breakthrough experiment revealed that the separation selectivity for a 1:1 mixture of para-xylene/ethylbenzene and para-xylene/meta-xylene was 7.6 and 2.5, respectively. Obvious separated peaks could be obtained in the chromatographic experiment, and the calculated selectivity from the chromatography reached up to 9.7 and 3.1 for para-xylene/ethylbenzene and para-xylene/meta-xylene, respectively. Rietveld refinements of X-ray powder diffraction patterns of MIL-47 samples saturated with each aromatic compound demonstrated that there existed strong π–π interaction between para-xylene molecules and weak interaction between the protons of CH3 group and terephthalate ligand.
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Fig. (24))


          Crystal structure of SCU-8. (a) coordination geometry of Th4+; (b) the cationic cluster of [Th3(COO)9O(H2O)3.78]+; (c) hexagonal tubular channels; (d) the cationic mesoporous framework along c axis [107].



          Liu et al. reported separation performance of a series of 3D functionalized MOF (CdL2, L = 4-amino-3,5-bis(4-pyridyl-3-phenyl)-1,2,4-triazole) with 1D channels (pore size: 11 × 11 Å2) [109]. Directly performing adsorptions and separations on single crystals, CdL2 displayed very rigorous selectivity for the aromatic isomers with substituted reactive group and could fully isolate the guest isomers (i.e., 2-thenaldehyde vs 3-thenaldehyde, 2-furaldehyde vs 3-furaldehyde, and o-toluidine vs m-toluidine vs p-toluidine) in both vapor and liquid phases under mild conditions (Fig. 25).
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Fig. (25))


          Isomer separation based on single crystals of CdL2 MOF [109].



          The design of chiral MOFs towards enantiomers resolution is also an important research area. For example, Seo et al. firstly reported homochiral MOFs for enantioselective separation [110]. They synthesized a 2D layered MOF, [Zn3(μ3-O)(1-H)6]·2H3O·12H2O (L-POST-1), using a L-tartaric acid ligand. Stacking along c axis, the 2D layers showed a mean interlayer isolation of 15.47 Å, which was further evidently stabilized by efficient vdW interaction between 2D layers. Notably, there existed 1D triangle chiral channels along c axis, and its side length was 13.4 Å. After the suspension of L-POST-1 into a methanol solution of racemic [Ru(2,2’-bipy)3]Cl2 (bipy = bipyridine), the white color of L-POST-1 turned to reddish yellow. Nuclear magnetic resonance (NMR), circular dichroism and ultraviolet-visible measurements revealed a 80% of protons exchanging with [Ru(2,2’-bipy)3]2+ (0.8 Ru complex per [Zn3(μ3-O)(1-H)6]2- unit) with 66% enantiomeric excess in favor of ∆ form. Peng et al. reported two isostructural robust porous chiral MOFs, [Mn2L1(DMF)2 (H2O)2]·3DMF·2H2O (1a) and [Mn2L2(DMF)2(H2O)2]·3DMF·H2O (1b), decorated with chiral dihydroxy or methoxy auxiliaries from enantiopure tetracarboxylate-bridging ligands of 1,10-biphenol and manganese carboxylate chain, and their potential in enantio-separation of racemic primary and secondary amines through adsorption and liquid chromatography111. 1a and 1b both showed permanent porosity with BET specific surface area of 2145 and 1746 m2 g-1, respectively. The racemic 1-phenylethylamine (1-PEA) adsorption was used as a model substrate for (S)-1a, which allowed for the R-enantiomer in excess with 88.5% ee. Then, the authors investigated a variety of electron-deficient/rich substituents on the aromatic ring. Notably, an ee value up to 98.3% was obtained for 1-(4-fluorophenyl) ethylamine, which is the highest among the analytes. Importantly, the host MOF materials could be easily recycled with no obvious loss of performance. The resolution of racemic 1-PEA in large-scale by 1a-packed column for HPLC further demonstrated the utility of present adsorption separation for this MOF. The chiral recognition and separation could be assigned to the different specific binding energies and orientations of the enantiomers in the framework microenvironment, suggested by molecular simulation and control experiments.
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