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Abstract
The recent interest in the synthesis of hybrid inorganic–organic solids (metal organic frameworks or MOFs) gives a new dimension to the domain of porous compounds. They offer new scientific and technological opportunities by combining attractive features of both porous solids and organometallics. Most of them are prepared under mild hydrothermal conditions using functionalized organic ligand and organic amines. Hence there is a need to develop an environmentally green and energetically favorable method in the synthesis of these materials. 
The main challenge behind the synthesis of MOFs under benign conditions is the insolubility of the organic linkers in most of the common solvents. In this work, different MOFs have been synthesized using water as a solvent for the metal salts. Some of these are known MOFs [MOF-2, HKUST-1 and MOF-74 (Zn)] while others are uncommon phases. Using a linker salt (disodiumterephthalate or Na2BDC), two of the most popular MOFs: MIL-53(Al) (MIL=Material of Institute Lavoisier) and MOF-5 [Zn4O(BDC)3] have been synthesized at room temperature. 
Especially MIL-53(Al) or aluminum - 1,4-benzenedicarboxylate was synthesized at room temperature using water as a solvent for the first time. The linker salt approach can be applied as a general strategy consisting in the use of linker salts as an alternative to the exclusively tested acidic form of the linker (protonated linkers). The method does not only imply the prevention of the undesirable corrosive synthesis medium, but it also introduces substantial differences in terms of solubility of the linker, and pH of the medium. Hence, a novel method in the synthesis of metal organic framework materials has been developed under environmentally benign conditions.
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1. INTRODUCTION
1.1 Metal Organic Frameworks (MOFs)

The phrase coordination polymers first appeared in the literature in the early 1960s with the corresponding articles already being reviewed in 1964. 1 However, it was not until the early 1990s that more detailed research on porous coordination polymers started to increase considerably. Early papers on these new polymeric coordination polymers pointed out the great possibilities for new material structures and properties offered by these materials. 2-6 Ever since, these new class of hybrid inorganic – organic soft solid state materials, largely based on Werner - type coordination chemistry, have become a major area of research.

 As compared to pure inorganic materials, such as zeolites, aluminophosphates, metal organic frameworks (MOFs) have a high porosity and are highly designable. Their synthesis usually occurs under mild conditions by using a choice of certain combination of discrete molecular building units, which in the ideal case, leads to the desired extended network. 

The search for novel microporous materials continues to be a challenge for the scientific community, because of the wideness of their potential applications in catalysis, shape-selective adsorption, non-linear optical devices or molecular-based magnetism.7 The combination of organic and inorganic building blocks offers a wide spectrum of combinations, enormous flexibility in pore size, shape and structure, and plenty of opportunities for functionalization, grafting and encapsulation. These materials hold very high adsorption capacities, specific surface areas and pore volumes. 
Their porosity is much higher than that of their inorganic counterpart zeolites (up to 90% higher). Their thermostability is sometimes unexpectedly high, reaching temperatures above 400 o C. The synthesis of hybrid inorganic–organic solids called metal-organic  frameworks gives a new dimension to the domain of porous compounds. 8–15 Most of them are prepared under mild solvothermal treatment, starting from clear solutions and after a crystallization process. It has been shown previously that solvent,16,17 pH,18 counter anion,19 concentration,20 template used,21 and reaction temperature 22 can determine the overall structure of the material, apart from the nature of the metal(s) and the organic linker(s) themselves. 
Practically, nearly all metals and even so many different combinations of them have been tested as metal sources in the synthesis of MOFs. Similarly, almost every organic multidentate molecules susceptible of acting as linker must have been used as linker source. This includes some of the linkers that are not commercially available and are being specifically designed with that aim. The general reaction taking place in the crystallization of a typical MOF can be summarized as follows: (Equation 1.1).

[image: image1.png]


Linker-Hx + Me (anion)y 


MOF [Me + linker] + Hx(anion)y 

(Equation 1.1)
In global terms, the linker is deprotonated and their corresponding anion is coordinated to the metal cation generating the MOF material and the acidic form of the anion originally forming part of the metal source. It implies that for system using the most conventional metal sources, which are chlorides or nitrates, stoichiometric amounts of hydrochloric or nitric acid, whose corrosive character is well-known, will be formed. Development of the electrochemical synthesis of MOFs has been precisely justified to avoid the presence of this undesirable inorganic species. 23
In this work of  the synthesis of MOFs, the use of sodium terephthalate is proposed as linker source in the synthesis of two of the most popular MOFs (MIL-53 and MOF-5) as an example of a general strategy consisting in the use of linker salts as an alternative to the exclusively tested acidic form of the linker (protonated linkers). Such approach would lead to the following alternative reaction of the MOF formation (Equation 1.2).

[image: image73.emf] 

Linker-Mx + Me(anion)y 


MOF [Me + linker] + Mx(anion)y
(Equation 1.2)
Where M is a monovalent cation (Na+), which generally is not present in appreciable extension in the final MOF material. The reaction could be considered as a kind of ion-exchange reaction between two salts under very soft conditions from acid -base character point of view. This approach does not only imply the prevention of the undesirable corrosive synthesis medium, but it also introduces substantial differences in terms of solubility of the linker, pH of the medium, etc. presumably having a key role in the nature and/or in the properties of final crystallized phase. 

The first application of this approach focused on the synthesis of MIL-53(Al). The metal organic frameworks designated as MIL-n (Materials of the Institute Lavoisier) series was first synthesized by Ferey’s group in 2002.23 The MIL-n type MOF materials are promising candidates for H2, CH4 and CO2 adsorption.24, 25 The MIL-n type nano-porous materials are of particular interest due to their simple structure and higher thermal stability compared to other MOFs. Among the MIL-n materials, MIL-53 (Al or Cr), system has been found to adsorb large amounts of gases such as CH4 and CO2.24, 25
More importantly, this uptake is afforded through a singular mechanism known as ‘breathing’ allowing the material to accommodate larger amount of gases by severe and reversible structural transformation, which takes place at different pressure depending on the nature of the gas guest. In other words, MIL-53 (Al or Cr) is able to adjust its cell volume in a reversible manner to optimize interactions between the guest molecules and the framework, with no evidence of bond breaking. 

In contrast to some other MOFs prepared with the same (terephthalic acid) or chemically similar organic linker, such as MOF-5 or MOF-74; in this work, MIL-53 is prepared in water, where the linker is not soluble. Most probably, low solubility of the linker source in water is the reason behind the so extreme hydrothermal conditions originally described for its preparation (220 ºC and 3 days). 

The major drawbacks of this method were the high energy consumption and the time taken for the synthesis of this material; hence this method is not economically favorable for industrial applications. Although some improvements have been made to soften the solvothermal conditions, 26 they are still far from the synthesis at room temperature, within a short period of time and without any other crystallization stimulus. 
The practical insolubility of the conventional terephthalate source (terephthalic acid) in water (0.0017 g/100 mL at 25°C) contrasts to the high solubility of the disodium terephthalate in the same solvent. Therefore, our alternative method should not only be useful for softening the acidity of the synthesis medium but also opens new possibilities for preparing materials under new conditions and even for preparing new materials. Indeed, we describe for the first time the preparation of MIL-53 in water and at room temperature. The resulting product forming unprecedented nanoscale size crystals, that could be particularly useful for some applications.
In addition, by using the linker salt approach the archetype MOF called MOF-5 was also synthesized. MOF-5 [Zn4O(BDC)3] is one of the most studied MOFs prepared from Zn ions and 1,4-benzene dicarboxylic acid (H2BDC). 27 It has a primitive cubic topology, composed of 6-connected tetranuclear [Zn4O] clusters at the vertices and BDC ligands as linkers.
After the ﬁrst report of the structure, MOF-5 has been extensively investigated for gas storage, in particular in H2 storage and for applications in fuel cells.28 Nevertheless, the reported gas sorption properties of MOF-5 showed substantial variations,  which has been attributed, at least in part, to the presence of organic and inorganic species in the pores.28 Especially, it was discovered that MOF-5 could be often contaminated with a small amount of interpenetrated MOF-5 and with a doubly interpenetrated primitive cubic network.29
A highly interpenetrated MOF-5 was synthesized for the first time by using the linker salt, disodium terephthalate. The use of linker salts as the source of a linker enables us to synthesize this MOF both at room temperature and at 100 ºC. The magnitude of interpenetration was determined from the intensity ratio of the peaks of the powder XRD patterns of these MOFs. In addition, the highly interpenetrated structure was deduced from the low nitrogen adsorption capacity of these MOFs as compared to the earlier synthesized MOF-5. However, the thermal stability of these MOFs is higher as compared to the non-interpenetrated MOF-5. Hence the synthesis of the highly interpenetrated MOF-5 circumvents one of the common drawbacks of MOFs, the low thermal stability, as compared to zeolites.

The synthesis of MOFs using linker salts as the source of the linker is a novel method in the synthesis of MOFs. This method circumvents the solubility problem of most of the linkers in the common solvents; water, ethanol, methanol etc. In addition, room temperature produces MOFs of smaller crystal size, as compared to those synthesized from the acid (1, 4-benzenedicarboxylic acid) both at room temperature and in hydrothermal synthesis. The synthesized MOFs are specifically catalytically relevant and the method is environmentally friendly and energetically relevant. 
Various MOFs were synthesized at room temperature. This includes the synthesis of MOFs constructed from Zn2+ and 1,4-benzenedicarboxylic acid, Mg2+ and 1,4-benzenedicarboxylic acid, Cu2+ and 1,3,5-benzenetricarboxylic acid. The synthesized MOFs were found to be microporous compounds with both two- and three-dimensional networks.

1.1.1 Composition of MOFs  

Metal Organic Frameworks (MOFs), also known as coordination polymers, are a class of crystalline materials that are currently attracting a tremendous amount of interest due to their attractive properties. The backbone of the compound is constructed from metal ions, which act as connectors and organic bridging ligands as linkers. The formation of the desired architectural, chemical, and physical properties of MOFs depend on the chemical structure of the ligand and the properties of the connecting metals.
Some large, extended MOFs structures are indeed metallosupramolecules. 30 They are also assemblies of metal ions or clusters functioning as nodes and organic ligands as the linkers. 31 The cavities of as-synthesized MOFs are often filled with solvent molecules or counter ions. MOFs are thus essentially host-guest systems. Hence, the two major components of MOFs are the metal ions that are used as nodes and the linkers that are used as connectors.
Metallic nodes: The metal atoms in MOFs can be thought of as templating joints for bridging ligands. 30 Transition metals are often used in MOF construction; however, lanthanides are also used to impart luminescence properties to the framework.  Metal ions can be introduced to the nodal positions of MOFs as single metal centers or as metal clusters. 
Group 2 MOFs are rare, having few reports on Mg, Ca, Ba, Sr-containing structures. 32, 33 Among metal clusters at nodes, Zn cluster are most often encountered. 34, 35 Utilizing metal clusters as nodes of MOFs can be an effective approach to circumvent the lack of coordination sites that is often experienced with transition metals (i.e. Cu, Zn, Cd etc.) largely because metal clusters can accommodate sterically demanding organic ligands. 35 This is also one of the strategies to obtain rigid structure without a tendency to interpenetrate. 36
 Linkers: The ability to derivatize and modify organic linkers gives chemists limitless access to various linkers. Oxygen- and nitrogen-donor ligands are often used in MOF synthesis. Polytopic ligands are widely used as ligands in the synthesis of MOFs due to their ability to bind to various metals with versatile binding modes 37 (Figure 1.1).

The use of molecular rather than monatomic bridges leads to the desirable outcome of
enlarging the void space of MOFs by means of further extending the distance between metal nodes. 35  Some of the linkers used in this  work include: 1,4- benzenedicarboxylic acid (H2BDC), 1,3,5-benzenetricarboxylic acid (H3BTC),  Imidazole (HIM), 2,5-dihydroxy-1,4 - benzenedicarboxylic acid (H2DHBDC) , 1,2,4,5-benzenetetracarboxylic acid (H4BTC) and the linker salt disodium terephthalate, Na2BDC.

Expansion of the network can be achieved by using long or polytopic ligands which effectively enlarge the pore of the framework cavity. 31 However, this strategy is not always preferable, especially when MOFs are to be functioning in gas inclusion. 
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Figure 1. 1 Some of the linkers used in the synthesis of MOFs: 

A. 1,4-benzenedicarboxylic acid (H2BDC) , B. 1,3,5-benzenetricarboxylic acid (H3BTC), C. 1,2,4,5-benzenetetracarboxylic acid (H4BTC), D. 2,5-dihydroxy-1,4-benzene dicarboxylic acid (H2DHBDC) and E. Imidazole (HIM).

Reticular synthesis is designing experiments to produce materials of predetermined ordered structures. This technique was developed as a way of identifying the principles governing the way target frameworks assemble, and these principles are then used to develop new frameworks with similar topologies, but varying functional groups and properties. A series of isoreticular metal–organic frameworks (IRMOFs) in crystalline form, differing in the polarity, reactivity, and bulk of the pendant groups on the aromatic link has been produced (Figure 1.2).  These IRMOFs demonstrates the design of the porous structures in which pore size and functionality varied systematically has been produced in which each member shares the same cubic topology.
[image: image3.wmf]
Figure 1. 2 A large series of isoreticular metal–organic frameworks (IRMOFs).
1.1.2 Properties of MOFs

Synthesis of MOFs is done in a way that the product exhibits the relevant attributes of the starting materials. Therefore, when synthesizing MOFs the starting materials should be carefully chosen in order to get the desired properties. This is quite similar to the synthesis of organic polymers, where the nature of the monomer determines the properties of the polymer such as its processability, physical and optical characteristics. In similar way, it is the building units of the network connectivity, which governs the properties of MOFs. 38 In a similar way it is the building units of the network connectivity which governs the properties of a MOF. This includes magnetic exchange, availability of large channels for gas storage and biological applications.
Porous solids are of scientific interest because of their beneficial applications. These solids are classified as microporous, mesoporous and macroporous based on the size of their pores. Solids which have a pore size of  2 nm or below are known as microporous. 39 The mesoporous solids are in the range of 2 nm – 50 nm and above 50 nm are known as macroporous. 40, 41 
MOFs are microporous materials with variable pore sizes, that are tailored based on their constituents showing specifically type - I nitrogen adsorption isotherms (Figure 1.3). Some important properties of MOFs include the following: they have high surface area and pore volume, where all the pores have equal size, they are shape and size selective, they have accessibility because of the presence of exposed atoms, they are versatile in pores, structure and composition and they are functionalizabile, especially by post synthesis treatment. 
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Figure 1. 3 Type I gas adsorption isotherm.

1.1.3 Secondary Building Units (SBUs)
Yaghi and coworkers have coined the term secondary building unit or SBU, which refers to molecular complexes or clusters that can be extended into porous networks using multidentate  linkers. 42 Secondary building units (SBUs) are molecular complexes or clusters, connected by organic linkers that can be extended into porous networks using multidentate linkers. 43 They serve as “nodes” and coordinate to organic linkers to form frameworks (Figure 1.4).
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Figure 1. 4 Common transition metal acetate clusters and the divergent linker benzene dicarboxylate creating SBUs. Top: the copper acetate paddlewheel becomes a square planar SBU. Bottom: The [Zn4O]6+ cluster becomes an octahedral SBU. (Color scheme: Zn, green; Cu, light blue; C, black; N, blue, O, red).
SBUs are important to predict the overall topology of MOFs. The rigidity of the SBUs dramatically reduces the number of possible network topologies arising for a given metal or cluster node and linker combination. MOF-2 generated by Yaghi et al. has a square paddle wheel containing two zinc atoms linked in a periodic square array.42 HKUST-1 which was synthesized by William et al. has a Paddle wheel SBU which contains Cu dimers.43 As illustrated in Figure 1.8, the four carbon atoms of the paddle wheel form square secondary building units which in turn can, by means of linkers, form polyhedra, 2D sheets, and 3D networks. 44
Because of the large size of SBUs, the resultant structures of MOFs are usually porous and could have relatively large pores. Pore size can also be modified by introducing different length organic linkers. In general, longer and linear ligands give rise to frameworks with less stability. 45 Utilizing SBUs and the linkers of well-known geometry and chemical properties can lead to better predictions. For a given shape of the building blocks, only few simple, high symmetry network of general importance are most likely to form these subunits.45
1.1.4 Structural Highlights of MOFs

Metal coordination and the properties of the organic ligand play a vital role in predicting the network geometry. Specifically, by changing the bridge or its functionalization, new MOFs can be designed without changing the underlying topology. MOFs are infinite one-, two-, and three dimensional (1D, 2D, and 3D) networks (Figure 1.8). The 2D and 3D structures of MOFs can exhibit small cavities or open channels. Especially the three dimensional MOFs exhibit a high surface areas, high porosity, structural regularity and fine-tunability (Figure 1.5).

[image: image6.emf]
Figure 1. 5 Network constructions of MOFs from the metal ion and the linker (H2BDC).

Factors such as solvent templating, metal ion solvation, linkers’ geometries, temperature, pH, presence and nature of available anions may play decisive roles in the formation of various structures. 30, 42 Researchers have been trying to find a way to control and predict the structural outcomes of MOFs. However, there has not yet been a way to control a self-assembly process; rather, what the commonly so-called “rational” design can only help do so in a pseudo-controlled fashion.46
Transition metal ions provide coordination sites for the organic ligands. The oxidation state and coordination numbers of the metal ion play a significant role in giving rise to various geometries, which can be linear, T- or Y- shaped, tetrahedral, square-planar, square-pyramidal, trigonal-bipyramidal, octahedral, and various other forms.
1.1.5 Interpenetration of MOFs

Framework interpenetration, by which the pores of one framework are intergrown by one or more independent frameworks, is a commonly observed phenomenon in MOFs. While it may be a negative phenomenon from the gas storage point of view, because it signiﬁcantly reduces the available void space, the interpenetration bears positive effects, including enhanced framework stability, increased heat of adsorption, and size selectivity. Although a few examples have been recently reported, the control of interpenetration is still quite challenging.

After the synthesis of MOFs, the cavities or channels are usually occupied by solvent molecules. The size of the pores increases by extending the length of the linker, which causes interpenetration. Interpenetration in turn causes a high reduction in size of the pores (Figure 1.6). 
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Figure 1. 6 Interpenetration and interweaving MOFs a) repeating unit of MOFs with SBU shown as cubes and linkers as rods; b) interpenetrating frameworks; c) interweaving framework.
If the interactions between the framework and guest molecules are strong enough, the framework cavities may preferentially be filled with guests rather than being interpenetrated.  Interpenetration occurs if the diameter of the polymer strand is less than the size of the cavity. Hence, interpenetration can be prevented by using bulkier vertices; metal clusters as opposed to single metal ions. 
 1.2 The Significance of Metal-Organic Frameworks
MOFs are essentially coordination polymers formed in the most elementary sense by connecting together metal ions with multidentate organic linkers often resulting in fascinating structural topologies. These materials have attracted a great deal of attention in the past decade, and the increase in the number of papers published in this area during recent years is remarkable. 

Applications in gas storage, gas/vapor separation, size-, shape-, and enantio-selective catalysis, luminescent and ﬂuorescent materials, and drug storage and delivery have been explored. 48-52 As unrenewable fossil fuels become increasingly depleted, hydrogen comes into play as one of the best alternative fuels due to its highest energy density among all common fuels (e.g. three times the energy density of gasoline). 53 
1.2.1 MOFs as Gas Storage and Separation Media
Many MOFs have very high apparent surface area, which makes them appealing as H2 storage materials. Among the reported structures, MOF-177 by Yaghi and coworkers exhibits the highest uptake of N2 among all materials to date. It has a surface area of 4500 m2/g and a pore volume of 0.69 cm3/cm3.   16 As MOFs have higher surface areas and low densities, they are one of the attractive candidates for hydrogen storage. MOF-5 and its isoreticular series have received much attention for this purpose  (Figure 1.7).
[image: image8.wmf]
Figure 1. 7 MOF-5 with an empty volume (yellow) for gas adsorption.
Compared to other porous materials, some MOFs have higher surface areas and subsequently higher hydrogen uptake capacity. One of the benchmarks is provided by the study on MOF-177, which has a BET surface area of 4500 m2/g and an excess gravimetric hydrogen uptake of 7.5 wt% at 70 bar, 77 K. 53, 54 
However, when the temperature was raised to ambient temperature, the H2 uptake dropped signiﬁcantly as is the general case. The theoretical study from Bhatia and Myers demonstrated that an adsorption enthalpy change of 15.1 kJ/mol is needed for ambient temperature storage of H2 and delivery between 30 and 1.5 bar of pressure. 55 One way to increase the interaction between H2 and MOFs is to tailor the pore size in the MOF to maximize the potential overlap of the walls thereby allowing enhanced interaction between H2 and MOFs.
1.2.2 MOFs as Catalysts
Catalysis is one of the most promising applications for metal - organic framework materials. 56 Transition metals ions are good catalysts in redox reactions because they readily move from one oxidation state to another. MOFs can be catalytically active in three distinct ways. The first is to use unsaturated metal sites, which often appear at the nodes or corners of these materials. Another strategy is to utilize active sites within organic linkers. Finally, MOFs can be used as supports for other active catalysts. 

The most common type of catalysis involving metal organic framework is catalysis by metal ions; reactions include cyanosilylation, DielsAlder reaction, hydrogenation, esterification and CO oxidation. Particularly attractive candidates for catalysis are homochiral metalorganic frameworks that look like heterogeneous enzymatic catalysts and display enantioselective properties. One such catalytic application of MOFs is the reduction of styrene (Figure 1.8).
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Figure 1. 8 A catalysis reaction by MOF in the conversion of styrene.
As porous materials, MOFs may prove to be very useful in catalysis. Theoretically, the pores of MOFs can be tailored in a systematic way allowing optimization for speciﬁc catalytic applications. Besides the high metal content of MOFs, one of their greatest advantages is that the active sites are rarely different because of the highly crystalline nature of the material. 
Although catalysis is one of the most promising applications of such materials, only a few examples have been reported to date. In these MOFs, size- and shape-selective catalytic applications depend on porosity and the presence of catalytically active transition-metal centers. Heterogeneous catalysis was one of the earliest proposed applications for crystalline metal–organic frameworks (MOF) materials,57 as well as one of the earliest demonstrated applications. 58 

1.2.3 Other Applications of MOFs

MOFs have several other applications including luminescence, drug delivery, magnetic and biomedical applications. 59-64 In addition, porous materials are very useful in adsorption based gas/vapor separation, shape/size-selective catalysis, drug storage and delivery, and as templates in the preparation of low dimensional materials. 65 Metal-organic frameworks have received much attention in recent years especially as newly developed porous materials. 
As such, they possess a wide array of potential applications including materials luminescence and drug delivery. Another trend is the application of MOFs in a number of important industrial applications such as methane puriﬁcation and carbon dioxide sequestration. In the last several years, new applications of MOFs, such as those in the ﬁeld of porous magnets, luminescent sensors, and templated low-dimensional material preparation, have been demonstrated. Breakthroughs in the near future are possible with the continual development of these applications.

 1.3 Different Methods in the Synthesis of MOFs

Synthesis of coordination polymers is normally based on supramolecular approach. These polymers are self assembled from metal ions or cluster that are linked to each metal by organic linking molecules to generate infinite framework structure as shown in Figure 1.9. An arbitrary metal and a multifunctional ligand (here, adipic acid) are reacted together to produce an overall three-dimensional structure.
[image: image10.emf]
Figure 1. 9 A schematic drawing of the overall philosophy in MOF synthesis.
When it comes to the synthesis of porous materials, high temperature and extreme pH conditions are usually needed to overcome the frequently high enthalpies of formation and/or to account for the slow kinetics of nucleation. 66 The crucial chemical parameters of MOF synthesis are pH (mostly acidic), concentration and temperature. The most common strategy to synthesize porous or cavity-containing MOFs has been to propagate the coordination geometry of a transition-metal-ion using a linear organic bridge. Depending on the coordination preferences of the metal, the metal and organic components may assemble to form a 1D (e.g. linear), 2D (e.g. grid), or 3D (e.g. octahedral) structure. 67 
The common method to modify the walls of a host MOF based on a metal node and a linear organic bridge has been to modify the organic bridge. Such modification has been achieved by covalently attaching functional groups, in a pre-framework synthesis, to the bridge such that the functionalized organic ligand is integrated within the MOF by a direct synthesis 68 (Figure 1.10).
[image: image11.wmf]
Figure 1. 10 Schematic representation of the synthesis of MOFs.
Among potential MOF building units, a molecular octahedron is ideal because it can be extended into a 3D MOF simply by interlinking the six vertices through a ditopic ligand. A molecular octahedron can be prepared from an angular (90°) dicarboxylate ligand and a paddle wheel metal cluster. 69
1.3.1 Hydrothermal Synthesis

Hydro/solvothermal synthesis was first introduced for the synthesis of zeolites. Nowadays, this method is widely used for synthesis of several metal organic frameworks. Hydrothermal synthesis is typically employed in the temperature range 110-240 ºC in a Teflon-line autoclave under autogenous pressure. 

Under these conditions, the solvent temperature can be increased above its atmospheric pressure boiling point, while the solvent viscosity and dielectric constant are being reduced. Reduction of viscosity and dielectric constant enhances the diffusion process and crystal growth. 70 A schematic representation of hydrothermal vessel is shown in Figure 1.11.

The synthesis of MOFs is frequently performed by solvothermal or hydrothermal methods, where all chemicals are placed into Teflon lined Parr Bomb ovens (a specialized piece of equipment) using water as a solvent in hydrothermal and a solvent other than water in solvothermal method, and heated statically under autogenous pressure.
[image: image12.emf]
Figure 1. 11 A schematic of a Teflon TM-lined, stainless autoclave typically used in the laboratory to perform solvothermal synthesis.
These methods often yield crystals suitable for single crystal X-ray diffraction analysis, but have the obvious disadvantage of being relatively slow (hours to weeks). Furthermore, solvothermal conditions are unsuitable for thermally sensitive starting materials.
1.3.2 Room Temperature Synthesis

In this method the metal salt solution in a specific solvent and the linker solution in the same/different solvent are prepared and mixed with stirring. The resultant solution is further stirred for longer hours and the product is separated, washed and dried. MOF-5 was prepared using room temperature synthesis, 71 wherein separate N,N-dimethylformamide (DMF) solutions of terephthalic acid with triethylamine and zinc acetate dihydrate were prepared. 
The zinc salt solution was then added to the organic solution with rapid stirring at ambient temperature (Scheme 1.1). A white precipitate was observed almost immediately and the reaction was allowed to proceed for 2.5 h. Analysis of the resulting material by X-ray powder diffraction (XRPD) revealed that the solid was pure MOF-5 by comparison with the pattern simulated from the crystal structure.
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Scheme 1. 1 Scheme of the room temperature synthesis of MOFs.
1.3.3 Mechanochemical Synthesis

While the synthesis of MOFs is traditionally dominated by solvothermal solution-based methods requiring elevated temperatures and pressures, recent years have witnessed a rapid increase in interest in alternative synthetic methods that would be faster, cleaner and less expensive. Such mechanochemical methods include; solid-state grinding and liquid-assisted grinding (LAG). 
Neat grinding is the simplest form of mechanosynthesis, as it involves grinding a physical mixture of two (or more) reactants. Grinding can be performed manually, using a mortar and a pestle. Alternatively, a mechanical ball mill can be employed. Historically, neat grinding was the first method applied for the mechanosynthesis of metal–ligand bonds. The interest in mechanochemistry results from the growing interest in environmentally friendly and sustainable chemical processes. 72
In that context, the obvious benefit of mechanosynthesis is the ability to either completely avoid the use of solvent (as in neat grinding), or reduce the amount of solvent to catalytic or near stoichiometric amounts. In particular, neat grinding applied for the construction of a tetranuclear metal-organic square and a hexanuclear metal-organic bowl by grinding (ethylenediamine) platinum (II) nitrate with suitable di- and tri-pyridine ligands, respectively 73 (Figure 1.12).
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Figure 1. 12 Mechanochemical constructions of a molecular bowl (left) and a molecular   (square) via neat grinding.
Although neat grinding reactions are considered to occur in a dry environment, it is noteworthy that most neat grinding reactions involve the use of hydrated metal salts (e.g., acetates or nitrates) as precursors. It has been suggested that water or acid, which can be liberated during a mechanochemical reaction when using hydrated acetates or formates as reagents, could serve as a liquid phase that facilitates the mechanochemical reaction (as in LAG) or templates the formation of a porous structure.
In solvent-free synthesis, a range of crystalline MOFs have been described recently. Usually the metal acetate is reacted with the organic ligand of choice, placed in a stainless steel vessel with a ball bearing, mixed and grinded in a ball mill mixer. Cu3(BTC)2 has been synthesized in this way with a quantitative yield. The reaction is quick and can be monitored with powder XRD. 74 
1.3.4 Solvent Diffusion Method

This technique depends on different properties of the solutions to grow the crystal.75 A small amount of the solution of a metal compound is placed in a tube and a solution of organic ligand is carefully layered on the top of the metal solution. The tube is sealed and left undisturbed. In the passage of time, some crystals grow by diffusion of the ligand into a metal ion solution. 
However, solvent diffusion can be adapted by using an H-tube instead of the straight tube type. It should be noted that the mixture of organic ligand solution should be less dense than the metal ion solution and a suitable volume ratio of metal solution to organic solution is typically 1:4 or 1:5. Typically, water/ethanol, water/mixture of water and ethanol are commonly used for growing crystals.
1.3.5 Electrochemical Synthesis

BASF pioneered the electrochemical room temperature synthesis of the well known HKUST-1. 76 Electrochemical synthesis facilitates metal salt free and continuous production, which is a major advantage in any industrial environment. The principle relies on supplying the metal ion by anodic dissolution to a synthesis mixture that contains the organic linker and an electrolyte. Electrochemical synthesis was used to manufacture high quality patterned coatings of HKUST-1 on copper electrodes. 
MOFs based on copper, aluminum or zinc and linkers with different coordinating moieties and connectivities can be synthesized via anodic dissolution. Electrochemical MOF synthesis has various advantages: faster synthesis at lower temperatures than conventional synthesis. Metal salts are not needed and therefore separation of anions like NO3- or Cl- from the synthesis solution is not needed prior to solvent recycle. No anionic residues end up in the MOFs. Virtual total utilization of the linker can be achieved, in combination with high Faraday efficiencies. Although this approach appears promising for the synthesis of coatings, it seems to be limited to situations where nucleation takes place almost instantaneously. 
The industrial preparation of MOFs follows the scheme in Figure 1.13. A separate solution of the linker and a metal salt in a suitable solvent were prepared and mixed. The synthesis was done commonly following the hydrothermal or solvothermal methods.

[image: image15.emf]
Figure 1. 13 Scheme of the industrial preparation of MOFs.
2. OBJECTIVES

The objective of this thesis will look at synthetic strategies to design novel and environmentally friendly methods for the syntheses of MOFs. The synthesis of MOFs in water, at room temperature and using soluble linker salts. 
In particular, the use of salts as the source of linker enables the synthesis of MOFs in water, and this helps in circumventing the solubility problem of the organic linkers in water. This approach will be   followed by various characterization techniques to investigate the final materials. To our knowledge the use of linker salts have not been investigated in the synthesis of MOFs. 
Hence, this is a novel method that can be extended to the synthesis of other kind of MOFs. Furthermore, the room temperature synthesis of various MOFs in aqueous medium will be investigated.
3. CHARACTERIZATION TECHNIQUES

3.1 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) measures the mass change in a sample as a function of temperature, under a controlled atmosphere. It provides a quantitative measurement of the mass changes in a material associated with both material transitions and thermal degradation and thus can be used in the determination of the thermal stability and decomposition products of a material. 
The TGA is widely used for porous material characterization, however it is a limited technique as it cannot distinguish the actual nature of the material evolved in the course of the process and it is not easy to resolve overlapped thermal events. In this work TGA was used to analyze the mass changes occurring on the degradation of the MOF structure. The instrument used was Thermogravimetric Analyzer PERKIN ELMER TGA7. Samples were heated at a rate of 20 °C min-1 to a maximum temperature of 900 °C in a flowing atmosphere of oxygen. 

3.2 X-ray Powder Diffraction

X-rays are waves of electromagnetic radiation, or another form of light. They are composed of photons and are not only waves but also exhibit particle – like properties. 77
X-rays represent that portion of EM radiation with a wavelength (() around 0.1nm or 1 Å. The theory to determine crystal structure from diffraction pattern was developed by Bragg, and is defined by the Bragg’s equation (Equation 3.1).
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(Equation 3.1)
Where λ is the wavelength of the incident light, d is the lattice inter - planar spacing and x-ray incident angle where Θ is the complement of the angle of incidence, n is a whole number, and d is the distance between layers of atoms
Interaction between the X-ray radiation and the electrons of the matter through which it pass results in scattering. When X-rays are scattered by the ordered environment in a crystal, interference (both constructive and destructive) takes place among the scattered rays. This is because the distances between the scattering centers are of the same order of magnitude as the wavelength of the radiation. Diffraction is the result of constructive interference. 

Powder X-ray diffraction is a technique  used for characterization of powdered (polycrystalline) materials. The crystalline powder is composed of many small crystallites, that can satisfy Bragg’s law. They produce a diffraction  pattern used for phase identification. The powder diffraction patterns of a given structure are used as a finger print for that specific structure. This is done by the comparison of  the experimental data with known powder diffraction patterns found from Cambridge Crystallographic Data Center (CCDC). Powder X-ray diffraction patterns were collected on X´Pert Pro PANalytical.

3.3 Nitrogen Adsorption Measurements

In the case of porous adsorbents, gas molecules can diffuse through the pores and adsorb on the walls, with the amount of gas adsorbed being dependent on a number of parameters namely, temperature, pressure, chemical and physical properties of both adsorbate and adsorbent. 
A process combining both absorption and adsorption is called sorption. Physisorption is an interaction via van der Waals forces of adsorbate and adsorbent and chemisorption is a chemical reaction between adsorbate molecules and the array of surface atoms. In physisorption, the heat of adsorption is of the same order of magnitude as the heats of condensation of gases whereas for chemisorption it is the heats of chemical reactions. The adsorption of gas on a solid typically will follow one of these adsorption isotherms. Adsorption isotherms are plotted as an equivalent volume at standard pressure against the equilibrium pressure (P/P0) at constant temperature. 
IUPAC classification – 6 types of isotherms: Type-I -  Microporous solids, Langmuir isotherm, Type-II -  Multilayer adsorption on non-porous / macroporous solids, Type-III - Adsorption on non-porous/macro-porous solids with weak adsorption, Type-IV -  Adsorption on meso porous solids with hysteresis loop, Type-V -   Same as IV type with weak  adsorbate-adsorbent interaction Type-VI -  Stepped adsorption isotherm, on  different faces of solid  (Figure 3.1). 78
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Figure 3. 1 IUPAC classification of adsorption isotherms.
The surface areas were calculated based on Langmuir and BET methods.  The Langmuir theory 79 describes the relationship between the number of active sites for adsorption on the surface as a function of pressure. The surface coverage can be calculated by the Langmuir equation which states  (Equation 3.2).
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(Equation 3.2)
Where, R is the number of sites of the surface which are covered with gaseous molecule, P is pressure and K is the equilibrium constant for distribution of adsorbate between the surface and the gas phase. The basic limitation of Langmuir adsorption equation is that it is valid at low pressure only. At lower pressure, KP is so small, that factor (1+KP) in denominator can almost be ignored. So Langmuir equation reduces to (Equation 3.3). At high pressure KP is so large, that factor (1+KP) in denominator is nearly equal to KP. So Langmuir equation reduces to one.
R=KP  
(Equation 3.3)
BET theory, 76 proposed by Brunauer, Emmett and Teller is an extension of the Langmuir theory as it incorporates the concept of multimolecular layer adsorption. The BET equation is given below: where, P/P0 is the relative pressure, Vtotal is the STP volume of adsorbate, Vmono is STP volume of the amount of adsorbate required to form a monolayer, C is the equilibrium constant. A key assumption used in deriving the BET equation is that the successive heats of adsorption for all layers except the first are equal to the heats of condensation of the adsorbate (Equation 3.4).
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(Equation 3.4)
It also assumes that there are no lateral interactions between adsorbed species. Hence, BET theory models the process of physisorption better than the Langmuir theory although it is generally still not a good model for adsorption on microporous materials.

N2 adsorption isotherms were measured at 77 K on Micromeritics ASAP 2420. 0.1 g of the sample was evacuated under high vacuum for 24 h at different temperatures between 100 and 250 °C depending on the thermal stability of each MOF. The micropore surface area and volume values were calculated by the Brunauer–Emmett–Teller (BET) and Langmuir methods, using the soft ware of this programs.
3.4 Scanning Electron Microscopy 
The Scanning Electron Microscope (SEM) uses a focused beam of high energy electrons to scan the surface of a solid specimen. The electrons interact with the atoms at the surface, from a region about 2 microns in depth,  producing signals which creates an image for the analysis of the secondary and backscattered electrons. The interactions between the electrons and the sample gives information regarding morphology of the sample. The images from SEM give a clear picture about the morphology of the synthesized product. 
SEM has some advantages as compared to the traditional light microscope. This includes higher magnification, in our case 10,000, higher resolution and a larger depth of field yielding a characteristic three-dimensional appearance useful for understanding the surface structure of a MOF sample. Scanning Electron Microscope was measured using HITACHI Tabletop Microscope TM-1000 (10000 times magnification).
4. EXPERIMENTAL
4.1 Materials 
All the chemicals utilized in this work were of AnalarR grade and were used without further purification.
4.1.1 Synthesis of MOFs in Water
Zinc acetate dihydrate, [Zn(OAc)2·2H2O], (98% purity, Sigma Aldrich), zinc nitrate hexahydrate, Zn(NO3)2·6H2O, diethyl amine (DEA, C4H11N), copper acetate [Cu(OAc)2], 1,4-benzenedicarboxylic acid (H2BDC), 2,5-dihydroxy-1,4-benzenedicarboxylic acid (H2DHBDC), 1,2,4,5-benzenetetracarboxylic acid H4BTC (Sigma Aldrich), Imidazole, (HIM, C3N2H4) and N,N-dimethylformamide (DMF, C3H7NO)  were used for the room temperature syntheses of various MOFs.

4.1.2 Synthesis of MOFs at Room Temperature
4.1.2.1 Synthesis of Zn-BDC MOFs
Zinc acetate dihydrate [Zn(OAc)2·2H2O], (98% purity, Sigma Aldrich), zinc nitrate hexahydrate [Zn(NO3)2·6H2O] (Sigma Aldrich) 1,4-benzenedicarboxylic acid (H2BDC) (Sigma Aldrich) and N,N-dimethylformamide  (DMF) (Sigma Aldrich) were used for the room temperature synthesis of microporous MOF of zinc. 
4.1.2.2 Synthesis of Mg-BDC MOFs
 Magnesium acetate tetrahydrate [Mg(OAc)2·4H2O], (98% purity, Sigma Aldrich), 1,4-benzenedicarboxylic acid (H2BDC) (Sigma Aldrich) and N,N-dimethylformamide (DMF)  were used for the room temperature synthesis of microporous MOF of magnesium and terephthalic acid. 
4.1.2.3 Synthesis of Cu-BTC MOFs
 Copper acetate [Cu(OAc)2] and 1,3,5 - benzenetricarboxylic acid (H3BTC) (Sigma Aldrich), N,N-dimethylformamide (DMF) and distilled water were used as solvents during the synthesis.
4.1.3 Biphasic Synthesis of MOFs
Zinc acetate dihydrate [Zn(OAc)2·2H2O], (98% purity, Sigma Aldrich), zinc nitrate hexahydrate [Zn(NO3)2·6H2O] (Sigma Aldrich), 1,4-benzenedicarboxylic acid (H2BDC) (Sigma Aldrich), hexanol (C6H14O) and N,N dimethylformamide (DMF)  (Sigma Aldrich), nitrobenzene (C6H5O2N) dicyclohexylamine  and diethyl amine (DEA, C4H11N) were used in the biphasic synthesis of MOFs.
4.1.4 Linker Salt Based Synthesis of MOFs
4.1.4.1 Linker Salt Based Synthesis of MOF-5
Zinc nitrate hexahydrate [Zn(NO3)2·6H2O] (Sigma Aldrich), disodium terephthalate salt, Na2BDC (99% purity, Merck) and dimethylformamide (DMF, Sigma Aldrich) were used as purchased for the synthesis of MOF-5. Nitrogen gas (Sigma Aldrich) was used for the adsorption/desorption studies and surface area measurements.

4.1.4.2 Linker Salt Based Synthesis of MIL-53(Al)
Aluminum nitrate nonahydrate, Al(NO3)3·9H2O (99% purity , Sigma Aldrich), disodium terephthalate salt (Na2BDC, 99% purity, Merck) and distilled water were used for the synthesis of nanoporous MIL-53 (Al). Dimethylformamide, DMF (99% purity) and methanol, CH3OH (99% purity, Sigma Aldrich) were used as solvents. Nitrogen gas (Sigma Aldrich) was used for the adsorption/desorption studies and surface area measurements.
4.2 Synthesis of Metal Organic Frameworks (MOFs)
4.2.1 Synthesis of various MOFs in Water
Hydrothermal synthesis of Zn-BDC MOF (NZB1)
1.66 g of terephthalic acid (H2BDC) in 8.3 mL H2O and 2.97 g of Zn(NO3)2·6H2O in 15 mL H2O and 0.97 g of diethyl amine were placed in an autoclave and placed in an oven at 125 ºC for 24 hours. The resulting solution was filtered and washed with water and dried overnight in air. The yield was 0.12 g.
Hydrothermal synthesis of Co-BDC MOF (NCB1)
In a similar synthesis the metal salt was replaced with that of cobalt of equivalent molarity; 0.291 g Co(NO3)2·6H2O in 4 mL of H2O and 0.17 g of terephthalic acid (H2BDC) in 3 mL of water were mixed and 0.5 mL of diethyl amine was added and the hydrothermal synthesis was done following the above procedure. The yield was 0.14 g.
Room Temperature Synthesis of Zn-BDC MOF (NZB2)
In another synthesis 0.17 g of terephthalic acid (H2BDC) solution in 13 mL of DMF and 2.54 g of Zn(OAc)2·4H2O in 3.8 mL of water were mixed and the resulting solution was stirred for 18 hours, then filtered and washed with DMF and H2O and dried in air. The yield was 0.34 g.

Room Temperature Synthesis of Zn-IM MOF (NZI1)
0.72 g of Zn(NO3)2·6H2O and 0.15 g of H-IM and 12.6 mL of H2O were mixed thoroughly and placed in an oven at 85 ºC. The resulting product was filtered, washed with water and dried in air overnight. The yield was 0.10 g.
Room Temperature Synthesis of Zn-BTtC MOF (NZTt1)
0.76 g of 1,2,4,5-benzenetetracarboxylic acid (H4BTC) dissolved in 5 mL H2O and 0.28 g  Zn(OAc)2·2H2O dissolved in 6 mL of H2O were separately dissolved and mixed. After mixing, 0.5 mL of diethylamine was added and the resulting solution was stirred over 24 hours. The product was filtered, washed with water and dried in air overnight. The yield was 0.58 g. The yield was 0.17 g.
Room Temperature Synthesis of Zn-DHBDC MOF (NZDB1)
0.20 g of 2,5-dihydroxy-1,4-benzenedicarboxylic acid (H2DHBDC) was dissolved in 18.88 g dimethylformamide (DMF) and 0.57 g of Zn(OAc)2·2H2O dissolved in 4.65 mL of water and the two solutions were mixed slowly and with stirring. The solution was further stirred over 24 hours, and the resulting solution was filtered washed with water and dried in air overnight. The yield was 0.21 g.
4.2.2 Syntheses of MOFs at Room Temperature
4.2.2.1 Synthesis of Zn-BDC MOF
In the direct precipitation of MOF-2 at room temperature, terephthalic acid (H2BDC) (0.68 g, 4.1 mmol) was dissolved in 14.96 g of DMF; Zn(OAc)2·2H2O (1.56 g, 7.24 mmol) was dissolved in 11.04 g of H2O. The zinc salt solution was added to the organic linker solution with stirring over 15 min, forming a precipitate, and the mixture was stirred for 24 h. The precipitate was ﬁltered and washed repeatedly with DMF and dried overnight and weighed (1.22 g, 63%). The room temperature precipitated MOF-2 was denoted as N-MOF-2-RT.
The effect of the molar ratio of the two solvents was also studied by changing the stochiometric amounts of the two solvents. That was done changing only the molar ratio of two solvents (DMF and water), using 0:100, 25:75, 50:50, 75:25 and approximately 98:2 ratios of the two solvents. In addition different syntheses were conducted; changing the solvent, the molar ratio of the metal salt and the linker, the reaction kinetics and metal salts with a different counter ions. 
4.2.2.2 Synthesis of Mg-BDC MOF
For the synthesis of magnesium-BDC MOF at room temperature, 0.55 g (2.57 mmol) of the metal salt, Mg(OAc)2·4H2O was dissolved in 31 g (0.424 mol) of DMF and 0.34 g  (2.05 mmol) of the linker (H2BDC) was dissolved in 26 g (0.36 mol) of DMF.  The metal salt solution was added to the linker solution at once and the resulting solution stirred at room temperature for 24 h. The white precipitate formed was filtered and washed with DMF repeatedly and dried in air overnight. The yield was 0.56 g.
4.2.2.3 Synthesis of Cu-BTC MOF 
0.54 g (2.98 mmol) of Cu(OAc)2 was dissolved in 9.6 g distilled water and 0.44 g (2.57 mmol) of H3BTC was dissolved in 6.4 g  DMF. The metal salt solution was added to the linker solution and stirred at room temperature for 24 hours. The product of the reaction was filtered and washed with 20 g water and 20 g DMF and dried in air over night. The room temperature precipitated HKUST-1 was denoted as N-HKUST-1-RT. The yield was 0.88 g.
4.3 Biphasic Synthesis of MOFs
0.34 g of 1, 4-benzenedicarboxylic acid (H2BDC) dissolved in 42.7 g nitrobenzene and 1.12 g of Zn(OAc)2·4H2O in 35.6 g water were prepared and the metal salt solution was slowly layered over the linker acid solution. A hydrophilic amine (0.15 g of diethyl amine) was added to the organic linker solution. The resulting solution was placed in the reaction vessel for 24 hours and filtered and washed with water and dried in air overnight. In another synthesis, the amine was hydrophobic amine (0.4 g of dicyclohexylamine) was added for the synthesis of these MOFs. In another synthesis following a similar procedure, the nitrobenzene was replaced with hexanol.
4.4 Linker Salt as Linker Sources for the Synthesis of MOFs
4.4.1 Synthesis of MOF-5 
4.4.1.1 Room Temperature Synthesis of MOF-5 
In the room temperature synthesis of MOF-5, 4.39 g (14.76 mmol) of the metal salt, zinc nitrate hexahydrate, Zn(NO3)2·6H2O was dissolved in 55.5 g DMF. 0.43 g (2.05 mmol) of the linker salt, disodium terephthalate (Na2BDC), was dissolved in 55.5 g DMF. The metal salt solution was added to the linker solution with continuous stirring and the resulting solution was stirred for 24 h. The powder obtained was filtered and washed with DMF repeatedly. The product was dried on air over 24 h and collected and weighed. The room temperature precipitated MOF-5 was denoted as N - MOF - 5 - RT. The yield was 0.30 g.
4.4.1.2 High Temperature Synthesis of MOF-5

For the high temperature synthesis of MOF-5, 12.08 g (40.61 mmol) of the metal salt, zinc nitrate hexahydrate [Zn(NO3)2·6H2O] was dissolved in 55.5 g DMF. 0.86 g (4.10 mmol) of the linker disodium terephthalate ( Na2BDC) was dissolved in 55.5 g DMF. The metal salt solution was added to the linker solution with continuous stirring and the resulting solution was placed in an oven at 100 º C for 24 h. The powder obtained was allowed to cool to room temperature, filtered and washed with DMF repeatedly. The white precipitate formed was dried in air over 24 h and collected. The high temperature precipitated MOF-5 was denoted as N - MOF - 5 - HT. The yield was 0.52 g.
4.4.1.3 Evacuation

The product obtained was evacuated by exchanging with 10 mL dichloromethane six times every 12 h. After the exchange the sample was dried and kept for gas adsorption measurements.
4.4.2 Synthesis of MIL-53
4.4.2.1 Room Temperature Synthesis of MIL-53 (Al) 
8.4 g (40 mmol) of disodiumterephthalate (Na2BDC), 30 g (79.98 mmol) of aluminum nitrate nonahydrate salt, Al(NO3)3·9H2O and 115.2 g (6.4 mol) of H2O were stirred at room temperature. From the stirring solution the synthesized or produced MIL-53 was collected at different reaction times: 4 h, 8 h, 24 h, 3 days, 5 days, 7 days and 14 days. The white precipitate collected each time was washed with distilled water repeatedly and dried under atmospheric condition overnight. The room temperature precipitated MIL-53 was denoted as N-MIL-53-RT. 
4.4.2.2 Hydrothermal Synthesis of MIL-53 (Al)
0.21 g (1.0 mmol) of disodium terephthalate (Na2BDC), 0.75 g (2.0 mmol) of aluminum nitrate nonahydrate [Al(NO3)3·9H2O] and 2.88 g (0.16 mol) of H2O were placed in an autoclave at different temperatures (75, 150 and 220 º C) over a period of 24 hours. After the completion of the reaction, the autoclave was cooled down to room temperature and the white powder formed was separated by centrifugation and washed with distilled water repeatedly and dried under atmospheric condition, overnight. The hydrothermally precipitated MIL-53 was denoted as N - MIL - 53 - HT. The yield was 0.23 g.
The study on the kinetics of this reaction was performed by synthesizing MIL-53 following the conventional hydrothermal method, however by using the salt disodium terephthalate. In this synthesis 0.21 g (1.0 mmol) of the salt disodium terephthalate, Na2BDC, 0.75 g  (2.0 mmol) of aluminum nitrate nonahydrate  [Al(NO3)2·9H2O] and 2.88 g (0.16 mol) of H2O were placed in autoclave at 220 ºC and at different reaction times; 4 h, 8 h, 24 h, 3 days and 5 days. After the completion of the reaction, the autoclave was cooled down to room temperature and the white powder formed was separated by centrifugation and washed with distilled water repeatedly and dried under atmospheric condition, overnight.
4.4.2.3 Room Temperature Synthesis of MIL-53 (Al) with H2BDC
For the room temperature synthesis of MIL-53 (Al) with H2BDC, 0.83 g (5.0 mmol) of terephthalic acid (H2BDC), 3.75 g (10.0 mmol) of aluminum nitrate nonahydrate salt [Al(NO3)2·9H2O] and 14.4 g  (0.8 mol) of H2O were stirred at room temperature.  0.40 g (0.01 mol) of sodium hydroxide pellet was added immediately after the stirring started. 

The resulting solution was stirred at room temperature for 24 hours. The white precipitate formed was collected by filtration and was washed with distilled water repeatedly and dried under atmospheric condition overnight. The room temperature precipitated MIL-53 with terephthalic acid was denoted as N – MIL-53 –TA. 
4.4.2.4 Hydrothermal Synthesis of MIL-53(Al) with H2BDC

For the comparison of the results of the synthesis of MIL-53 following different procedures, MIL-53 was synthesized following a standard procedure developed by Ferey et al. 80 using terephthalic acid (H2BDC) at high temperature. 1.3 g (3.47 mmol) of Al(NO3)3·.9H2O, 1.3 g (3.47 mmol) of 1,4 - benzenedicarboxylic acid and 4.9 g (0.27 mol) distilled  water were placed in a 75 mL  Teflon-lined steel autoclave and heated at 493 K for 72 h. After completion of reaction, the autoclave was cooled down to room temperature and the white powder formed was filtered and washed with distilled water repeatedly until pH of filtrate was 7. The yield was 0.94 g.
The powder obtained was dried overnight at room temperature. The as-synthesized dry powder contains unreacted 1,4-benzenedicarboxylic acid molecules in the cavities/tunnels. The hydrothermally synthesized MIL-53 using H2BDC following the recipe of Ferey was denoted as N-MIL-53.
4.4.2.5 Activation by Calcination
The synthesized MIL-53(Al) was activated by heating in a programmable oven, at 330 ºC for three days. The temperature was adjusted to increase from room temperature to 330 ºC within one hour. The calcined product is designated as N-MIL-53-RT-ht. 

5. RESULTS AND DISCUSSIONS
5.1 Synthesis and Characterization of MOFs in water
Introduction
The aim of this work was to synthesize MOFs under environmentally more benign conditions using water as a solvent and at room temperature. Various MOFs were synthesized from different linkers; terephthalic acid (H2BDC), 1,2,4,5-benzenetetracarboxylic acid (H4BTC), imidazole (HIM) and 2,5-dihydroxy-1,4-benzenedicarboxylic acid (H2DHBDC) described in section 1.2.1 (Figure 1.5) and zinc (Zn2+) and cobalt (Co3+) ions. Water and/or DMF were used as solvents. 

The syntheses were carried out at room temperature and by hydrothermal methods for comparison purposes. The hydrothermal method was tried using only water as a solvent for both the linker and the metal salt. The general method in the room temperature synthesis was to dissolve the metal salt in water and the linker in dimethylformamide (DMF) and/or water. After mixing the two solutions, stirring at room temperature for a longer time (24 hours) and finally, separating the product. The acetate salt of the metal [Zn(OAc)2·2H2O] was used, which slightly increases the pH for the deprotonation of the organic acid. The various syntheses carried out are summarized in Table 5.1. 
Table 5. 1 The synthesis of various MOFs with different metal salts and different linkers; terephthalic acid (H2BDC), 1,2,4,5-benzenetetracarboxylic acid (H4BTC), imidazole (HIM) and 2,5-dihydroxy-1,4-benzenedicarboxylic acid (H2DHBDC).
	Sample Code
	Metal Source
	Linker
	Solvent
	Cond.
	Amine
	Product

	NZB1
	Zn(NO3)2·6H2O
	H2BDC
	H2O
	HT
	DEA
	ZnO

	NCB1
	Co(NO3)2·6H2O
	H2BDC
	H2O
	HT
	-
	New phase

	NZB2
	Zn(OAc)2·2H2O
	H2BDC
	DMF/H2O
	RT
	-
	New phase

	NZI1
	Zn(OAc)2·2H2O
	H-IM
	H2O
	RT
	DEA
	New phase

	NZTt1
	Zn(OAc)2·2H2O
	H4BTtC
	H2O
	RT
	-
	New phase

	NZDB1
	Zn(OAc)2·2H2O
	DHBDC
	DMF/H2O
	RT
	-
	MOF-74


NZB1 (Hydrothermal synthesis of Zn-BDC): As a starting point, the hydrothermal  synthesis of Zn-BDC MOF in water with the metal salt [Zn(NO3)2·6H2O] and terephthalic acid (H2BDC) with diethyl amine or (CH3CH2)2NH, used to deprotonate the linker, produced zinc oxide (ZnO) crystals, as identified by comparison with the known powder X-ray diffraction pattern of ZnO. The change in temperature of this synthesis from 125 to 150 ºC produced the same product (Figure 5.1). 
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Figure 5. 1 Powder XRD pattern of ZnO obtained during the hydrothermal synthesis of Zn-BDC in water.

NCB1 (Hydrothermal synthesis of Co-BDC): The hydrothermal synthesis of cobalt MOF from Co(NO3)2·6H2O and terephthalic acid (H2BDC) at 125 ºC using water as a solvent produced a solid of an unknown phase. The powder XRD pattern of this MOF shows fluorescence due to the presence of cobalt. This is caused by the emission of radiation in the visible part of electromagnetic radiation due to electronic transition in the metal (Figure 5.2).
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Figure 5. 2 Powder XRD pattern of NCB1, cobalt (II) and terephthalic acid synthesized by hydrothermal method.
NZB2 (Room temperature synthesis of Zn-BDC): The hydrothermal method in the synthesis of Zn-BDC produced ZnO. Hence changing the reaction conditions; room temperature and with a linker (H2BDC) to metal salt [Zn(OAc)2·4H2O] ratio of 1:11.5, a MOF was synthesized from Zn(II) and terephthalate ions. DMF is required to dissolve the linker (terephthalic acid or H2BDC), however, the salt [Zn(OAc)2·4H2O] is soluble in water. Instead of using the organic amine (diethylamine), the acetate salt of the metal is used to raise the pH of the solution for the deprotonation of the linker.
Powder XRD studies

The powder XRD pattern of the synthesized MOF is compared with the data obtained from Cambridge Crystallographic Data Center (CCDC) of the common Zn-BDC phases (MOF-2, MOF-3, MOF-5 and MOF-69C) and it is found to be not similar (Figure 5.3).
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Figure 5. 3 Powder XRD pattern of NZB2, the new Zn-BDC phase synthesized at RT compared with the database of the common Zn-BDC phases: MOF-2, MOF-3, MOF-5 and MOF-69C.
Thermogravimetric studies

In the thermogram of this sample, the weight losses due to the two solvents (H2O and DMF) and the decomposition of the linker are clearly observable. It shows a weight loss (1%) at 88 ºC due to the removal of water molecules and another weight loss (9%) at 149 ºC due to loss of DMF. The framework decomposes completely at a temperature of 521 ºC, where the material loses a weight of 58%, due to the decomposition of the coordinated linker. The remaining 32% of the weight at 530 ºC is due to the metal oxide residue (Figure 5.4).
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Figure 5. 4 TGA/DTG curves of NZB2, the new Zn-BDC MOF synthesized at RT.

Thermodiffraction analysis

Thermodiffraction consists of a series of powder XRD analysis collected at various temperatures; it shows the stability of a certain crystalline phase with temperature. From the temperature value where the phase of the material is changed, the decomposition temperature of the sample can be observed. The thermodiffraction analysis (NZB2) shows the material is stable up to 350 ºC. However, the crystallinity remains virtually unaltered in the temperature range from room temperature to 350 °C, and a further temperature increase leads to a gradual transition to zinc oxide (ZnO) (Figure 5.5).
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Figure 5. 5 Thermodiffractogram of NZB2, the new Zn-BDC MOF synthesized at RT.
N2 adsorption measurements

The N2 adsorption measurement shows that the material has a very low surface area (BET surface area of 41 m2g-1). The type of the isotherm shows the material has a 2D-layered framework, as there is a difference between the adsorption and desorption branches on the isotherm, they do not close after the process. This may be attributed to either a deficient evacuation or a too slow adsorption/desorption mechanism. 81 Hence, the materials adsorb mainly between the layers where the rate of adsorption and desorption is different (Figure 5.6). 
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Figure 5. 6 N2 adsorption-desorption isotherm of NZB2, the new Zn-BDC MOF synthesized at RT

This is very small compared to the surface area found for the common Zn-BDC MOFs. As an example, several MOF-5 samples with surface areas ranging from 2900 to 4400 m2/g were previously synthesized using solvothermal method. 82 -85
Scanning electron microscopy

The SEM micrographs show that this material is formed by particles of different shapes and sizes. The SEM images of these materials have smooth surfaces with a plate-like morphology, typical of layered solids. However, they are highly agglomerated yielding a very compact structure. Nevertheless, the particles are clearly rectangular crystals (Figure 5.7).
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Figure 5. 7 SEM images of NZB2, Zn-BDC phase.

NZI1 (High Temperature Synthesis of Zn-IM MOFs): Several attempts to synthesize zeolitic imidazolate frameworks (ZIFs) from zinc (II) [Zn(OAc)2·4H2O] and imidazole (HIM) were conducted at room  temperature. ZIFs are another group of MOFs constructed from tetrahedrally-coordinated transition metal ions (Fe, Co, Cu, Zn) connected by imidazolate/imidazolate-type linkers. ZIFs involve M-N bonds instead of M-O bonds (Chapter 1, Figure 1.1 E). 
Powder XRD studies

The synthesis of Zn(OAc)2·4H2O and HIM MOFs, produced a crystalline compounds of unknown phases. The synthesis of these materials with zinc acetate [Zn(OAc)2·4H2O] to imidazole (HIM) molar  ratio of 1:1.1, using water as a solvent and in the presence of  a base (diethyl amine) at 85 ºC, produced an unknown phase (Figure 5.8).
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Figure 5. 8 Powder XRD pattern of NZI1 (Zn-IM MOF) synthesized at RT.
Thermogravimetric analysis

The thermogram of NZI1 shows three weight losses. The initial weight loss (0.5%) at 414 ºC may be due to the loss of a coordinated water molecules from the pores. A sharp increase in the weight loss (14 %) at 525 ºC is due to the collapse of the synthesized Zn-IM phase and the final loss of (39 %) at 568 ºC is due to further decomposition of the remaining zinc-imidazole compound which finally produces the metal oxide or hydroxide residue, ZnO or Zn(OH)2 (Figure 5.9).
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Figure 5. 9 TGA/DTG curves NZI1 (Zn- H-IM MOF) synthesized at RT.
NZTt1 (Room temperature synthesis of Zn-BTtC MOF): The aim is to synthesize zinc [Zn(OAc)2·4H2O] and 1, 2, 4, 5 - benzene tetra carboxylic acid (H4BTC) MOF under environmentally friendly conditions. Water was used to dissolve the metal salt [Zn(OAc)2·4H2O], DMF for the linker, and diethyl amine (DEA) was added to the linker solution, to deprotonate the linker.

Powder XRD studies

From the powder XRD patterns it can be observed that a crystalline compound is obtained, however, it cannot be indexed by any of the MOF structures reported in the literature (Figure 5.10).


[image: image29.wmf]10

20

30

0

2000

4000

6000

8000

10000

12000

14000

Intensity/a.u.

2

q/

º


Figure 5. 10 Powder XRD pattern of NZTt1 (Zn-BTtC MOF) synthesized at RT.
Thermogravimetric analysis

The thermogram shows three weight losses; the first loss (18%) between 99 and 153 ºC is due to water inside the pores, the second weight loss of (20%) at 377 ºC is due to the coordinated water and the sharp loss of (44%) at 505 ºC is due to the decomposition of the framework (Figure 5.11).
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Figure 5. 11 TGA/DTG curves of NZTt1 (Zn- H4BTtC MOF) synthesized at RT.
NZDB1 (Room Temperature Synthesis of Zn-DHBDC MOF): Synthesis of MOF with the linker 2,5-dihydroxy-1,4-benzenedicarboxylic acid (H2DHBDC) and zinc (II) at room temperature produced MOF-74 (Figure 5.12). The room temperature precipitation was carried out from the water solution of the metal salt [Zn(OAc)2·2H2O] and the dimethylformamide (DMF) solution of the linker (H2DHBDC). 
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Figure 5. 12 Structure of MOF-74, showing the connection of an amine group to the 1,4-benzenedicarboyxylate ligands.
Powder XRD studies

The powder XRD pattern of NZDB1 was found to be similar to the pattern of the hydrothermally synthesized and the theoretical pattern of MOF-74 (Zn) 86 (Figure 5.13).
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Figure 5. 13 Powder XRD pattern of NZDB1 (Zn-DHBDC MOF) at RT and the simulated pattern of MOF-74(Zn).

MOF-74 presents the unique advantage of co-ordinatively unsaturated (open) metal sites that can be varied without affecting the underlying framework structure. It is constructed from infinite helical SBUs and H2DHBDC linkers to give a hexagonal network in which one zinc is bonded to five oxygen atoms (Scheme 5.1).
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Sheme 5. 1 The unsaturated or open site in Zn-DHBDC MOF.
Thermogravimetric analysis

The thermogram of this MOF (NZDB1) shows a weight loss (2 %) between 85 - 110 ºC, which is due to the removal of encapsulated H2O molecules and a weight loss (20 %) between 110 - 367 ºC, due to the removal of DMF from the pores. The framework decomposes at 386 ºC with 46 % weight loss. The remaining 32 % is due to the metal oxide or hydroxide residue (Figure 5.14).
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Figure 5. 14 TGA/DTG curves of NZDB1 (Zn- DHBDC MOF) at RT.
Nitrogen adsorption studies

The nitrogen adsorption isotherm of this MOF (NZDB1) shows a very low surface area of 25.6 m2g-1 (BET) and with a hysteresis loop along a wide range of pressure. The low surface area may be accounted by the absence of post synthesis treatment (evacuation).  Hence, there may be solvent molecules inside the pores of this MOF preventing the adsorption of nitrogen molecules (Figure 5.15).
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Figure 5. 15 N2 adsorption/desorption isotherm of NZDB1 (Zn2+ and DHBDC MOF).
Conclusion

Different attempts to synthesize new MOFs using environmentally friendly conditions such as water as a solvent and room temperature have been carried out using different linkers and metal ions. The main challenge in these syntheses was the solubility of the linker. 

The above described results indicate that the room temperature synthesis produced some unknown phases except the zinc and 2,5-dihydroxy-1,4-benzenedicarboxylic acid MOF (NZDB1), which was found to be MOF-74. Further structural studies are currently underway using Transmission Electron Microscopy to elucidate the final structures. However, the low stability of these compounds under the electron beam make the observations very difficult.

5.2 Synthesis and Characterization of MOFs at Room Temperature

Introduction
One of the main objectives of this work was to attempt the syntheses of MOFs at room temperature. In this section a follow up of the work mentioned in section 5.2 is described, with particular emphasis on the syntheses of known MOFs (Zn-BDC MOFs and Cu-BTC MOFs) and their analogues (Mg-BDC MOFs) under environmentally friendly conditions. This is relevant because metal ions and linkers are known to crystallize in different crystal lattices. 87 For example zinc carboxylates have been shown to crystallize with a range of two- and three-dimensionally connected lattices. Zinc benzenedicarboxylates crystallize at room temperature when bases such as amines are added to solutions that contain zinc salts and benzenedicarboxylic acids. 88 
Metal organic framework material MOF-2, Zn2(BDC)2 was synthesized from Zn(OAc)2·4H2O and 1,4-benzenedicarboxylic acid (H2BDC)  (terephthalic acid) at room temperature. This MOF was prepared according to the direct mixing approach introduced by Haung et.al. 89 The structure of MOF-2 consists of layers containing stacks of two zinc cations linked by mono- and bidentate BDC groups.

MOF-2 has been synthesized at room temperature using water solution of the metal salt Zn(OAc)2·4H2O and N, N-dimethylformamide (DMF) solution of the linker, H2BDC. The effects of the ratio of the two solvents and the reaction time for the preparation of MOF-2 have been studied. A summary of the synthesis of some common MOFs at room temperature is given in Table 5.2. 

Table 5. 2 The synthesis of common MOFs of zinc, magnesium and copper with terephthalic (H2BDC) and 1,3,5-benzenetricarboxylic (H3BTC) acids.
	Sample code
	Metal Source
	Linker
	Linker:M 
	Solvents
	Cond.
	Product

	NZB5
	Zn(OAc)2·2H2O
	H2BDC
	1:1.74
	DMF/ H2O
	RT
	MOF-2

	NMB1
	Mg(OAc)2·4H2O
	H2BDC
	1:2.5
	DMF
	RT
	Mg-MOF

	NCuT1
	Cu(OAc)2
	H3BTC
	1:1.5
	DMF/H2O
	RT
	HKUST-1


Where Mg-MOF is Mg3(BDC)3(DMF)4
5.2.1 Characterization of Zn-BDC MOFs
Powder XRD studies
The powder XRD patterns of MOF-2 synthesized at room temperature (NZB5, N-MOF-2-RT) and the known structure of MOF-2 (MOF-2-TP) are in a good agreement. This confirms that MOF-2 was directly precipitated from the water solution of zincacetatedihydrate [Zn(OAc)2·2H2O] and dimethylformamide (DMF) solution of the linker, terephthalic acid, at room temperature over a period of 24 hours with a metal: linker ratio of 1:1.74 and with H2O to DMF ratio of 3:1 (Figure 5.16).
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Figure 5. 16 Powder XRD pattern of the synthesized MOF-2 (N-MOF-2-RT) and the simulated pattern of MOF-2 (N-MOF-2-TP).
The effect of the molar ratio of solvents: By changing the molar ratio of the two solvents (H2O and DMF) different phases were produced (Table 5.3). Using water as the only solvent (NZB4) a new phase was formed, while using only DMF as a solvent both for the metal salt and the linker (NZB8), a pure phase of MOF-5 was formed. 

Table 5. 3 Molar composition of the two solvents (DMF and H2O) and temperature/time treatments of the different syntheses.
	Sample code
	DMF/BDC
	H2O/BDC
	DMF/H2O
	Treatment
	Product

	NZB4
	0
	202
	0
	RT/24h
	New phase

	NZB5
	50
	153
	0.3
	RT/24h
	MOF-2

	NZB6
	100
	103
	1.0
	RT/24h
	New phase

	NZB7
	150
	53
	2.8
	RT/24h
	New phase

	NZB8
	200
	0.017
	59
	RT/24h
	MOF-5


When the DMF to water ratio is 1 (NZB6) and 2.8 (NZB7), new phases were formed. However, with a DMF to H2O ratio of 0.3 (NZB5) a pure phase MOF-2 was formed  (Figure 5.17).
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Figure 5. 17 XRD patterns of MOFs synthesized with different DMF:H2O ratios.
Effect of reaction time: With the ratio of the two solvents fixed at 50:50 and the molar ratio of the metal salt and the linker being 1:1.74, the reaction time was varied, i.e.  (1, 2 and 3 days for NZB6, NZB7 and NZB8, respectively). As can be observed from the corresponding powder XRD patterns, identical phases were formed regardless of the time. This shows that the reaction time is not an important factor once the minimum time to precipitate Zn-BDC was set (Figure 5.18).
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Figure 5. 18 Powder XRD pattern of MOF synthesized changing only the reaction time: 1day (NZB6), 3 days (NZB9) and 5 days (NZB10).
In this synthesis, no organic amine was used to deprotonate the linker; instead the metal salt of acetate [Zn(OAc)2·2H2O] was used rather than the commonly used nitrate salt. The acetate anion raises the pH slightly higher, causing the deprotonation of terephthalic acid, as compared to the highly acidic nitrate salt [Zn(NO3)2·6H2O] commonly used in the synthesis of these MOFs.

Thermogravimetric analysis 

The thermogram of the synthesized MOF-2 (NZB5) is given in Figure 5.19. There are three weight losses clearly observed: The first weight loss (6%) at 98 ºC arises from the desorbed H2O and the second weight loss (23%) at 206 ºC is due to the removal of occluded DMF molecules. The third sharp weight loss (46%) at 515 ºC comes from decomposition of the organic species in the framework (Figure 5.19). 
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Figure 5. 19 TGA/DTG curves of N-MOF-2-RT.
The thermogram of NZB5 (DMF:H2O ratio of 0.3) completely overlaps with NZB7, the MOF synthesized with DMF:H2O ratio of 3. Similarly, the three weight losses are observed in the samples synthesized using only DMF or H2O as a solvent both for the metal salt and the linker (Table 5.4).
Table 5. 4 Weight losses of the Zn-BDC MOF synthesized with different DMF:H2O ratio.
	
	Solvents ratio
	< 100 ºC
	100-300
	>500
	Stability

	sample code
	H2O:DMF
	wt % 

H2O 
	wt % 

DMF
	wt % 

Linker
	Decom. 

T ºC

	NZB4
	100:0
	9
	-
	39
	509

	NZB5
	75:25
	7
	22
	46
	515

	NZB6
	50:50
	1
	31
	40
	513

	NZB7
	25:75
	6
	22
	46
	515

	NZB8
	2:98
	2
	24
	44
	534


In sample NZB8 (MOF-5) the first weight loss (2%) below 100 ºC is due to loss of water of crystallization. The second weight loss (22%) between 100-301 ºC is due to the desorption of DMF from the pores. The framework decomposes at 534 ºC with a weight loss of 44%. 
On the other hand the sample synthesized using only H2O as a solvent (NZB4) has three weight losses, the first (9%) between 112 - 217 ºC due to desorbed water inside the pores, the second weight loss (30%) between 115 - 356 ºC due to the removal of encapsulated linker, and the last weight loss of 41% at 509 ºC due to the decomposition of the framework (Figure 5.20).
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Figure 5. 20 TGA plots of the various Zn-BDC phases synthesized with different DMF: H2O ratios.
In all the samples synthesized using both DMF and H2O as solvents, two distinguishable weight loses are clearly observed. However, in sample NZB6, the weight loss below 400 ºC is not sharp but a continuous release of solvents. This is most probably indicating that in these samples, the solvent molecules are randomly coordinated to the metal. However, the framework decomposes with a weight loss of 40% at 513 ºC.

The amount of the final residue [ZnO or Zn(OH)2] is minimum in the phase synthesized using water as the only solvent (NZB4) and maximum in the phase where DMF is the only solvent (NZB8). The highest framework stability is observed in the sample synthesized with DMF as the only solvent and the least stability with the sample synthesized using water as the only solvent for both the linker and the metal salt. 

N2 Adsorption measurements

The N2 adsorption/desorption isotherm of the synthesized N-MOF-2-RT (NZB5) is plotted in Figure 5.21. The isotherm does not close up, which is due to hysteresis loop. This may be attributed to either a deficient evacuation or a very slow adsorption/desorption  mechanism. 90  Hence, the synthesized MOF has a relatively lower BET surface area of 290 m2/g. 
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Figure 5. 21 N2 adsorption-desorption isotherm of N-MOF-2-RT (NZB5).
Powder XRD patterns of the as synthesized sample (N-MOF-2-RT) and the same sample after the degasification treatment (prior to gas sorption studies or after BET measurements) (N-MOF-2-RT-AB) show different profiles. Hence, the synthesized MOF-2 was unstable and changed to a new phase upon heating during degasification treatments prior to the gas sorption measurements that can cause a reduction in surface area (Figure 5.22).


[image: image40.wmf]10

20

30

0

10000

20000

30000

40000

Intensity/a.u.

Temperature/ºC

N-MOF-2-RT

N-MOF-2-RT-AB


Figure 5. 22 Powder XRD pattern of the synthesized MOF-2 (N-MOF-2-RT) and after treatment during nitrogen adsorption measurements (N-MOF-2-RT-AB).

Scanning electron microscopy 

The SEM images of this MOF (N-MOF-2-RT) shows hexagonally shaped crystals. The crystals are of different sizes. In addition, the uniform morphology shows the purity of the phase of this sample (N-MOF-2-RT) (Figure 5.23). 
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Figure 5. 23 SEM images of NZB5 (N-MOF-2-RT).
When the ratio of DMF: H2O is increased, the particle size of these materials decreases. As can be observed from the SEM images, the higher the amount of DMF the smaller the crystal size of the resulting MOF (Figure 5.24).
[image: image79.emf]Relative Pressure (p/p°)

0.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Quantity Adsorbed (mmol/g)

00

1

Isotherm Linear Plot

NZ3 (dega200C/16h Puerto 1) - Adsorption NZ3 (dega200C/16h Puerto 1) - Desorption


Figure 5. 24 SEM images of NZB6, NZB7 and NZB8 with different H2O:DMF ratios.
Conclusion

 The metal organic framework material MOF-2, N-MOF-2-RT [Zn2(BDC)2] was directly precipitated at room temperature from water solution of the metal salt [Zn(OAc)2·2H2O] and DMF solution of the linker (1,4-benzenedicarboxylic acid). The thermogram  showed weight losses due to the two solvents, and the decomposition of the linker. The optimized process has led to a two dimensional layered material with relatively low N2 adsorption capacity (BET surface area of 290 m2/g). In addition the phase purity of this MOF was confirmed by SEM.

5.2.2 Characterization of Mg-BDC MOFs

Introduction
As a second group, MOF of magnesium ion (Mg2+) and terephthalate ion (BDC) was synthesized at room temperature using dimethylformamide (DMF) as a solvent both for the metal salt [Mg(NO3)2·.6H2O] and the linker (H2BDC). A two dimensional layered material [Mg3(BDC)3(DMF)4] was obtained from the reaction of 1,4-benzenedicarboxylic acid (H2BDC) and Mg(NO3)2·6H2O at room temperature.

Mg3(BDC)3(DMF)4 is a coordination polymer containing magnesium metal nodes and H2BDC organic connectors. Mg3(BDC)3(DMF)4 contains a tri-metallic magnesium carboxylate unit, which act as six-coordinate nodes for network construction. These tri-magnesium nodes are joined by the H2BDC ligands to give a 2D layered structure with coordinated DMF solvent molecules between the layers. The synthesized MOF was characterized by powder X-ray diffraction, thermogravimetric analysis and scanning electron microscopy. 

Powder XRD studies

The X-ray diffraction pattern of the room temperature synthesized MOF (NMB1) of magnesium ion and terephthalic acid using DMF and H2O was found to be similar with the simulated pattern (Figure 5.25). 91
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Figure 5. 25 Powder XRD pattern of the synthesized NMB1 [Mg3(BDC)3(DMF)4].
According to the structure elucidated using single X ray diffraction ,91 this material was found to be Mg3(BDC)3(DMF)4. Each layer is bridged internally by a trinuclear unit consisting of three approximately octahedral Mg2+ centers. The central Mg2+ cation in each unit lies on an inversion centre and is coordinated by six carboxylate oxygen atoms from separate BDC ligands, whereas the terminal Mg2+ cations are coordinated by four carboxylate oxygen atoms and two DMF oxygen atoms (Figure 5.26).
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Figure 5. 26 Ball and stick representation of the coordination environment about the trinuclear nodes in Mg3(BDC)3(DMF)4.
Thermogravimetric studies

The thermogravimetric analysis (TGA) of the synthesized Mg-BDC MOF or NMB1 [Mg3(BDC)3(DMF)4] is shown on Figure 5.27. The initial weight loss of 1.5% below 100 ºC is due to the desorption of water molecules and the second weight loss of  16.5 % at 199 ºC is due to the removal of DMF from the pores. 

The TGA plot indicated that the material is thermally stable up to 604 ºC. Beyond this, a sharp increase in the weight loss (65%) was observed which indicated the collapse of the framework and the formation of magnesium oxide or magnesium hydroxide residues. Hence, the material is thermally stable and with high amount of the linker forming the framework. The remaining 17.7% final weight was due to the final metal oxide or hydroxide residue. 
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Figure 5. 27 TGA/DTG curves of  Mg-BDC MOF or Mg3(BDC)3(DMF)4.
Scanning electron microscopy

The SEM micrographs of Mg-BDC MOF [Mg3(BDC)3(DMF)4] is given in Figure 5.28. The images show agglomerates of crystals of different sizes and irregular shapes. 
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Figure 5. 28 SEM images of Mg-BDC MOF or Mg3(BDC)3(DMF)4.
Conclusion

The room temperature precipitation of magnesium-terephthalate MOFs produces a two dimensional layered MOF, Mg3(BDC)3(DMF)4 using 1:2.54 ratio of the linker (H2BDC) and the metal salt [Mg(OAc)2·4H2O] in dimethylformamide (DMF). The synthesized MOF was found to be thermally very stable with decomposition temperature of 604 ºC.

5.2.3 Characterization of Cu-BTC MOFs
Introduction
The third group of MOFs synthesized were those with copper ion and 1,3,5-benzenetricarboxylic acid (H3BTC), NCuB1 also called N-HKUST-1-RT. Copper (II) – benzene -1,3,5-tricarboxylate (Cu-BTC MOF) known as HKUST-1 was synthesized at room temperature from copper acetate [Cu(OAc)2] and benzene-1,3,5-tricarboxylyic acid  (H3BTC) at room temperature using distilled water and DMF as solvent for the metal salt and the linker, respectively. 
Cu-BTC is a neutral coordination polymer composed of 12 carboxylate oxygen atoms from the two BTC ligands bonded to four coordination sites for each of the three Cu2+ ions. These copper-benzenecarboxylate units form a face-centered crystal lattice, which has a complex three-dimensional channel system (Figure 5.29). 92
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Figure 5. 29 Picture of HKUST-1 (left) and its connectivity (right).
Powder XRD studies

The X-ray diffraction patterns indicate that the structure of the synthesized Cu-BTC MOF (N-HKUST-1-RT) match well with the commercial HKUST-1 XRD pattern (Figure 5:30).  In addition, the powder XRD and the TGA measurements identified the product to be the same as the original structure introduced by Williams and co-workers. 93
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Figure 5. 30 Powder XRD patterns of the room temperature synthesized (N-HKUST-1-RT) and the commercial (HKUST-1) MOFs.
The TGA plot indicated that the material is thermally stable up to 320 ºC. A sharp increase in the weight loss (56%) above 320 ºC indicated the collapse of the structure. As can be observed from the TGA curves and their derivatives, the stability of both materials is similar. The temperature for the removal of the solvents, water and DMF, is also similar. In addition, the amount of the final residue of the synthesized MOF (above 450 ºC) is slightly less than that of the commercial product (Figure 5:31). 
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Figure 5. 31 TGA/DTG curves of (N-HKUST-1-RT) and the commercial HKUST-1.
N2 adsorption measurements

The nitrogen adsorption–desorption isotherm exhibit type-I isotherm, which were characteristic of a microporous material. The isotherms of N-HKUST-1-RT and HKUST-1 have no hysteresis with complete desorption of the nitrogen adsorbed at 77.4 K (Figure 5:32).

[image: image49]
Figure 5. 32 N2 isotherms of the room temperature synthesized (N-HKUST-1-RT) and the commercial (HKUST-1) Cu-BTC MOFs.
The BET results for the synthesized and commercial MOFs were 1167 and 1518 m2/g, respectively. These results confirm the fact that the room temperature synthesized MOF, N-HKUST-1-RT, was a highly porous compound with similar pore characteristics with the corresponding commercial product (Table 5.5). 

Table 5. 5 Comparison of textural parameters.
	Cu-BTC MOF
	SBET 

 (m2/g)
	Micropore Volume (m3/g)
	SMicro
(m3/g)
	TDecomp
ºC

	HKUST-1
	1518
	0.68
	1096
	338

	N-HKUST-1-RT
	1167
	0.50
	1449
	336


The reduction in surface area of the synthesized MOF, N-HKUST-1-RT, may be due to the presence of occluded solvent molecules (DMF and H2O) as the material was subjected to  N2 adsorption measurement as synthesized, without any treatment before the adsorption measurements. 
Hence, the pore filling from the solvents can account for the slight difference observed between the two MOFs. In addition, the final amount of the residual metal oxide(s) of the synthesized MOF, N-HKUST-1-RT, is slightly greater than the commercial product, meaning, that there could be metal oxides inside the pores.

Scanning electron microscopy

The SEM images show crystals of different sizes and shapes for MOF, N-HKUST-1-RT. In addition, the surface of the particles is irregular showing no faceted crystals although the XRD proves it is a crystalline material (Figure 5:33).
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Figure 5. 33 SEM images of Cu-BTC MOF or N-HKUST-1-RT.
Conclusion

Cu-BTC MOF (N-HKUST-1-RT) was synthesized at room temperature using water for the metal salt [Cu(OAc)2] and DMF as a solvent for the linker (H3BTC). The material was found to be thermally stable up to 336 ºC similar with the commercial product. The porosity of this MOF yielded BET surface area of 1167 m2g-1 slightly lower than the commercial MOF, as the sample was not further treated after the synthesis and there may be solvent molecules occluded in the pores.  
Hence we successfully prepared MOFs for the first time directly precipitated at room temperature, Zn-BDC MOF (MOF-2) and Mg – BDC MOF. The Cu-BTC MOF called HKUST-1 was synthesized by hydrothermal method. 94 However, in this work it has been shown that water can replace the organic solvents used (methanol and ethanol) in the synthesis of HKUST-1.

5.3 Synthesis and Characterization of MOFs in Biphasic Systems

Introduction
In the attempts to synthesize MOFs in water described in sections 5.2 and 5.3, it was concluded that the method could not be generalized. The solubility problem of the starting materials, especially the linkers, forces the synthesis of MOFs at high temperature. In this section, attempts of MOFs syntheses based on biphasic systems are described. 

The use of a biphasic system would result in the synthesis of MOFs at the interphase of the two solvents, the organic and aqueous solvents that are used to dissolve the linker (H2BDC) and the metal salt, respectively. Hence, by using this approach, a mixture comprising two immiscible solvents, each containing one of the two MOF precursors, may lead to the crystallization at the liquid–liquid interface. 

This approach of supplying reagents separately during synthesis was previously used to avoid reagent degradation under harsh hydrothermal conditions 95, 96 and in obtaining single crystals. 97, 98 The synthesis of MOFs using this method at high temperature was already described, 99 however the room temperature preparation of MOFs using a biphasic approach has never been tried. Hence, we tried to adapt the biphasic system for the room temperature synthesis of MOFs.

In our biphasic systems, different attempts were carried out to synthesize MOFs using nitrobenzene and water as solvents for the linker (terephthalic acid) and the metal salt      [ Zn(OAc)2·2H2O], respectively (Table 5.6).

Table 5. 6 Biphasic synthesis of MOFs with different amines.
	Sample Code
	Metal Source
	Linker
	Solvent linker
	Solvent metal 
	Amine
	Product

	NZB-bp-1
	Zn(OAc)2·2H2O
	H2BDC
	Nitrobenzene
	H2O
	-
	H2BDC

	NZB-bp-2
	Zn(OAc)2·2H2O
	H2BDC
	Nitrobenzene
	H2O
	DEA
	H2BDC* 

	NZB-bp-3
	Zn(OAc)2·2H2O
	H2BDC
	Nitrobenzene
	H2O
	DCA
	H2BDC* 

	NZB-bp-4
	Zn(OAc)2·2H2O
	H2BDC
	Hexanol
	H2O
	DEA
	H2BDC


*Presence of crystalline, not identified phase. DEA: diethylamine, DCA dicyclohexyl amine 

Different routes were used in the biphasic synthesis: first without addition of an amine (NZB-bp-1), second using a hydrophilic amine, diethylamine (NZB-bp-2) and using hydrophobic amine, dicyclohexylamine (NZB-bp-3). Finally a synthesis of MOF was done using hexanol as a solvent for the linker in the presence of diethyl amine (NZB-bp-4). A new crystalline phase was found with impurities of the linker (H2BDC), but in most cases, the linker was found to precipitate without formation of any MOF as in NZB-bp-4.

Powder XRD studies

The powder XRD patterns of the synthesis described above when nitrobenzene is used as a solvent for the linker are given in Figure 5.34. The peaks observed in the XRD profile for NZB-bp-1 can be indexed as crystalline H2BDC. As can be observed from the XRD pattern of NZB-bp-2 and NZB-bp-3, these materials show extra peaks that could be due to the presence of new MOF phase as compared to the known zinc and H2BDC systems. 

The synthesis with hydrophilic amine (NZB-bp-2) gives similar pattern to the one without any amine (NZB-bp-1). Both of these phases are composed of mainly the linker, H2BDC. However, the synthesis with hydrophobic amine (NZB-bp-3) shows a low angle peak at 2θ value of 13º. 
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Figure 5. 34 XRD patterns of MOFs synthesized with a biphasic method, using no amine (NZB-bp-1), hydrophilic amine (NZB-bp-2) and hydrophobic amine (NZB-bp-3), using hexanol as solvent (NZB-bp-4) and the linker, terephthalic acid (H2BDC).
This low angle peak is also observed when using hydrophilic amine (NZB-bp-2) but the intensity is very low. This indicates the formation of an additional phase when using an amine, especially the hydrophobic amine. The high intensity of this peak when using a hydrophobic amine indicates the deprotonation of the linker to a greater extent when using the hydrophobic amine that is found in the organic phase. Following this tendency, in a new attempt, using hexanol for the linker (NZB-bp-4), a synthesis was undertaken at room temperature. However, the corresponding powder XRD pattern shows a pure phase of the linker, H2BDC. 

Thermogravimetric studies

The TGA and DTG for the sample prepared with the hydrophobic amine (NZB-bp-3) are given in Figure 5.35. There are three distinct weight losses. The first weight loss (8%) at 196 ºC may be due to the removal of adsorbed water molecules from this phase. 
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Figure 5. 35 TGA /DTG curves of the Zn-BDC phase formed with hydrophobic amine (NZB-bp-3).

The second weight loss at 375 ºC (49%) is maybe due to the removal of nitrobenzene from this phase. The final weight loss at 518 ºC (38%) is due to the decomposition of the framework. Hence, only 38% of the linker is responsible for the formation of a new phase. 
Conclusion

The biphasic method of room temperature synthesis of MOFs may prove to be a novel method; however the solubility problem is still a challenge. The presence of low angle peak in the synthesis using hydrophobic amine may suggest that this could be a promising method for the synthesis of MOFs after the optimization of other synthesis parameters. 

5.4 Synthesis and Characterization of MOFs from Linker Salts 

Introduction
To circumvent the solubility problem of the linkers a new approach is reported in this chapter for the synthesis of MOFs. The synthesis was carried out using linker salts. Linker salts are highly soluble in water and some common solvents, as dimethylformamide or DMF. One example of a linker salt is disodium 1, 4-benzenedicarboxylate salt (Na2BDC) or disodium terephthalate. 
Disodium terephthalate is soluble in water, and could be used in the room temperature synthesis of MOFs, which would minimize the solubility problem of H2BDC in most of the common solvents.  In this section, the synthesis of MOFs under environmentally friendly conditions, using metal salts of carboxylates as linker source compared to the conventional hydrothermal method will be described. 
Disodiumterephthalate (Na2BDC) as the linker source was used to synthesize MOFs at room temperature and in a shorter time. Furthermore, the syntheses of MOFs using the linker salt disodiumterephthalate (Na2BDC) but at high temperature have been tested. The products from both methods (room temperature and high temperature) were compared to the MOFs synthesized following the conventional methods (Scheme 5.2).
Sheme 5. 2 A) Conventional method for the synthesis of MOFs, with example of MIL-53(Al); B) Salt Linker approach introduced in this work, with example of MIL-53(Al).
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The results obtained from these syntheses showed that the linker salt approach is a turning point in the room temperature synthesis of MOFs and this method can be applied in the synthesis of various other MOFs under environmentally friendly conditions. The different syntheses carried out in the preparation of MOFs using the linker salt, disodiumterephthalate (Na2BDC) are summarized in Table 5.7.
Table 5. 7 Linker salt approach in the synthesis of MOFs.
	Sample code
	Metal Source
	Linker
	Linker:Metal
	Solvent
	Cond.
	Product

	NZB4
	Zn(NO3)2·6H2O
	Na2BDC
	1:10
	DMF
	RT
	MOF-5

	NZB5
	Zn(NO3)2·6H2O
	Na2BDC
	1:10
	DMF
	HT
	MOF-5

	NZB6
	Zn(OAc)2·2H2O
	H2BDC
	1:1.7
	DMF 
	RT
	MOF-5

	NAB1
	Al(NO3)3·9H2O
	Na2BDC
	1:2
	H2O
	RT
	MIL-53

	NAB2
	Al(NO3)3·9H2O
	Na2BDC
	1:2
	H2O
	HT
	MIL-53

	NAB3
	Al(NO3)3·9H2O
	H2BDC
	1:2
	H2O
	RT
	MIL-53

	NAB4
	Al(NO3)3·9H2O
	H2BDC
	1:2
	H2O
	HT
	MIL-53


5.4.1 Characterization of Linker Salt Based MOF-5

The compound Zn4O(BDC)3 or MOF-5 serves as a prototype for an extensive family of metal-organic frameworks in which oxocentered Zn4 tetrahedra are connected through linear organodicarboxylates to give a cubic network structure. MOF-5 originally described in 1999, consists of Zn4O units connected by linear 1,4-benzenedicarboxylate struts to form a cubic network 100 (Figure 5.36).
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Figure 5. 36 View of the structure of MOF-5 constructed from zinc ion nodes and 1,4-benzenedicarboxylate linkers.
Though the synthesis of MOF-5 at room temperature was already reported, 101 the use of linker salt (Na2BDC) as the linker source enables to synthesize MOF-5 at room temperature in a shorter time, as compared to the conventional hydrothermal method. In addition the linker salt approach in the synthesis of MOF-5 minimizes the use organic amine (triethylamine) even as compared to the room temperature synthesis of this MOF. Hence this method produces MOFs as microcrystalline powders at RT.

Powder XRD studies

NZB4 and NZB5 (Room Temperature and High Temperature Syntheses using the Salt-Disodium Terephthalate): MOF-5 was synthesized at room temperature, from separate N,N-dimethylformamide (DMF) solution of disodiumterephthalate (Na2BDC) and zincacetatedihydrate [Zn(OAc)2·2H2O] solution in water. The zinc salt solution was added to the linker solution with stirring at RT. A white precipitate was observed almost immediately and the reaction was allowed to proceed for 24 h, then filtered, washed and dried (NZB4). In another synthesis of MOF-5, the zinc salt solution was added to the organic solution with stirring at ambient temperature and the resulting solution was placed in an oven at 100 ºC for 24 hours, then filtered, washed and dried (NZB5). The balanced chemical reaction used in the synthesis of MOF-5 is given in Equation 5.1.
4Zn(NO3)2.6H 2O + 3Na2BDC → Zn4O(BDC)3 + 24H2O + 6NaNO3 + 2HNO3  
(Equation 5.1)
Both syntheses produced MOF-5 according to the XRD profiles, except for an extra peak at 9° in NZB4 that could not be identified (Figure 5.37). Hence, MOF-5 can be synthesized both at room temperature and at higher temperature (100 ºC) using the linker salt (Na2BDC) as a linker source. 
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Figure 5. 37 XRD patterns of MOF-5 synthesized using the linker salt at RT (NZB4), at 100°C (NZB5), using terephthalic acid at RT (NZB6) and simulated pattern of MOF-5.
The XRD profiles of the synthesized MOF-5 show high crystallinity and have the same 2θ values as those reported MOF-5 materials, however, the intensities of the peaks at 2θ values of 6.8º and 9.7º are inversely related to the intensities of the peaks at similar positions on the simulated XRD pattern of MOF-5. 

Framework interpenetration 102 occurs when the pores of one framework are intergrown by one or more independent frameworks (Figure 5.38). Hafizovic  et al.,103, 104 found the intensity ratio of the powder XRD peak at 9.7 to that at 6.8 (referred to as the R1 value) can be used to predict its porosity. The higher the intensity ratio (R1), the highly interpenetrated and the less porous the material. 

In addition, from the studies by Hafizovic et al.,105 it was found that although entrapped ZnO or solvent molecules can increase the R1 value, and a low R1 value implies no zinc species or solvent molecules entrapped in the MOF-5 framework, a high R1 value does not necessarily suggest the presence of entrapped molecules. On the other hand a high R2 value (the ratio of the intensity of the peak at 13.8 º to that at 6.8 º) suggests an interpenetrated structure, when R1 value is low. However, the impurities in the synthesized MOFs can slightly increase the R2 value and also play an important role in the reduction of the surface area. 

[image: image57.wmf]
Figure 5. 38 MOF-5 a) without interpenetration and b) with an interpenetrated structure.
While interpenetration may be a negative phenomenon from the gas storage point of view, because it signiﬁcantly reduces the available void space, the interpenetration bears a positive effect, including enhanced framework stability, increased heat of adsorption, and size selectivity. 105 Although a few examples have been recently reported, 106 the control of interpenetration is still quite challenging. 107 

NZB6 (Room temperature synthesis of MOF-5 with H2BDC): Finally, MOF-5 was synthesized using common linker source terephthalic acid (H2BDC) at room temperature, N-MOF-5, for comparison proposes. The powder XRD patterns showed that the MOF-5 synthesized from terephthalic acid at room temperature (NZB6) and the samples synthesized using linker salt have similar powder XRD pattern (Figure 5.37). 
Hence, the MOF-5 synthesized from the linker salt (NZB4) and the MOF-5 synthesized from terephthalic acid (H2BDC) are identical in phase and both have a similar interpenetrated structure compared to the theoretical pattern of MOF-5. In this synthesis (NZB6), the acetate salt of the metal [Zn(OAc)2·2H2O] was used rather than the nitrate salt [Zn(NO3)2·6H2O] in order to increase the pH for the deprotonation of the organic linker. 

Thermogravimetric analysis

Thermogravimetric analyses of the two MOF-5-samples synthesized from the linker salt, (NZB4 and NZB5) and the MOF-5 synthesized using H2BDC at room temperature (NZB6) are all given in Figure 5.39. NZB4 and NZB5 were synthesized using only DMF as a solvent where as NZB6 was synthesized using DMF and H2O as solvents for the linker and metal salt respectively. 

The first weight loss (4-5%) below 100 ºC in all the three samples is due to the removal of the H2O molecules from the pores. The second weight loss (11-13 %) between 150-230 ºC is due to the desorption of DMF molecules, occluded within the tunnels of the structure. The third weight loss (43-48%) between 450 and 550 ºC in the three samples could be assigned to the desorption of the 1,4-benzenedicarboxylate species or the decomposition of the framework, thus providing the thermal stability limit of the frameworks. Above 600 ºC, the powder XRD pattern of the final residue corresponds to zinc oxide (ZnO). Accordingly, N-MOF-5-HT and N-MOF-5 are slightly more stable (decompose at 500 ºC) than N-MOF-5-RT, decompose at 450 ºC.
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Figure 5. 39 TGA/DTG curves MOF-5 samples; NZB4 (N-MOF-5-RT), NZB5 (N-MOF-5-HT) and NZB6 (N-MOF-5).
N2-adsoption measurements

The porosity of these materials was evaluated by nitrogen adsorption at 77 K. Both MOF-5 materials exhibit microporosity, as evidenced by the reversible type I isotherms (Figure 5.40). The materials have low surface area, as compared to the MOF-5 synthesized by the conventional hydrothermal methods. The synthesis method reported by Yaghi et al. 108  is based on a solvothermal crystallization of a mixture of zinc nitrate and terephthalic acid solution in diethylformamide, producing very large cubic crystals of IRMOF-1 material, with a BET surface area of 4000 m2/g. 
The very low surface area of these MOF-5 materials is either due to included zinc species, the interpenetrated structure, or the mesopores in the material or the combination of these factors. 109
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Figure 5. 40 Isotherm of NZB5 synthesized at high temperature (N-MOF-5-HT).
The BET surface area and related properties of the samples were given on table 5.8. 
Table 5. 8 Textural properties of the materials synthesized under different conditions.
	Sample code
	TDecomp (ºC)
	SBET (m2/g)
	VMicrop (cm3/g)
	SMicrop (m2/g)

	NZB4
	480
	520
	0.21
	429

	NZB5
	540
	755
	0.40
	674

	NZB6
	534
	795
	0.34
	674


The main reason in this case for the low SBET values is a very high lattice interpenetration as pointed out by the XRD data, which illustrate a high intensity of the 6.8° reflection. The variation in surface areas in the range 520 to 795 m2g-1 may be due to occluded solvent molecules that might further reduce the surface area as the samples have been measured as made, i.e., prior to any further treatments. In addition, the presence of Zn species makes the hosting cavity and possibly also adjacent cavities inaccessible reducing the pore volume of the material. Finally, the MOF-5 materials are mainly microporous therefore; the contribution of mesoporosity for the reduction of the surface area is very small. 
Scanning electron microscopy
The SEM micrographs showed well-shaped, cubic crystals. The square shaped crystals are typical for MOF-5 (Figure 5.41). 110 The high degree of interpenetration can also be envisaged from the highly intergrown crystals, it is rare to find an isolated cubic structure. There are other minor phases observed on the SEM images that are neither the residual ZnO nor unreacted starting materials, as confirmed from powder XRD patterns. 
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Figure 5. 41 SEM image of NZB5 (N-MOF-5-HT).
These impurities are probably zinc-terephthalate complexes or other side products of the reaction. The highly intergrown crystals together with the presence of this species makes the hosting cavity and possibly also adjacent cavities inaccessible is most probably reducing the pore volume of the material. 
In order to remove the observed impurities new synthesis were carried out changing the molar ratio of the reactants and the kinetics of the reaction. A pure phase of these MOFs was found after the optimization of the reaction, where the observed other phases are completely removed. The reaction was done at 100 ºC and the reaction took place over a period of 24 hours (Figure 5.42).
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Figure 5. 42 SEM image of N-MOF-5-HT.
In the MOF-5 synthesized from terephthalic acid at room temperature (NZB6), the SEM images show particles of smaller size and unclear shape (Figure 5.43).
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Figure 5. 43 SEM image of NZB6 (N-MOF-5).
Studies on the effects of molar ratios of the starting materials

From the synthesis carried out with a different molar ratios of linker (Na2BDC) to metal salt [Zn(NO3)2·6H2O], 1:2.5, 1:3.5, 1:5, 1:7.5 and 1:10, the optimum ratio to get a pure phase MOF-5 at high temperature (100 ºC) was found to be 1:10. The peaks due to the linker and other unknown phases are observed in the rest of linker to metal ratios (Figure 5.44).
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Figure 5. 44 PXRD patterns of MOF-5 changing the molar ratio linker: metal.
Studies on the effect of reaction temperature

The effect of reaction temperature was studied by synthesizing MOF-5 using linker salt at different temperature; room temperature, 100 ºC and 130 ºC. Increasing the temperature, produced MOF-5 crystals of different sizes, as observed from SEM images. However, the phase purity is at its optimum at 100 ºC (with linker salt to metal salt ratio of 1:10) as compared to the room temperature synthesized MOF-5 or to the MOF-5 prepared at higher temperature (130 ºC) (Figure 5.45). 
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Figure 5. 45 PXRD patterns of MOF-5 changing the temperature.
Studies on the kinetics of the reaction

The kinetics of the reaction was studied using the optimized stoichiometry of the two reactants (linker salt to the metal salt ratio of 1:10 and temperature of 100 ºC). The results indicated that a pure phase MOF-5 with a highly interpenetrated structure can be synthesized within 3 days. The lower the reaction time the more impurities of the unreacted linker (H2BDC) were observed. Similarly longer reaction time still produces MOF-5 plus some other unknown phases (Figure 5.46
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Figure 5. 46 PXRD patterns of MOF-5 changing the time of the reaction.
Conclusion

A highly interpenetrated MOF-5 was obtained both at room temperature and at 100 ºC from the linker salt, disodiumterephthalate (Na2BDC). The interpenetration was determined from the intensity of the peaks at 2Θ values of 6.8 º and 9.7 º. In addition the observed surface areas of these materials are low compared to the MOF-5 materials synthesized by the conventional hydrothermal methods. 

Though the absence of the post synthesis treatment plays an important role in the reduction of the surface area, by making the pores inaccessible due to the occluded solvent molecules, the interpenetration of the frameworks is the main factor for the reduction of surface area. The effect of the reaction temperature, the molar ratio of the reactants and the kinetics of the reaction were studied and the synthesis is optimized.
5.4.2 Characterization of Linker Salt Based MIL-53(Al)
Introduction
The MIL-n (Materials of the Institute Lavoisier) series were first synthesized by Ferey’s group, 111 at high temperature (220 ºC) and in 3 days. MIL-53 is able to adjust its cell volume in a reversible manner to optimize interactions between the guest molecules and the framework, with no evidence of bond breaking. This phenomenon named as breathing in MOF, due to their ‘‘breathing’’ character upon adsorption of water and CO2, they have attracted much attention. 112–114
MIL-53 is built from inﬁnite chains of corner sharing M4(OH)2 octahedra (M = Al3+, Cr3+, Fe3+), interconnected by the dicarboxylate groups of the benzenedicarboxylate units. The chemical formula is given by MIII(OH)(BDC) or M(OH)(O2 C–C 6 H 4–CO 2 ). 115, 116 In this way, a 3D microporous framework with 1D diamond shaped channels with free internal diameter of about 0.85 nm is formed (Figure 5.47).
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Figure 5. 47 The structure of MIL-53, showing the connection of aluminum ions to the 1,4-benzenedicarboyxylate ligands.

In this work, MIL-53 (Al) was synthesized at room temperature for the first time. It was synthesized following three different novel routes; room temperature synthesis using linker salt, disodiumterephthalate (Na2BDC), hydrothermal synthesis using linker salt (Na2BDC) as linker source and room temperature synthesis using terephthalic acid (H2BDC) with a base (sodium hydroxide). 

The kinetics of the reaction was also studied and a pure phase MIL-53(Al) was synthesized at room temperature. The reaction temperature and the molar ratio of the reactants were optimized. The different syntheses of MIL-53 (Al) carried out in this work are summarized in Table 5.9.
Table 5. 9 Linker salt approach in the synthesis of MOFs.
	Sample code
	Metal Source
	Linker
	Linker:Metal
	Solvent
	Cond.
	Product

	NAB1
	Al(NO3)2·9H2O
	Na2BDC
	1:2
	H2O
	RT
	MIL-53

	NAB2
	Al(NO3)2·9H2O
	Na2BDC
	1:2
	H2O
	HT
	MIL-53

	NAB3
	Al(NO3)2·9H2O
	H2BDC
	1:2
	H2O
	RT
	MIL-53

	NAB4
	Al(NO3)2·9H2O
	H2BDC
	1:2
	H2O
	HT
	MIL-53


Powder X-ray diffraction

NAB1 and NAB2 (Room Temperature and High Temperature Synthesis using the Salt-Disodium Terephthalate): MIL-53 (Al) was synthesized from the linker salt (Na2BDC) and the metal salt [Al(NO)3·9H2O] in water at room temperature (N-MIL-53-RT) and under hydrothermal method at 220 ºC with reaction time of 3 days (N-MIL-53-HT). The powder X-ray diffraction patterns of the two samples (NAB1 and NAB2) and NAB4 synthesized following the conventional method (H2BDC, 220 ºC, 3 days) are shown in Figure 5.48. 
The diffraction pattern of the sample synthesized at HT (NAB2) shows high crystallinity in good agreement with the standard MIL-53 prepared from the acid (NAB4). The sample prepared at RT shows broader peaks, probably due to smaller particle size or smaller crystalline domains. 
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Figure 5. 48 XRD patterns of MIL-53 synthesized using the linker salt approach at RT (NAB1), at HT (NAB2) and the standard MIL-53 (NAB4).
NAB3 (Room Temperature Synthesis Using Terephthalic Acid): Finally, a new test was carried out at room temperature, using terephthalic acid (H2BDC) with sodium hydroxide in order to prepare the linker salt in situ during the synthesis. The NaOH increases the pH for the deprotonation of the acid (Scheme 5.3). 
Sheme 5. 3 The preparation of the linker salt in the reaction mixture from the acid (terephthalic acid, H2BDC) and strong base (sodium hydroxide, NaOH).
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H2BDC  + 2NaOH → BDC2-  +  2Na+  + 2H2O
In doing so, MIL-53 was synthesized in a pure phase at room temperature, using terephthalic acid as starting material (NAB3) as evidenced by the XRD profile included in Figure 5.51. This experiment opens up a path to overcome the solubility problem during the synthesis of MOFs of the common organic linker, terephthalic acid (H2BDC) by adding sodium hydroxide to the linker solution. As described above the base increases the pH which facilitates the deprotonation and hence the solubility of the organic linker. 
Thermogravimetric analysis

The TGA/DTG of MIL-53 samples is given in Figure 5.49. The thermal behavior of the synthesized MIL-53 samples is characterized by three weight losses. The first weight loss (3%) below 100 ºC is due to the dehydration process and corresponds to the removal of water from the pores. The second weight loss (20%) occurs within the range of 350 - 400 ºC, corresponding to free disordered acid (H2BDC) encapsulated within the pores. 
The third weight loss (60%) at T > 550 ºC corresponds to the decomposition of the framework. The TGA plots indicate that the material is thermally stable up to 594 ºC. As can be observed from the thermograms of MIL-53 samples synthesized under different condition, the amount of the final residue (metal oxide or hydroxide) is similar (17%) for the room temperature (NAB1) and high temperature (NAB2) synthesized samples. However the MIL-53 synthesized from terephthalic acid (NAB3) has a higher amount (32%) of the final residue.
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Figure 5. 49 TGA/DTG curves of MIL-53 synthesized from linker salt at RT (NAB1), at HT (NAB2) and using terephthalic acid at RT (NAB3).
The effect of reaction time

The effect of reaction time was studied by synthesizing MIL-53 at room temperature and collecting the product from the same reaction mixture at different intervals (4 h, 8 h, 24 h, 3 days and 5 days). The kinetic study of the reaction indicates that the room temperature synthesis is favored towards the formation of more of MIL-53 with increasing the reaction time (Figure 5.50).
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Figure 5. 50 Powder XRD patterns of MIL-53 prepared at RT with different reaction time and that synthesized following the literature, N-MIL-53.

The intensity of the peaks of the linker (H2BDC) decreased when the reaction time increased. The optimum time required to get a pure phase MIL-53 was three days, where the peaks due to the linker disappeared completely. The continuous disappearance of the linker phase (H2BDC) and the formation of the MIL-53 was carefully studied by XRD quantitative studies. 
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Figure 5. 51 Quantitative XRD pattern of MIL-53 synthesized at room temperature at different reaction times; 4 h, 8 h, 1 day and 3 days.

As can be observed from the XRD patterns, the original sample synthesized after 4 hours is mainly the linker, indicated on figure 5.64 (*) at 2Θ values of 17.5, 25.4 and 28.1 º. However, as the reaction time increases there is a formation of a pure phase and the peaks of MIL-53 are clearly observed (Figure 5.51). 

The thermogravimetric (TGA) studies of MIL-53 materials synthesized at room temperature and different reaction time showed the presence of unreacted linker (H2BDC) in the cavities of the synthesized MIL-53. After 4 hours reaction time, a significant weight loss is observed between 350 and 400 °C, showing the absence of solvent molecules below 100 °C. 

This is may be indicating that solvent and good amount of linker are involved in the formation of some polymeric species. As time increases, this weight loss, due to the encapsulated linker decreases, while that of the linker in the framework increases between 550-600 °C. 
This peak is usually associated to the decomposition of the framework. i.e., as time increase, the linker is strongly bonded forming the MIL-53 structure (Figure 5.52). The TGA/DTG show that the weight loss between 350 and 450 °C changes in shape as reaction time increases. Even after the formation of MIL-53 in 3 days, a change of the PXRD pattern in this region can be observed. This is probably due to the presence of encapsulated linker molecules within the pores of the structure.
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Figure 5. 52 TGA/DTG curves of MIL-53 synthesized at RT and at different reaction time.
In order to remove the encapsulated linker, NAB1 (Na2BDC, RT) was treated in a programmable oven for 72 h at 330 °C. Figure 5.53 shows the XRD profiles of the heat treated samples (ht) and those of the as-synthesized samples. The higher intensities of the powder XRD reflections of the heat treated samples confirm the crystallinity and stability of the heat treated samples. After calcination, the linker (H2BDC) was completely removed and the peaks of the encapsulated linker, H2BDC disappeared from the powder XRD pattern. 
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Figure 5. 53 Powder XRD patterns of the as-synthesized MIL-53 (after 8 h, 24 h and 3 days) samples and the corresponding heat treated samples (8 h-ht, 24 h-ht and 3 d-ht).

The TGA analyses show how the heat treatment completely removes the weight loss observed for the encapsulated linker around 350 ºC (Figure 5.54).
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Figure 5. 54 TGA/DTG curves of MIL-53 synthesized at RT at different reaction time after calcination.
The composition of the various products of the  as-synthesized and the calcined MIL-53 synthesized using the salt (Na2BDC) at RT after  thermal treatment is summarized in Table 5.10, and compared with those of the sample synthesized following the standard method using the acid (NAB4). The data reveal that the linker salt approach lead to less linker molecules encapsulated and higher linker molecules related to the MIL-53 structure. This may be indicating that this approach is more efficient both in the use of the linker and the use of the metal (less residue) leading to a more economical synthesis procedure. 

Table 5. 10 The comparison of the percentage of the linker in the MIL-53 synthesized following different routes: standard method (NAB4), room temperature (NAB1), room temperature after heat treatment (NAB1-ht) and the using terephthalic acid (NAB3).
	Sample code
	% H2BDC Encapsulated

250 <T<450 ºC
	% H2BDC 

Linker

450 <T<650 ºC
	%Al   Residual

T>650 ºC
	Remark

	NAB1
	16.1
	56.1
	18.1
	MIL-53-as

	NAB1-ht
	0.6
	70.1
	24.9
	MIL-53- as -ht

	NAB3
	25.4
	43.1
	29.2
	MIL-53 - H2BDC

	NAB4
	30.3
	44.4
	21.1
	MIL-53 Literature


The effect of reaction temperature

The effect of temperature was studied by synthesizing MIL-53 at different temperatures with a similar stoichiometry and reaction time. The synthesis was done at room temperature, 75 ºC, 150 ºC and 220 ºC by using 1:2 ratio linker salt (Na2BDC) to metal salt [Al(NO3)2·6H2O], over a period of 24 hours (Figure 5.55). The powder XRD patterns of the materials synthesized at different temperature show the structure of MIL-53 in all cases, although the high temperature material is more crystalline.
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Figure 5. 55 XRD patterns of MIL-53 synthesized at different temperature.
From TGA studies of the materials synthesized at different temperatures, it was observed that the amount of encapsulated linker diminishes with increasing temperature, together with an increase in the linker forming the framework. On the other hand, the highest amount of the final residue is obtained from the product synthesized at 220 ºC, which could be related to the presence of metal oxides occluded in the pores. The TGA plots indicate the loss of the encapsulated linker around 350 ºC and the decomposition of the framework between 580 – 630 ºC (Figure 5.56).
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Figure 5. 56 TGA of MIL-53 synthesized with linker salt at different temperature.
Thermodiffraction

The thermal stability of the room temperature synthesized MIL-53 (NAB1) was further studied by thermodiffraction. The room temperature synthesized MIL-53 (Al) was found to be stable up to 550 ºC. Hence, the room temperature synthesis is a suitable method in the synthesis or in the production of thermally stable MIL-53(Al) (Figure 5.57).
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Figure 5. 57 Thermodiffractogram of the room temperature synthesized MIL-53(NAB1).
Particle size determination

The estimation of the particle size of the synthesized MIL-53 materials was determined by using the Scherrer equation. 117 Due to the presence of polycrystalline aggregates crystallite size is not generally the same thing as particle size. A ‘‘crystallite” refers to a discrete diffracting domain that coherently scatters X-rays. Scherrer used X-rays to estimate the crystallite size of nanophase materials. Peak width due to crystallite size varies inversely with crystallite size. When the crystallite size gets smaller, the peak gets broader.  The Scherrer equation relates the width of a powder diffraction peak to the average (by volume) dimensions of crystallites in a polycrystalline powder (Equation 5.2).
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(Equation 5.2)
where B is thickness of crystallite or the crystallite size contribution to the peak width (integral or full width at half maximum) in radians, K is a constant dependent on crystallite shape, a constant near unity (0.89), and L is the average thickness of the crystal in a direction normal to the diffracting plane hkl. λ is the X-ray wavelength. 

The calculation of the crystal size was done with the quantitative powder-XRD data, where powder XRD was measured under similar quantities of samples. The crystal size of these new linker salt samples was surprisingly decreasing with increasing the reaction time at room temperature (Table 5.11). 

Table 5. 11 Crystal size of MIL-53 samples synthesized at room temperature (NAB1) with different reaction time and MIL-53 synthesized using terephthalic acid (NAB3).
	Compound Label
	Peak positions
	Average

FWHM
	Average 

ϴ in rad 
	Crystal Size

nm

	NAB1-4h
	26.26,25.06 & 27.8
	0.30
	0.203
	28.2

	NAB1-8h
	17.33, 25.13 & 27.87
	0.32
	0.204
	26.7

	NAB1-24h
	17.33, 25.17 & 27.89
	0.51
	0.219
	17.0

	NAB1-3d
	17.8, 25.15 & 26.85
	0.59
	0.203
	15.2

	NAB1-7d
	17.82, 25.25 & 26.88
	0.67
	0.203
	13.0

	NAB3-24h
	17.84, 24.25 & 26.90
	0.42
	0.201
	21.2


Even in the sample synthesized using terephthalic acid, in which the linker salt is produced during the synthesis (NAB3) the crystal size is of the same magnitude. On the other hand, in sample NAB2 (high temperature synthesis with reaction time of 24 h), the particle size increases with temperature. The MIL-53 synthesized using the linker salt at 220 ºC (NAB2) has a similar particle size as that of the sample synthesized following the literature procedure (NAB4) (Table 5.12).
Table 5. 12 Crystal size of MIL-53 samples synthesized at: room temperature (NAB1), 75, 150 and 220 ºC, and MIL-53 synthesized following the literature (NAB4).
	Compound Label
	Peak positions
	Average FWHM
	Average 

Θ in rad 
	Crystal Size

nm

	NAB1-RT-24h
	17.3, 25.2 & 27.9
	0.355
	0.204
	17.0

	NAB2 -75 ºC
	17.8, 24.2 & 26.8
	0.477
	0.20
	17.9

	NAB2 -150 ºC
	17.6, 24.0 & 26.7
	0.394
	0.197
	21.4

	NAB2-220 ºC
	17.8, 24.2 & 26.9
	0.216
	0.201
	40.7

	NAB4
	17.6, 23.9 & 26.6
	0.229
	0.198
	38.2


N2-adsoption measurements

The nitrogen sorption measurements of MIL-53(Al) materials exhibited Type I isotherms, which are characteristic of a microporous material. The nitrogen adsorption/desorption isotherms showed a hysteresis loop due to the development of mesoporosity in the limit to macroporosity (Figure 5.58). This extra porosity at P/P0 > 0.8 is usually related to textural porosity, i.e., meso-macroporosity between the particles in an agglomerated type of material. From the isotherms it is observed that the mesoporosity increases with increasing reaction time. This increase is in agreement with the results obtained by the Scherrer equation for particle size, as NAB1-3d shows the smallest particle size and larger textural porosity will be forming the agglomerates. On the other hand, NAB1-8h-ht sample, shows larger crystal size, and therefore, less textural porosity.
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Figure 5. 58 N2 adsorption-desorption  isotherms of room temperature synthesized NAB1 at 8 h, 24 h and 3 days after heat treatment.
MIL-53 synthesized from the terephthalic acid at room temperature (NAB3), linker salt at higher temperature (NAB2), and conventional method (NAB4) also show a type – I isotherms (Figure 5.59). The use of linker salt, either as starting material, or produced during the synthesis (NAB3), yield hysteresis loop at high relative pressure. Also, the synthesis at high temperature with linker salt (NAB2) gives a hysteresis loop. 
In conclusion, the presence of linker salt produces materials with textural porosity. On the other hand, the conventional synthesis using the acid and high temperature produces a pure microporous solid (NAB4). Further electron microscopy studies are currently underway to elucidate the nature of this textural porosity and the relationship with the particle size.
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Figure 5. 59 N2 sorption isotherms of room temperature MIL-53 synthesized from terephthalic acid (NAB3), MIL-53 synthesized at high temperature from linker salt (NAB2) and MIL-53 synthesized following the literature (NAB4).
Table 5.13 summarizes the textural data extracted from the isotherms. The BET surface area for the sample synthesized at room temperature, NAB1 is 934 m2/g. The high temperature removal of the encapsulated linker from the pores of the synthesized MIL-53 may cause a reduction in the surface area because of the presence of some metal oxides left inside the pores. 

In addition the material (MIL-53) has a breathing effect, which has an additional role in the reduction of the surface area and pore volume.  Finally it was observed that the BET surface area, the micropore volume and the N2 adsorption capacity of MIL-53 increases with increasing reaction time and with the activation of the compound. However, the surface area of MIL-53(Al) synthesized with the linker salt at room temperature (NAB1-3d-ht) is similar with the one synthesized following the conventional method (NAB4-ht).
Table 5. 13 Textural properties of the MIL-53 synthesized at room temperature (NAB1) and different reaction time (8 h, 24 h and 3 days), at high temperature (NAB2), using terephthalic acid (NAB3) and following the literature (NAB4) after heat treatment (ht).
	Label
	SBET (m2/g)
	Pore Volume (cm3/g)

	NAB1-8h-ht
	846
	0.348

	NAB1-1d-ht
	935
	0.381

	NAB1-3d-ht
	934
	0.373

	NAB3-ht
	897
	0.371

	NAB2-ht
	884
	0.366

	NAB4-ht
	940
	0.439


Conclusion

MIL-53 (Al) was synthesized at room temperature for the first time using aluminum nitrate as the source of the metal node and the salt disodium terephthalate (Na2BDC) as the source of the linker using only water as a solvent. The linker salt disodium terephthalate is soluble in water and minimizes the solubility problem of the common linker, terephthalic acid in most of the solvents. Using H2BDC and NaOH as in situ generation of linker salt, MIL-53(Al) was also successfully synthesized at room temperature. 
In addition MIL-53 was synthesized following the conventional method but using the linker salt (Na2BDC) that was found to be similar with the one synthesized at room temperature and the conventional method. The room temperature synthesis circumvents the harsh condition in the synthesis of MOFs; high temperature, longer time and hazardous solvents. In addition, the method also removes the production of corrosive chemicals. Furthermore, the method is important in the generation of MIL-53 with important textural properties at room temperature and using water as a solvent
6. CONCLUSION
Different metal organic framework materials (MOFs) were synthesized under environmentally friendly conditions. MOFs were synthesized at room temperature where either water is used as the only solvent or water and DMF to dissolve the metal salt and the linker respectively. Based on such synthesis, some commonly known MOFs (MOF-2, MOF-74 and HKUST-1) were synthesized. However, some unknown phases were also produced from such synthesis. 

The room temperature synthesis of MOFs using a biphasic synthesis is a new approach in the synthesis of MOFs. The synthesis done following such method precipitated some unknown phases. However the linker, terephthalic acid was the predominant product, indicating the insolubility of the linker. However, the method is a promising way in the synthesis of MOFs. A turning point in the synthesis of MOFs was investigated by the use of linker salts as linker source. One such practical finding was the room temperature synthesis of the archetype MOF called MOF-5 and MIL-53(Al) by using linker salt, disodium terephthalate. The method can be adapted in the synthesis of both the known and MOFs which are not still investigated under environmentally benign conditions.
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Appendix 1: Patent and Publications from this work
I. PATENT 
 Procedure for the preparation of metal organic compounds, Procedimento de  

       preparacion de compuestos metalo-organicos, PCT - application number p201231968 
II. MANUSCRIPITS in PREPARATION
       1. Facile and direct synthesis of high-quality MOF-2 material.        

       2. Zinc and Magnesium-based terephthalate frameworks prepared at room   

           temperature. 

        3. MOFs from linker salts: I. Straightforward, quick, efficient, environmentally- 

           friendly and room-temperature synthesis of MIL-53(Al) and NH2-MIL-53(Al).

4. MOFs from linker salts: II. Highly-interpenetrated MOF-5 
III.   CONFERENCES 

1. Easy and environmentally friendly synthesis of MOF-2. Negash G., Yonas Chebude, Manuel Sanchez-Sanchez and Izabel Diaz; Presented on the conference: IMMS 2013, 8th International Mesostructured Materials Symposium, 20-24 May, 2013, Awaji Island, Hyogo Japan.

2. Room Temperature Synthesis of Metal - Organic Frameworks (MOFs), Negash Getachew, Yonas Chebude, Manuel Sanchez-Sanchez and Isabel Diaz, Presented at the 29th Annual Congress, Chemical Society of Ethiopia, ( February, 2013)
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