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Deep eutectic solvents for the preparation and post-synthetic modification of metal-and covalent organic frameworks

Deep Eutectic Solvents (DESs) represent an emerging class of solvents featuring some characteristics of their ionic liquids cousins -low vapor pressure, relatively wide liquid range, non-flammability and the ability to dissolve polar species -along with unique specificities, such as their limited toxicity and an improved biocompatibility. Among the numerous applications these solvents may find, their use as media for the ionothermal preparation and post-synthetic modification of Metal-and Covalent Organic Frameworks (MOFs and COFs) has been recently explored. This contribution aims at providing an overview of the state of the art in this area focusing on the synthetic aspects as well as on the applications of the materials and composites reported. In particular, the different roles DESs can play in the MOF/COF formation are highlighted. Indeed, while DESs act as solvents, they may also behave as structure-directing agents. Thus, one of their components or decomposition product formed under the ionothermal conditions may be present in the architectures, either as a ligand coordinated to the metal centers or in the pores of the MOFs, yielding unknown crystalline systems. Removal of the DES components from the MOF has been shown as an efficient strategy for the preparation of novel porous architectures. Furthermore, DESs can be employed for the conversion of one MOF into another. DESs show clear advantages as media for COF synthesis, such as the possibility to run reactions at lower temperature, in open-air vessels, with shortened reaction time or to elaborate COFs otherwise difficult to access and with a large variety of linkages. Beyond their solvent role, DESs can also be employed for post-synthetic modification, affording composites or hybrids benefiting from the properties of these media combined with the ones of the porous materials. Applications in catalysis for a diversity of reactions, in gas sorption or for the sensing/extraction of various analytes have been demonstrated.

Introduction

Metal-and Covalent Organic Frameworks (MOFs and COFs) have emerged, over the past decades, as important classes of porous materials with a variety of applications in a wide range of fields such as gas storage and separation, catalysis, drug delivery or electronics for example. 1- 6 Fuelled by the breadth of these applications and their potential industrial use, research on these crystalline architectures has been intense from their synthesis [7][8][9] to downstream aspects. [1][2][3][4][5][6] The aim is not only to expand the scope of materials obtained but also to optimize the synthetic conditions themselves to reach higher purity, better performance, different crystal sizes or sustainability. [7][8][9][10][11] While alternative approaches such as mechanochemistry, 12 ultrasounds or microwaves 13 have been proposed for the assembly of organic linkers with metal nodes, others have sought to explore the solvents used in the solvothermal conditions that are usually employed for the preparation of MOFs and COFs. Indeed, the most common synthetic conditions consist in heating the precursors in a solvent (mixture) under autogenous pressure. The media usually employed may be toxic, flammable and may decompose in the process. Thus, green alternatives [14][15][16][17][18][19] such as ionic liquids (ILs) [20][21][22][23][24][25][26][27][28] have been investigated. The latter are salts with a melting temperature below 100°C, featuring usually good thermal and chemical stability, high boiling point, low volatility and flammability. [29][30] Furthermore, they are prone to solubilize both organic and inorganic compounds making them appealing solvents for the preparation of MOFs and COFs. Hence, ionothermal synthesis has been extensively explored for such purposes (Fig. 1). [20][21][22][23][24][25][26][27][28] Interestingly, ILs are also attractive for post-synthetic modification (PSM). The PSM approach consists in the functionalization or modification of pristine materials to yield new hybrids showing a combination or synergistic properties. [31][32] In this context, since ionic liquids bear interesting intrinsic characteristics such as the ability to absorb gases, to be a medium for catalysis or to favour ion/proton conduction, it renders them attractive for PSM and composites with MOFs have been described. [33][34][35][36] While the fields of ionothermal synthesis and PSM using ILs are well established, the use of another class of related solvents, deep eutectic solvents (DESs), has more recently received attention (Fig. 1). First described in 2001, 37 DESs are formed by combining two or more solid materials, usually prone to hydrogen bonding, affording a fluid with a freezing temperature below the one of either component and with this eutectic temperature below the one of an ideal liquid mixture (hence the term "deep") with low vapor pressure, relatively wide liquid range, non-flammability and the ability to dissolve polar species. [38][39][40][41][42][43][44] Considered cousins of ionic liquids, DESs feature significant differences. First, they are not necessarily exclusively composed of ionic species, for they can comprise a neutral molecular compound, often a hydrogen bond donor/acceptor (HBD/HBA, Scheme 1) that can be modulated to finely tune the DES properties. Furthermore, they are readily prepared by simple mixing of two or more species in an appropriate ratio, with sometimes an additional heating/cooling step. Hence, no waste is generated in the process and no purification is required. In addition, these solvents usually exhibit limited toxicity, if any, and an improved biocompatibility, as they may be composed of naturally occurring compounds. [44][45][46][47] Indeed, the combinations of choline chloride with urea, amino-acids, organic acids or sugar polyols have been shown to behave as Natural DES (NADES). Amino acids and polyols are natural and many of them are generally recognized as safe by the Food and Drug Administration. Choline chloride is classified as a provitamin and produced as an animal feed supplement. In analogy with ILs, these solvents have been explored for diverse applications such as gas sorption, [48][49][50] catalysis, [51][52][53][54] or for the synthesis of inorganic materials. [55][56][57][58] Evidently, their features make them excellent candidates for the preparation or post-synthetic modification of MOFs and COFs. The present contribution aims to provide an up-to-date comprehensive overview of these recent developments. In a first part, the use of DESs for the synthesis of different classes of MOFs will be reviewed, followed by current developments of the DESs as media for COF synthesis. In a third part, the more recent use of DESs for PSM will be presented, highlighting the potential of these novel composites and their applications.

MOF synthesis in DES

Choline chloride/urea type DES

While numerous DESs have been reported in the literature, [38][39][40][41][42][43][44][45][46][47] the class of solvents based on combination of choline chloride (ChCl) and urea derivatives (Scheme 1), originally reported by Abbott and coworkers, 59 has been overwhelmingly investigated for the preparation of zeolites, coordination polymers and MOFs. The different materials prepared in these DESs are described here depending on the nature of the organic linkers (Scheme 1), thus highlighting the different roles played by the solvents in these syntheses and the diversity of accessible structures. It is worth noting that MOFs prepared under urothermal conditions, [60][61][62] using solely urea derivatives as solvents, will not be addressed herein.

Phosphonate-based MOFs

In a seminal article, 63 Morris and co-workers reported the synthesis of zeolite analogues based on phosphates in ionic liquids and in the 1:2 mixture of choline chloride and urea, known as reline. Following this work, other inorganic phosphate-based architectures have been described. [64][65][66][67][68] Interestingly, using reline, a phosphonate-based MOF could also be prepared. 69 The latter, formulated [Zn(CMPhos)](NH4), was obtained by heating at 80°C the carboxymethylphosphonate ligand CMPhos (Scheme 1) and Zn(NO3)2 in reline. The trianionic linker coordinates the Zn(II) cations via the phosphonate oxygen atoms as well as by one oxygen atom of the carboxylate group, yielding a three-dimensional network (Fig. 2). The DES plays here not only the role of solvent but also of the source of ammonium cations included in the pores of the MOFs. Indeed, it has been rationalized that these cations originate from the decomposition of urea at the reaction temperature, 70 since upon performing the synthesis at room temperature no material could be obtained. 

Zeolitic Imidazolate Frameworks

Zeolitic imidazolate frameworks (ZIFs) represent a class of MOFs built by four-coordinate transition metal cations and imidazole linkers. [71][72][73][74] Their structure is reminiscent of the topologies of aluminosilicate zeolites and they have been shown to display good thermal and chemical stabilities. In light of the interesting properties of ZIFs, their synthesis has been intensely investigated. 75 The use of DES as a synthetic medium has therefore also been explored. The first material of this type to be obtained from a DES is a hybrid based on the combination of ZnCl2 with the anionic ligand B(Im)4 and imidazole (Scheme 1) in ChCl/murea (1/2) and formulated [Zn2Cl2(B(Im)4)(Im)] (Fig. 3). 76 This 2D network is built by coordination of the Zn(II) cations to the boron-based linker, imidazolate and a chloride anion. In this case, neither choline nor the m-urea are incorporated in the material. However, the stabilization of a Zn-Cl bond, unusual under hydro/solvothermal conditions, may originate from the use of the DES, as observed for some phosphates prepared from ChCl-based DESs. [77][78] This material was found to exhibit a surface area of 276 m 2 /g and a pore volume of 0.13 cm 3 /g. Among the different reported ZIFs, one of the most studied is ZIF-8 based on Zn(II) and methylimidazolate (Mim, Scheme 1) linkers, featuring a sod topology. [71][72][73][74] Its synthesis in reline has been explored under different crystallization conditions. [79][80][81] Fig. 4. Different synthetic strategies for the preparation of ZIFs and derivatives in reline.

Upon heating at 100°C for ten minutes a 1:4 mixture of zinc nitrate and methylimidazole in reline, a clear solution is obtained and a crystalline product is formed after addition of EtOH and H2O (Fig. 4). 79 The addition of water was rationalized to be responsible for the deprotonation of the ligand, while the addition of EtOH provided good dispersion and uniform crystal sizes. As a matter of fact, it has been demonstrated that ZIF-8 is soluble in reline. 80 In a thorough study, Tian and co-workers investigated cooling as a substitute crystallization process for precipitation. 80 It was thus found that the cooling rate of a reline solution of the zinc salt with MimH, preheated at 140°C, affected the crystal size and morphology. While rapid cooling afforded spherical agglomerates, rhombic dodecahedra of up to 50 µm in size could be obtained upon programmed cooling at a rate of 0.1°C/min. It is worth noting that no DES was found to remain in the pores of the ZIF and that the material exhibited good gas sorption properties. Under the same experimental conditions, the Co analogue ZIF-67 could also be prepared with truncated rhombohedral crystals of up to 2 µm in size. ZIF-67 was also found to be soluble in reline and could be recrystallized from the DES upon cooling. When ImH was used instead of MimH using either rapid or programmed cooling, 81 the same authors showed that M(Im)2 (M = Zn, Co) in the zni topology 82 crystallized. These phases are denser than ZIF-8 and ZIF-67 and crystallize in the form of rods. Here again, the DES is not included in the crystals and solely acts as the solvent for the reaction. Using a mixture of reline and water at 60°C in the presence of sodium dodecylsulfate (SDS), Chen et al. have prepared ZIF-8. 83 Modulation of the amount of water and SDS was shown to impact the porosity of the material. This was employed for the use of ZIF-8 in the cycloaddition reaction of CO2 with epoxides. Using similar synthetic conditions, the same authors prepared doped ZIF-8 with 20, 50, 70 or 90% of Co(II). [START_REF] Hu | Microporous Mesoporous Mat[END_REF] These materials were studied for the catalytic reaction of styrene oxide with CO2. It was found that the system with a 70% doping of Co showed the best catalytic performance for the synthesis of cyclic carbonates with a yield of up to 96.8% and that it could be reused five times with no sign of activity loss. More recently the combination of reline/SDS/water was used to prepare ZIF-8 later employed for the preparation of composites with carbon nanotubes. [START_REF] Fan | [END_REF] 

Carboxylate-based MOFs

Metal-carboxylate secondary building units (SBUs) represent the largest class of SBUs in the chemistry of MOFs. 86 As such, they have also been extensively investigated for the synthesis of porous materials in DES. Dicarboxylate-based systems will be first described before focussing on MOFs built on the trimesate linker.

Bu and co-workers have reported a series of MOFs based on the 1,4-benzenedicarboxylate (bdc, Scheme 1) ligand prepared in different ChCl/urea derivative mixtures (Fig. 5), that highlighted the different roles DESs can play in the synthesis of these crystalline materials. 87 The first one is the incorporation of ChCl in (Ch)[InCl(bdc)3/2(H2O)2](H2O) (Fig. 5a) with the chloride anion bound to the In(III) cation and the cholinium cation in the pores of the 2D network. While, as for the ZIF-like material presented in Fig. 3, a metal-chloride bond is observed for this compound, this anion is absent in all the other reported MOFs based on lanthanide cations described in this work. 87 Thus, in the second MOF, (Ch)[Yb(bdc)2(urea)] (Fig. 5b), the cholinium cation is present in the pores of the 3D-architecture, while urea is coordinated to the metal center. Isostructural MOFs were obtained with Sm(III) and Y(III). Upon substituting murea or e-urea for urea in the DES, other materials could be isolated and characterized. In [Nd(bdc)2(Ch)](m-urea) (Fig. 5c), the cholinium cation is present however this time coordinated to the metal center, wheras m-urea remains unbound in the pores of the 3D structure. Finally, in [Sm(bdc)3/2(e-urea)] (Fig. 5d), the urea derivative acts as a bridge between Sm(III) cations that can be removed upon heating the MOF at 300°C without apparent loss of structural integrity. This is noteworthy, as the DES allows the formation of a material that yields a MOF with exposed metal sites upon its evacuation. This material was found to be microporous with a Langmuir surface area of 262 m 2 /g and to exhibit good sorption properties with a variety of gases such as H2, CO2 and N2. Fig. 5. Different roles of DES in MOFs as described by Bu and co-workers. 87 The carbon atoms of components of the DES included in the MOFs have been highlighted in pink, while the hydrogen atoms have been omitted for clarity.

In a study of lanthanide MOFs based on the thiophene-2,5-dicarboxylate ligand (tdc, Scheme 1), the group of Zhang have also illustrated the many different roles the components of the ChCl/e-urea (1/2) DES can play. 88 In analogy with (Ch)[Yb(bdc)2(urea)] (Fig. 5b), these authors have isolated (Ch)[Yb(tdc)2(e-urea)](H2O) with the cholinium cation in the pores and the e-urea coordinated to the Yb(III) cation. Furthermore, in a series of six isomorphous MOFs formulated (Ch)[Ln(tdc)2] (Ln = Gd, Nd, Eu, Er, Tb, Dy) (Fig. 6a), the anionic 3D network forms rhombic channels that incorporates cholinium cations. Neither the chloride nor the e-urea are present in this system. Interestingly, analogous architectures have been reported upon performing the MOF synthesis in the 1-methyl-3-imidazolium bromide ionic liquid. 89 In this case, the imidazolium cations acted as guests inside the pores. The photophysical properties of the Eu(III) based MOF have been investigated and the characteristic emission for this ion was observed upon excitation at 350 nm, as the tdc anion acts as a sensitizer.

Finally, the [Nd2(tdc)3(e-urea)4](e-urea)3 MOF (Fig. 6b) could also be characterized. In this material, e-urea is either coordinated to the lanthanide ion or acts as guest in the pores of the 3D framework. As for [Sm(bdc)3/2(e-urea)] (Fig. 5d), the removal of e-urea has been explored. Upon immersing the [Nd2(tdc)3(e-urea)4](e-urea)3 material in ethanol, the guest molecules could be partially exchanged for the alcohol in a single-crystal to single-crystal fashion, as confirmed by X-ray diffraction. So here again, the use of the DES yields a MOF that can be transformed upon substitution/removal of the guest urea species. Furthermore, unlike for the Eu-based MOF, this Nd system did not feature the typical narrow lanthanide emission bands but a broad emission around 438 nm associated with ligand-centered processes. It can be noted that in all these tdc-based MOFs, a helical arrangement of the ligand-metal chains can be observed. However, the compounds crystallize in centrosymmetric space groups and thus the crystals are internal racemates. 88 The C atoms of the Ch cation and e-urea molecules have been highlighted in pink, while the H atoms have been omitted, for the sake of clarity. Helicity was also observed in another series of lanthanide MOFs prepared in ChCl/e-urea (1/2) using the 2,2'-biphenyldicarboxylate ligand (2,2'-bpdc, Scheme 1). [90][91] In [Eu(2,2'bpdc)(NO3)(e-urea)3] (Fig. 7 top), alternating right-and left-handed helices are constructed by coordination of the bridging carboxylate ligand to the lanthanide cation. 90 The latter is bound to nitrate anion and e-urea. An isomorphous organization was found in the Tb(III) analogue. Both MOFs feature emission in the solid state with sharp lines characteristic of lanthanides, upon excitation at 250-285 nm. The absence of emission centered on the 2,2'-bpdc ligand suggested an efficient energy transfer to the metal cation in both compounds. Liu and coworkers also reported the [Dy2(2,2'-bpdc)3(e-urea) (H2O)](e-urea) MOF (Fig. 7 bottom), 91 with e-urea present as a ligand as well as a guest in the crystal. Consecutive tetranuclear Dy4 motifs bridged by the helical di-carboxylate ligand afforded a 1D arrangement. Magnetic studies indicated the presence of ferromagnetic interactions between the lanthanide cations within these tetranuclear assemblies at low temperature, while almost no interaction could be detected between these motifs within the chain. Furthermore, slow relaxation was measured below 10 K with a frequency dependent ac susceptibility. Fig. 7. 1D networks based on the 2,2'-bpdc ligand, as described by Wang and co-workers. [90][91] Hydrogen atoms have been omitted for clarity. The C atoms of the coordinated e-urea molecules have been highlighted in pink.

Cheng, Xiong and co-workers have explored the use of the reline DES for the synthesis of MOFs using dicarboxylate derivatives incorporating additional binding sites such as 2,6pyridinedicarboxylate (pdc) and 3,5-dicarboxylatopyrazolate (pzdc) (Scheme 1). 92 Both materials obtained, [Cu(pdc)(NH3)] and K0.63(NH4)0.37[Mn(pzdc)], contain a decomposition product of urea, owing to the heating at 100°C for six days. This is reminiscent of the aforementioned phosphonate MOF (Fig. 2), also incorporating ammonia. These compounds are arranged either into 1D or 2D networks organized in a compact fashion, thus not showing porosity. In the same study, these authors also investigated the formation of MOFs based on the 1,3,5-benzenetricarboxylate ligand (btc, Scheme 1) in DES based on ChCl and urea derivatives (3/4), with the addition of water. 92 Water was found not only to improve the yields and crystal quality of the materials but, in some cases, to be central in the formation of these compounds, as they may contain a hydrolysis product of urea. For example, 1D (NH4)[Zn(btc)(NH3)2](H2O) and 2D (NH4)[Mn(btc)(H2O)] were obtained upon reaction for six days at 100°C in ChCl/urea (3/4) in the presence of water. Depending on the nature of the urea derivative, different ammonium species could be observed as well as different protonation states of the btc ligand. Indeed, performing the synthesis using m-urea instead of urea, under otherwise identical conditions, afforded (CH3NH3)[Mn(btcH)2(btc)](H2O)3. The association of Co(II) with btc has been thoroughly investigated and illustrates these aspects (Fig. 8). Thus, the 1D network [Co3(btc)2(H2O)12] (Fig. 8a) was isolated when using m-urea. 92 It can be noted that this compound has been previously described from reaction in pure water. 93- 94 Upon carrying out the reaction in a DES based on e-urea, another 1D network was isolated, [Co(btcH2)2(e-urea)2](e-urea)(H2O)1/4 (Fig. 8b), based on a singly deprotonated trimesic acid ligand and with e-urea molecules as ligands or guests. A 3D MOF, [Co3(btc)2(urea)2](H2O)2 (Fig. 8c), is formed in a urea-based DES. The latter derivative acts as a bridging ligand in the framework that features 1D channels.

It was demonstrated that this material can be employed for the heterogeneous catalytic oxidation of styrene. 92 A conversion of 72% after 24 h was observed, yielding 60% of benzaldehyde. Interestingly, the material retained its catalytic efficiency as well as its crystallinity over three cycles.

While this MOF is obtained in the presence of water, Jiao and co-workers have isolated a discrete cyclic compound [Co2(btcH)2(urea)2(H2O)4](H2O)3 (Fig. 8d), upon performing the reaction in pure reline. 95 Urea acts also as a ligand but the btc ligand is singly protonated. In the crystal, this metallamacrocyclic motif stacks in a staggered fashion leading to blocked cavities and hence to a non-porous material. The same assembly is obtained starting from Ni(NO3)2 and the resulting Ni analogue has been post-synthetically doped with Eu(III) and/or Tb(III) cations for the detection of 2,6-dipicolinic acid or Fe(III). [96][97] One of the most investigated MOFs based on the btc ligand is Cu3(btc)2, also known as HKUST-1. 98 Its synthesis has been explored in DESs (Fig. 9 right). Thus, it has been reported that, in a 1/2 mixture of ChCl and m-urea, this MOF can be prepared either upon heating 99 or via a sonochemical method. 100 Under these conditions, typical octahedral shaped micro-crystals have been obtained and the material features good textural properties with a BET surface of up to 1822 m 2 /g. 100 More recently, our group has reported that HKUST-1 can be prepared by heating at 80°C for 3 days a 1/6 metal/ligand mixture in reline. 101 The MOF also featured good textural properties, with the crystals having an unusual rose morphology. Interestingly, it was observed that the synthesis of this material in reline is sensitive to the temperature, concentration and metal to ligand ratio. Indeed, it was demonstrated that HKUST-1 converts to a non-porous phase, [Cu2(btc)Cl(H2O)4], obtained as crystalline rods. It is worth noting that the abovementioned macrocycle [Ni2(btcH)2(urea)2(H2O)4](H2O)3 could also be converted to this 2D material upon heating in a reline solution with Cu(NO3)2 at 100°C for 3 days. 95 [Cu2(btc)Cl(H2O)4] can be readily prepared by reaction of a 1/1 mixture of Cu(NO3)2 and btcH3 in reline at 100°C for 3 days (Fig. 9 left). 95 It can be noted that when the reaction is performed in H2O/EtOH in the presence of ChCl, no crystalline material could be obtained. This highlights the complex role of DES in the preparation of MOFs, that is shown here to act as a synthetic medium as well as to be responsible for the conversion into another material by incorporation of the chloride anion. Albeit non-porous, the 2D compound was recently used for the formation of composites with ammoniated Au nanoparticles on glassy carbon electrode as an electrochemical sensor. 102 The sensitive and selective detection of H2O2 was shown (low limit of detection = 1.2 µM, range = 5-850 µM). Contrastingly, the group of Bu has reported that the anionic [In3(btc)4] 3-framework can be prepared via diverse routes such as solvothermal synthesis in DMF or DEF with different ammonium cations or by a ionothermal method in ChCl/e-urea (1/2). 103 Under the latter conditions, (Ch)[In3(btc)4](e-urea) was isolated, while (Ch)[In3(btc)4](DMF) crystallized from the reaction in DMF in the presence of ChCl. It was suggested by the authors that the presence of the charge compensating cholinium cation in the MOF may favourably influence its capacity for CO2 adsorption. While many bdc-based MOFs have been described with lanthanide ions, fewer analogues with the btc ligands have been reported. 104 Morris and co-workers have isolated and characterized a series of MOFs formulated [Ln(btc)(m-urea)2] (Ln = La(III), Nd(III), Eu(III)) for which the urea derivative acts as a ligand to the metal cations.

To summarize, in addition to acting as solvents, ChCl/urea derivative type DESs can thus play diverse roles in MOF formation. One of their components may be part of the framework via coordination to the metal centers or be present within the pores. In this respect, it has been shown that removal of the urea derivatives can lead to novel architectures. Also, DESs have been recently shown to allow the transformation of one MOF structure into another one. Finally, decomposition products may also be present, in particular with reline which is prone to this behaviour. 70 

MOFs prepared in non urea-based DES

Beyond the urea-based DESs detailed above, other DESs have been exploited for the preparation of MOFs, in particular ChCl/carboxylic acid or alcohol type ones. Thus, systems based on succinic, glutaric or citric acids or pentaerythritol have been used for the synthesis of aluminophosphates. 77,105 Other derivatives widely employed for such purposes are malonic and oxalic acids (Scheme 1). For example, the group of Lii has described a series of metal oxalatophosphates prepared in the ChCl/malonic acid (1/1) DES, 106-108 while a series of iron oxalatosufate networks were prepared by Xiong and co-workers from the ChCl/oxalic acid (3/7) DES. 109 Using this type of carboxylic acid based DES, several groups have reported the preparation of MOFs incorporating dibenzyldiphosphonate ligands (Fig. 10). 64,110,111 The group of Morris has described the synthesis of MOFs based on the H2bpmd ligand (H4bpmd = 4,4'biphenylylenedimethylene-diphosphonic acid, Scheme 1) with either Co(II) or Ni(II) by reaction in the ChCl/succinic acid (1/1) DES (Fig. 10a). 64 In this compound, a layered arrangement of metal-phosphonate sheets is observed. Interestingly, MOFs based on the analogue ligand comprising only one aromatic ring H4pmd (1,4phenylenebis(methylene)diphosphonic acid, Scheme 1) and lanthanide ions have been prepared in ChCl/malonic acid (1/1) with addition of water. 110,111 Hence, under these hydro-ionothermal conditions at 120°C for 80h, the [Ln(Hpmd)(H2O)] series (Ln(III) = Ce(III), Pr(III)) (Fig. 10b) could be isolated. Here again, a layered organization is observed. 110 Upon performing the synthesis in the same solvent mixture at 140°C for 3 days, another series formulated [Ln(H2pmd)] (Ln(III) = Tb(III), Dy(III), Ho(III)) (Fig. 10c), with the ligand in a different protonation state, was recently obtained. 111 It also features a layered system as for the abovementioned series. The magnetic and photophysical properties of these compounds were thoroughly characterized. It was found that the Tb based MOF shows a 46% quantum yield in the solid state upon excitation at 277 nm, a high value for such type of systems. For the Dy based MOF, slow relaxation of the magnetization with diverse mechanisms (Orbach, Raman, direct) indicating a single-molecule magnet behaviour was observed. For all these dibenzyldiphosphonate based MOFs (Fig. 10), neither the cholinium nor the chloride (or the acid) were found to be present in the crystals. 64,110,111 113 This MOF features 2D interpenetrated networks based on pentagonal motifs and ammonium cations blocking the pores. No significant CO2, CH4 or H2 gas sorption could be detected for this material. However, it was found to be active for the catalytic production of propylene carbonate by cycloaddition of CO2 and propylene oxide, in the presence of n-Bu4NBr with conversion above 85%. Catalytic activity could also be observed with other epoxide substrates such as ones incorporating an ether function.

Interestingly, carboxylic acids and carboxylates are coordinating and thus these DES components may act as ligands of the MOF. This has been particularly illustrated in the case of oxalate-based MOFs prepared from the ChCl/oxalic acid DES. In addition to the aforementioned iron oxalatosulfates, 109 a series of lanthanide compounds have been reported (Fig. 12). [114][115] The group of Tong described the preparation of the series of 1D networks (Ch)[Ln(oxalate)(H2O)3Cl]Cl,H2O (Ln(III) = Dy(III), Er(III), Gd(IIII)) by heating the corresponding LnCl3,6H2O salt in ChCl/oxalic acid (Fig. 12a). Chains are formed by bridging of the oxalate ligand issued from the DES. The ChCl salt is present in the crystal, separating the metal-organic chains. Investigation of the magnetic properties of these compounds revealed intrachain weak ferromagnetic interactions and slow relaxation of the magnetization at low temperatures for the Dy and Er compounds, whereas a Curie-Weiss type behaviour with weak antiferromagnetic interactions was observed for the Gd one. 114,115 When the synthesis is performed in the presence of sodium, magnesium, nickel, copper or zinc acetate, a 2D MOF, [Gd(oxalate)(H2O)3Cl], not incorporating ChCl, is formed (Fig. 12b). 115 It can be noted that the La(III) and Pr(III) analogues of this MOF, previously described in the literature, 116 have been obtained via another synthetic route consisting in the recrystallization of the oxalate salt from hot hydrochloric acid. Both types of Gd-based networks were shown to feature magnetocaloric effect, making them potential magnetic coolants. Following an analogous approach based on a DES incorporating a bridging ligand, the synthesis of ZIF-8 has also been explored in n-Bu4NBr/MimH mixtures. 117 As for the synthesis in ureabased DES described above, addition of water yielded crystalline material. It is noteworthy that the ZIF obtained following this procedure features micro-, meso-and macropores templated by the presence of the quaternary ammonium cations from the DES and thus shows good CO2 sorption properties, with a 39% weight capacity at 30 bars.

Hence, in addition to the different roles highlighted with urea-based DESs, solvents incorporating potential bridging ligands can be employed for their conversion into a MOF.

COF synthesis in DES

COFs are formed by the assembly of organic components, most often via a condensation reaction involving the formation of reversible linkages such as boronate esters or imine bonds. 118,119 As for MOFs, the common synthetic methods are based on solvothermal conditions to favour the thermodynamic equilibrium necessary for self-correction of defects in the crystallization process. However, the drawback of this approach lies in the rather long reaction time, high reaction temperature and use of toxic solvents. Interestingly, some reports have explored ionothermal conditions for the preparation of COFs. 19,27,28,[120][121][122] In ionic liquids, it was found that lower temperature could be employed with reactions running for shorter times and, in some cases, in open vessels. Extension of this strategy to DES has been recently successfully explored, demonstrating the value of these solvents in COF synthesis. Wang and co-workers described the preparation of 2D-and 3D-COFs in the ChCl/Glycerol (1/2) DES (Fig. 13). 123 Thus, upon suspending 1,3,5-triformylphloroglucinol and pphenylenediamine (Tp and PA respectively, see Scheme 1) in this DES at room temperature, the corresponding 2D-COF TpPA could be obtained at the gram-scale in 90% yield after 2 h (Fig. 13 top). The material was characterized by FT-IR, NMR spectroscopy, powder X-ray diffraction and gas sorption measurements confirming its nature. Interestingly, the preparation of this COF has been previously reported, however upon heating at 120°C for 3 days in a mesitylene/dioxane mixture. 124 The DES conditions therefore represent substantial shortening of the reaction duration and lowering of the heating temperature. Furthermore, the measured BET surface area of 747 m 2 /g obtained for this material is higher than reported for the COF prepared using the solvothermal method (535 m 2 /g). 123,124 This surface area could be further increased upon performing the synthesis in reline or ChCl/ethylene glycol (1/2). Other 2D-COFs based on azine or hydrazone linkages could also be prepared at room temperature by substituting hydrazine or a hydrazide derivative for PA.

In the same study, the authors investigated the possibility to prepare 3D-COFs in DES. Reaction of PA with tetrakis(4-formylphenyl)methane (TFPM, Scheme 1) in ChCl/glycerol (1/2) afforded, after 2 h at room temperature, the desired COF featuring a five-fold interpenetration. A novel material TFPM-AzoPA could be obtained from the AzoPA analogue (Scheme 1, Fig. 13 bottom). It is noteworthy that this COF could not be isolated under solvothermal conditions in a variety of organic solvents. This 3D-COF was found to be mesoporous and it was rationalized that the viscosity of the DES leads to unrepaired structural defects in the materials yielding mesopores and microstructured pores upon removal of the solvent. 123 The group of Dong 125 prepared TpPA-CO2H, analogue of the TpPA COF, from the (n-Bu)4NBr/ImH (3/7) DES in an open vessel (Fig. 14). 126 In this case, reaction at room temperature did not provide the material and heating to 90°C was necessary. While the yield was found to be 70% after 1 h, it is quantitative after 12 h at this temperature. The yield was determined to be much lower when performing the reaction in water or in imidazolium based ILs that only afforded amorphous materials. The COF was characterized by FT-IR, CP-MAS NMR and X-ray diffraction. Study of the nitrogen sorption showed a microporous nature and a BET surface area of 183 m 2 /g. The adsorption properties of this COF towards different organic dyes were investigated, demonstrating an affinity for cationic species such as methylene blue or safranine, with a higher capacity for the latter (1135 mg/g). This property was rationalized by a combination of hydrogen bonding, electrostatic and π-π interactions between the organic framework and the cationic dye. 125 Fig. 15. Three-salt inorganic eutectic mixture for the synthesis of an imide-based 2D-COF. 127 Hence, DESs allow the synthesis of known and novel COFs at lower temperature with shorter reaction duration and, in some cases, in open vessels. In this context, it is worth mentioning here the recent use of an inorganic salt eutectic for the preparation of imide-based COFs (Fig. 15) by the groups of Ochsenfeld and Lotsch. 127 The synthesis of such COFs in crystalline form is generally rendered difficult by the irreversible nature of the imide linkage, 128 thus requiring harsher conditions. To circumvent this issue, it has been proposed to employ the NaCl/KCl/ZnCl2 mixture with a melting temperature of 240°C. 129 This allows the use of fragile linkers such as the triazine derivative TT (Scheme 1) that otherwise cannot be employed at higher temperature. Thus, in the three-salt eutectic at 250°C under vacuum, the TT-PMDA imide based COF could be obtained in 65% yield (Fig. 15) (TT = 2,4,6-tris(4-aminophenyl)triazine, PMDA = pyromellitic dianhydride, Scheme 1). This material was characterized by FT-IR, NMR spectroscopy, XRD, TEM and gas sorption (BET surface area 706 m 2 /g). It is worth noting that energy-dispersive X-ray spectroscopy analysis confirmed the absence of inorganic salts in the material, highlighting the efficiency of the work-up procedure consisting in washing with HCl and organic solvents. This synthetic approach was also applied to the TAPA linker (2,4,6-tris(4-aminophenyl)-amine, Scheme 1) leading to the TAPA-PMDA COF in 85% yield, illustrating the soundness of this approach towards obtaining COFs based on irreversible linkages such as imides. The use of this type of inorganic salt eutectics has been also recently reported for the preparation of covalent isocyanurate frameworks. 130 

Post-synthetic modification of MOFs by DES

While research has primarily been focussed on the use of DESs as solvents for the preparation of MOFs and COFs, recent efforts have aimed at combining the properties of the two types of systems towards applications in gas sorption or catalysis. Thus, two main approaches have been applied: i) use of MOFs in DES or ii) post-synthetic formation of a DES@MOF hybrid. Examples illustrating these two strategies will be detailed in the following section.

MOF in DES

Dispersion of MOFs into a variety of DESs has been investigated for diverse applications. For example, Amini and co-workers 131 have described the use of reline for the formation of CuPc (CuPc = copper phthalocyanine) in the pores of the MIL-101(Cr) MOF. 132 As it has been reported that CuPc could be prepared by heating a Cu(II) salt and phthalonitrile either in reline, 133 or included in the pores of MIL-101(Cr) dispersed in an ionic liquid, 134 the authors investigated the possibility to combine both approaches (Fig. 16). Upon heating MIL-101(Cr) containing a Cu(II) salt and phthalonitrile in its pores at 150°C in reline, the material turned blue following the formation of CuPc. It was found by FT-IR, XRD, SEM, TEM and UVvisible spectroscopy that the CuPc was well-distributed within the MOF pores. The obtained material CuPc@MIL-101(Cr) was subsequently used as heterogeneous catalyst for the epoxidation of styrene with 100% conversion and 85% selectivity to styrene oxide versus benzaldehyde. The catalyst could be recycled four times with a retained activity and a minor loss of selectivity. 131 Another approach has consisted in using MOFs dispersed in a DES as catalysts. The system combining the pillar-layered MOF [Cu2(bdc)2(DABCO)] 135 and the ChCl/glycerol (1/2) DES has been employed as a recyclable catalyst for the preparation of poly(methyl methacrylate)s (PMMA) from methyl methacrylate (MMA) using tin 2-ethylhexanoate as a reducing agent in the presence of air at 70°C via an activator regenerated by electron transfer atom transfer radical polymerization (ARGET ATRP). 136 Also, the Zr(IV) based UiO-66-NH2 MOF incorporating the bdc-NH2 bridging ligand 137 was derivatized by glutaraldehyde-induced cross-linking with soybean epoxide hydrolase (SEH) to form SEH@UiO-66-NH2. 138 The asymmetric hydrolysis of 1,2-epoxyoctane to (R)-1,2-octanediol was demonstrated using this material in a mixture of PBS and either of the four ChCl/L DESs, with L = urea, glycerol, xylitol, ethylene glycol (Scheme 1). The best results were observed in reline with a 41% yield and an enantiomeric excess of 85%. Fig. 16. Schematic representation of the in-situ formation of the CuPc@MIL-101(Cr) upon heating in reline. 131 Recently the ChCl/ethylene glycol (1/2) DES has been employed for the exfoliation of a 2D-MOF. 139 Upon sonication of a Ni-based MOF 140 in the presence of a surfactant, delamination is observed with nanosheets consisting of two layers of the coordination network.

DES@MOF composites

Aiming at modulating the surface basicity of MIL-101(Cr) towards improving its activity as catalyst for the Knoevenagel reaction, Sert and co-workers have modified the MOF with four different DESs. 141 It was found that the DES@MIL-101(Cr) hybrid, prepared using the K2CO3/ethylene glycol (1/6) solvent, retained crystallinity and some porosity, and could catalyse the condensation of benzaldehyde and malononitrile to 2-benzylidene malononitrile with a full conversion. Also, the use of this modified hybrid allowed shorter reaction time than with the pristine MOF.

Since DESs have been shown to be attractive solvents for gas sorption, [48][49][50] Wan, Guan et al. investigated CO2 capture by a DES@MOF hybrid. 142 Defects were introduced in the UiO-66-NH2 MOF by the use of the btc* analogue of btc (btc* = 1,2,4-benzenetricarboxylate, Scheme 1) in the synthesis of the material. The resulting UiO-66* compound thus features open metal sites and free carboxylic acid groups, while maintaining crystallinity and porosity. The presence of the free organic moiety was used to graft the ChCl/urea (1/2) DES, yielding reline@UiO-66*. While the latter showed a lower BET surface area owing to the grafted DES in comparison with UiO-66, a 50% increase in CO2 uptake at 298 K and 0.15 bar was observed with the hybrid. This was rationalized by a combination of physical and chemical effects. With this material, no drop in CO2 uptake capacity was observed after six adsorption-desorption cycles.

Sanchooli and co-workers recently reported an original approach for the PSM of UiO-66-NH2 (Fig. 17). 143 First, the amino group on the bdc-NH2 ligand was reacted with 1,4-phenylene diisocyanate to afford UiO-66-urea. Not only this process leads to polymerization but also induces the formation of urea moieties. The latter favours the introduction of ChCl in a second PSM generating a DES-like MOF hybrid, ChCl@UiO-66-urea. The material was characterized by X-ray diffraction, FT-IR, SEM, EDX, TGA and BET measurements. It was shown that crystallinity was retained throughout the process and that ChCl was homogenously distributed in the hybrid. ChCl@UiO-66-urea was found to be microporous with a BET surface area of 350 m 2 /g, lower than the pristine material, owing to the reticulation via urea formation and to the incorporation of ChCl. It was employed as a catalyst for the formation of 2-amino-4Hchromenes (Fig. 17 bottom) from malononitrile, α-naphthol and benzaldehyde derivatives. Conversions over 90% for solvent-free reaction at 80°C for 3 h were achieved, higher than with the pristine MOF or reline alone. A 4 to 7% loss of activity was found over four cycles with a 5% leaching of ChCl.

Another reported approach for PSM consists in the formation of composites based on magnetic Fe3O4 nanoparticles (NPs) covered with MOFs and combined with DES. For example, Wang and co-workers have coated Fe3O4-CO2H NPs with UiO-66-NH2, using amide bond formation. 144 This hybrid was then associated with the BTBACl/lactic acid (1/2) DES (BTBACl = benzyl-tributylammonium chloride, Scheme 1) to afford a composite that was investigated as an adsorbent for pharmaceuticals and personal care products. Good performance for the adsorption of oxoflacin and mefenamic acid were observed, as well as a good regenerability and reusability. A similar strategy has been applied by coating Fe3O4 NPs with the HKUST-1 MOF, followed by polymerization of the APTMACl/D-sorbitol (2/1) DES (APTMACl = 3-acrylamidopropyl trimethylammonium chloride, Scheme 1). 145 The resulting composite could selectively extract cationic dyes such as crystal violet and malachite green. Recently, composites based on the UMCM-1 MOF, 146 the ChCl/glycerol (2/1) DES and molecularly imprinted polymers were developed as hollow and monolithic fibers and employed for the extraction/detection of phthalate esters from yogurt, water and edible oil. 147 Fig. 17. Schematic representation of the two-step post-synthetic modification of UiO-66-NH2 to form ChCl@UiO-66-urea, active catalyst for the synthesis of 2-amino-4H-chromene. 143 

Conclusions and outlook

Over the past two decades, DESs have emerged as an interesting class of solvents featuring some characteristics of their ILs cousins -low vapor pressure, relatively wide liquid range, nonflammability and the ability to dissolve polar species. Noticeably, DESs can be regarded as green solvents and have limited toxicity and an improved biocompatibility, depending on the nature of their components. These properties have been taken advantage for their use as media for the ionothermal preparation of MOF and COF porous materials. DESs can act as solvent, as expected, but can also play different directing roles in the MOF formation. Thus, one of their components, either neutral or charged, or decomposition product formed under the ionothermal conditions may be present in the crystalline architectures, either as a ligand coordinated to the metal centers or in the pores of the materials, yielding unknown systems. In particular, with DES, the stabilization of metal halide bonds has been observed, whereas this type of bonds is more seldom observed under classical solvothermal conditions. This leads to the possibility of using DESs for the conversion of crystalline material such as metallamacrocycle or a MOF into another MOF containing such metal-halide bond. The potential involvement in the MOF structure of ionic species originating from the DES leads to novel phases or their transformation but can also give rise to interesting sorption properties. 103 Alternatively, removal of the neutral DES components from the MOF, as commonly performed with classical organic solvents, has been shown as an efficient strategy for the preparation of novel porous architectures. 87 Finally, as demonstrated by recent reports, DESs show clear advantages as media for COF synthesis, such as the possibility to run reactions at lower temperature, in open-air vessels, with shortened reaction duration or to elaborate COFs otherwise difficult to access and with a large variety of linkages.

Beyond their solvent role, DESs can also be employed for post-synthetic modification, hence benefiting from the properties of these media combined with the ones of the porous crystalline materials. These novel composites have been shown to act as catalysts for a diversity of reactions, for gas sorption or the sensing/extraction of various analytes.

In just two decades, DESs have already showed their great potential for the preparation and post-synthetic modification of MOFs and COFs opening the way to a promising future. Indeed, given the wealth of potential DESs, their unique and diverse properties, much remains to be explored for the generation of interesting materials and composites. An illustration lies in the recent extension from MOFs to COFs using DESs or inorganic salt eutectics 148 as synthetic media, as well as the use of DES for MOF PSM that is in its early development with much remaining to be explored. In this respect, it is interesting to note that, to the best of our knowledge, no PSM of COF by DES has so far been reported, leaving room for future investigation. Indeed, it would be of interest to combine the unique properties of MOFs and COFs with the ones of DES for applications in gas sorption or catalysis, for example. Another appealing development is the use of DESs for the preparation and PSM of other types of crystalline porous materials such as zeolites or nanostructured materials, as highlighted in recent reports. [149][150][151][152][153] For instance, Lin et al. investigated the formation of ZSM-39 zeolite with the MTN topology in the tetramethylammonium chloride/1,6-hexanediol DES. 150 They also reported the successful synthesis of ZSM-5 in tetrapropylammonium bromide/pentaerythritol. 151 Those studies confirmed a peculiar crystal growth of MTN and MFI high-silica zeolites along with a higher local ordering around Si in DES with respect to conventional procedures. 150,151 In line with former studies dedicated to AlPOs synthesis by the groups of Morris 63,64 and Dong 105 and recently reinvestigated, 154 tetraalkylammonium halide/alcohol DESs acted as "smart" templates being able to produce either one metastable zeolite structure or shift towards another depending on the mineralizer nature, i.e.; F -or OH - anions. Though the synthesis of high silica zeolites in DES remains rather marginal, this novel strategy may open new perspectives for achieving new framework topologies. The same applies to metal oxides, with some also reported to form in DES at high purity and with unusual morphologies: 58 ZnO micropyramids, Fe2O3 nanospindles, Fe3O4 nanospheres, stable SnO particles. In particular, Hammond et al. highlighted the preferential growth of ceria nanorods in reline. 152 While behaving as a supramolecular catalyst, the DES allowed a pre-organization of the precursors and drove them towards being tightly bound.
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 1 Fig. 1. Schematic representation of the synthesis of COFs (top), MOFs (middle) in ILs or DES and of the post-synthetic modification by these solvents (bottom).
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 1 Scheme 1. Representations of components of the different DESs and of the various organic linkers of MOFs and COFs discussed in this Highlight.

Fig. 2 .

 2 Fig. 2. View along c of a portion of the 3D phosphonate-based anionic network and ammonium cations incorporated within the pores prepared in reline, as reported in ref. 69.

Fig. 3 .

 3 Fig. 3. Crystal structure of the Zn(II)-B(III) imidazolate framework prepared in choline chloride/m-urea, as reported in ref. 76. Hydrogen atoms have been omitted for clarity.

Fig. 6 .

 6 Fig. 6. A portion of the crystal structure of 3D MOFs (Ch)[Eu(tdc)2] (a) and [Nd2(tdc)3(eurea)4](e-urea)3 (b).88 The C atoms of the Ch cation and e-urea molecules have been highlighted in pink, while the H atoms have been omitted, for the sake of clarity.

Fig. 8 .

 8 Fig. 8. Impact of the urea derivative in the DES and the presence of water in the crystal structure of the assemblies of Co(II) with the btc ligand. Hydrogen atoms have been omitted for clarity, except for carboxylic acid groups, and the carbon atoms of coordinated urea or m-urea are highlighted in pink.

Fig. 9 .

 9 Fig. 9. Synthetic pathways for the preparation of the 2D network [Cu2(btc)Cl(H2O)4] and the 3D MOF [Cu3(btc)2] (HKUST-1) in DES and conversion of the latter into the earlier phase.

Fig. 10 .

 10 Fig. 10. Layered arrangement in the crystal structures of [Co(H2bpmd)(H2O)] (a), [Pr(Hpmd)(H2O)] (b) and [Dy(H2pmd)1.5] (c).64,110,111 Hydrogen atoms have been omitted for clarity.Rocha et al. reported a series of heterometallic networks formulated [LnFe7(Hpmida)6](H2O)n (H4pmida = N-(phosphonomethyl)iminodiacetic acid, Scheme 1; Ln(III) = Nd(III), Gd(III), Tb(III), Er(III)) (Fig.11) prepared in a mixture of water and the ChCl/malonic acid (1/1) DES.112 None of the DES components are present in the isostructural crystals of these 3D architectures. The Tb MOF showed photoluminescence characteristic of this lanthanide ion with an increased intensity upon lowering the temperature thus limiting non-radiative processes. For the Gd based material, an antiferromagnetic coupling was found between the different paramagnetic centers.112 

Fig. 11 .

 11 Fig. 11. View along the a crystallographic axis of a portion of the crystal structure of the [NdFe7(Hpmida)6](H2O)n MOF. 112 Hydrogen atoms have been omitted for clarity. Using the 1/1 ChCl/oxalic acid DES, Wang, Lin and co-workers isolated the 2D MOF (NH4)3[In3Cl2(4,4'-bpdc)5].113 This MOF features 2D interpenetrated networks based on pentagonal motifs and ammonium cations blocking the pores. No significant CO2, CH4 or H2 gas sorption could be detected for this material. However, it was found to be active for the catalytic production of propylene carbonate by cycloaddition of CO2 and propylene oxide, in the presence of n-Bu4NBr with conversion above 85%. Catalytic activity could also be observed with other epoxide substrates such as ones incorporating an ether function.

Fig. 12 .

 12 Fig. 12. Crystal structure of oxalate based networks prepared from the ChCl/oxalic acid (1/1): (Ch)[Gd(oxalate)(H2O)3Cl]Cl,H2O (a) and [Gd(oxalate)(H2O)3Cl] (b). 115 CH hydrogen atoms have been omitted for clarity and the carbon atoms of the cholinium cations are highlighted in pink.

Fig. 13 .

 13 Fig. 13. Synthesis of 2D-(top) and 3D-COF (bottom) at room temperature in the ChCl/glycerol (1/2) DES as described in ref. 123.

Fig. 14 .

 14 Fig. 14. Synthesis of the TpPA-CO2H 2D-COF in the (n-Bu)4NBr/ImH (3/7) DES as described in ref. 125.

  

  

  

Thanks to their high degree of local order along with long-range three-dimensional distribution, reflecting their asymmetry, DES insure long-range Coulombic interactions which may lead to significant progress for targeted structure direction in the synthesis of new materials, 155 be they MOFs, COFS, zeolites or metal oxides, paving the way to a promising future for this research area.
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