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Computational exploration of metal-organic frameworks: examples of advances in crystal structure

predictions and electronic structure tuning

Crystal structure prediction (CSP) is indeed a distinct subfield from the much larger field of MOFs' computational chemistry, whereby CSP aims to genuinely predict existing crystal structures or produce new ones at the atomic level without the recourse to prior knowledge obtained from experiment. While CSP has a longstanding history in the field of molecular solids such as pharmaceuticals [START_REF] Price | From crystal structure prediction to polymorph prediction: interpreting the crystal energy landscape[END_REF] and more recently molecular cage materials [START_REF] Jones | Modular and predictable assembly of porous organic molecular crystals[END_REF], a number of recent reviews have highlighted how CSP in the field of crystalline periodic solids is still relatively young due to methodological significant challenges [START_REF] Mellot-Draznieks | Role of computer simulations in structure prediction and structure determination: from molecular compounds to hybrid frameworks[END_REF][START_REF] Woodley | Crystal structure prediction from first principles[END_REF]. Nevertheless, it has evolved dramatically over the last decade with major methodological developments as recently illustrated again in the area of inorganic solids [START_REF] Gautier | Prediction and accelerated laboratory discovery of previously unknown 18-electron ABX compounds[END_REF]. This paper will attempt to present recent advances in the specific class of metal-organic frameworks. A first section describes various computational strategies developed so far for the genuine prediction of the crystal structure of MOFs, including building-block-based model building approaches and large-scale computational methods. A second section presents the use of CPS in the in silico design of new MOFs and their subsequent targeted synthetic trials, exemplified in the very active area of polyoxometalate metal-organic frameworks (POMOFs). A third section focuses on the exploration of the energy landscape of MOFs through the wellknown sub-family of Zeolitic Imidazolate Frameworks (ZIFs), and the less computationally explored field of chiral-linker containing MOFs. In a final section, we consider how the electronic structures of MOFs, namely their HOMO-LUMOs, are key in understanding their properties, having in mind the rapidly developing area of MOF-based light-responsive photocatalysts and optoelectronic device. We will show that in this rather new field, DFT calculations, although applied to existing structures (rather than hypothetical ones), are readily used for the screening of MOFs, opening up opportunities for the computationally assisted fine-tuning of properties, such as light capture.

CPS (Crystal Structure Prediction) of MOFs

1.1: General context

What is meant by CSP in the much larger context of computational simulations of solids? The now-routine computational chemistry of solids, using force field methods or electronic structure calculations, may be used to identify the equilibrium structure of a predefined solid, starting from its experimental structure or an alternative approximate structural model. By contrast, "genuine" structure prediction involves a minimal amount of empirical knowledge leaving, for example, the atomic coordinates, the cell parameters, or the symmetry and space group undetermined, while fixing a target chemical composition. Genuine CSP should therefore result in a list of candidate periodic crystal structures or networks that are compatible with a list of predefined targeted features (of structural, topological or chemical nature), which might be further refined using either force field or electronic structure calculations.

A number of computational strategies for predicting crystal structures of periodic nets have been developed and reviewed [START_REF] Mellot-Draznieks | Role of computer simulations in structure prediction and structure determination: from molecular compounds to hybrid frameworks[END_REF][START_REF] Woodley | Crystal structure prediction from first principles[END_REF]. They are capable of efficiently exploring the configurational space defined by the atoms or building blocks in a periodic cell, identifying the regions of interest, and quantifying the quality of the predicted crystal structures with respect to the predefined target features. Many methods rely on global optimization methods, such as simulated annealing (SA) [START_REF] Kirkpatrick | Optimization by simulated annealing[END_REF], Monte Carlo basin hoping (MCBH) [START_REF] Wales | Review: chemistry. Global optimization of clusters, crystals, and biomolecules[END_REF], and genetic algorithms (GAs) [START_REF] Coley | An Introduction to Genetic Algorithms for Scientists and Engineers[END_REF], which all involve a "cost function" over which minima are searched for. Another class of methods consists of topological enumeration, or tiling, used with great success in the prediction of zeolites [START_REF] Foster | Chemically feasible hypothetical crystalline networks[END_REF][START_REF] O'keeffe | Three-periodic nets and tilings: regular and related infinite polyhedral[END_REF]. The more recent metadynamics approach [START_REF] Martoňak | Crystal structure transformations in SiO 2 from classical and ab initio metadynamics[END_REF] allows the exploration of the Gibbs free energy as a function of the cell parameters by history-dependent dynamics to avoid already visited minima. Not all methods mentioned above have been used today to genuinely predict MOF periodic nets. Below, we will detail examples of strategies developed so far for the CSP of MOFs only.

1.2: Building-block-based computational approaches

The very first computational approach for predicting crystal structures of MOFs used the AASBU (automated assembly of secondary building unit) method [START_REF] Mellot-Draznieks | De novo prediction of inorganic structures developed through automated assembly of secondary building units (AASBU method)[END_REF]. Originally developed for inorganic framework solids [START_REF] Mellot-Draznieks | De novo prediction of inorganic structures developed through automated assembly of secondary building units (AASBU method)[END_REF][START_REF] Mellot-Draznieks | Computational design and prediction of interesting not-yet-synthesized structures of inorganics materials using building unit concepts[END_REF][START_REF] Mellot-Draznieks | Novel inorganic frameworks constructed from double-four-ring (D4R) units: computational design structures and lattice energies of silicate, aluminophosphate and gallophosphate candidates[END_REF], it was extended to the structure prediction of MOFs in 2004 [START_REF] Mellot-Draznieks | Hybrid organic-inorganic frameworks: routes for computational design and structure prediction[END_REF].

The key feature of the method lies in the combination of predefined buildingblocks and empirical "gluing" rules for assembling them at pre-defined "sticky" points.

The exploration of their auto-assembly in 3D space uses a sequence of SA and energy minimization steps. The validity of the method was addressed with the simulation of existing prototypic solids, such as MIL-53, HKUST-1, and MOF-5 (Fig. 1A). These structures were predicted using independent organic and inorganic units or a single large hybrid building-block like in the case of HKUST-1 (Fig. 1B). One advantage of the AASBU method is its capacity to perform a topology-oriented search (corner-sharing versus edge-sharing assemblies, for instance) for crystal structures by assembling individual molecules, hybrid organic-inorganic building-blocks or even whole cages. It is therefore capable of highlighting topological relationships within groups of related materials, generating expected topologies together with new ones (Fig. 1C). Related computational model building methods have then emerged that take advantage of predefined building-blocks [START_REF] Mellot-Draznieks | Assembling molecular species into 3D frameworks: computational design and structure solution of hybrid materials[END_REF][START_REF] Mellot-Draznieks | Role of computer simulations in structure prediction and structure determination: from molecular compounds to hybrid frameworks[END_REF] to propose initial structural models of existing yet unsolved MOFs. The predicted structures are then suited for further Rietveld refinement of powder diffraction patterns. The most illustrative examples are the structure predictions of the very large cells of MIL-100 [START_REF] Férey | A hybrid solid with giant pores prepared by a combination of targeted chemistry, simulation and powder diffraction[END_REF] and MIL-101 [START_REF] Férey | A chromium terephthalate-based solid with unusually large pore volumes and surface area[END_REF].

Through the preliminary listing of their possible constitutive building blocks, candidate structures were built. The correct models were identified by comparing their simulated X-ray powder diffraction patterns to the experimental ones. This revealed the structures of MIL-100 and MIL-101 as unusually large cells (over 370, 000 Å 3 and 700, 000 Å 3 , respectively) and their models were directly used for their Rietveld structural refinement using synchrotron data. The occurrence of such an achievement remains exceptional, since prior knowledge of the constitutive building-blocks together with their connectivity mode is required. Still, these two MOFs structures remain the most illustrative case of a close interplay between the two fields of structure prediction and structure determination.

Wilmer et al. [START_REF] Wilmer | Large-scale screening of hypothetical metal-organic frameworks[END_REF] have recently reported a large-scale screening and enumerative approach to generate more than 130,000 hypothetical MOFs using an original generation procedure from a given chemical library of building-blocks (based on the structures of known MOFs) and rapidly screen them to find the best candidates for methane adsorption. From a library of 102 building blocks (including 5 inorganic building blocks, 41 organic building-blocks, and 12 possible functional groups for the linkers), they generated 137,953 hypothetical MOFs and for each one calculated the pore size distribution, surface area, and methane storage capacity. The generation procedure creates hypothetical MOFs by recombining building blocks derived from crystallographic data of already synthesized MOFs such as MOF-5. Atoms are grouped into building blocks based on reagents used in the actual synthesis. Any building block can combine with any other building block, provided that the geometry and chemical composition local to the point of connection is the same as in crystallographically determined structures. Building blocks are combined stepwise, and when an atomic overlap occurs at a particular step, a different building block is chosen or a different connection site, until all possibilities are exhausted. By construction, this approach can generate a very large number of structures per second per CPU, and because it is enumerative, an entire portion of space of hypothetical MOFs can be systematically explored. Still, no attempt has been included in the work to predict which conformer is lower in energy, leaving the question of the viability and relative stabilities of the hypothetical MOFs generated open.

1.3: Towards QSPR approaches

There is a very large amount of literature exploring through simulations the adsorption/separation performances of MOFs, which will not be considered here, as a very large number of references and reviews may be consulted [START_REF] Babarao | Molecular screening of metal-organic frameworks for CO 2 storage[END_REF][START_REF] Li | Selective gas adsorption and separation in metal-organic frameworks[END_REF][START_REF] Getman | Review and analysis of molecular simulations of methane, hydrogen, and acetylene storage in metal-organic-framworks[END_REF]. Despite the now-routine use of simulations for predicting gas adsorption isotherms and selectivities, we lack a generic tool for predicting the performances of existing or hypothetical MOF structures for a targeted application, probably because of the lack of general correlation principles. With MOFs, computational approaches are particularly adapted to evaluate the performances of hypothetical structures and explore the impact of topologies of linkers through computationally modified MOFs, yielding guidance on the potential interest of targeted topologies or ligands ahead of experimental trials.

Recently systematic and large-scale QSPR studies-directly inspired from the quantitative structure-activity relationship (QSAR) methods largely used in drug design-have appeared trying to correlate selected characteristics of computationally generated host-guest system represented by a series of descriptors with a target property.

Wilmer et al. successfully used the large-scale screening approach presented above to find structure-property relationships of MOFs for methane adsorption [START_REF] Wilmer | Large-scale screening of hypothetical metal-organic frameworks[END_REF], Xe/Kr [START_REF] Sikora | Thermodynamic analysis of Xe/Kr selectivity in over 137,000 hypothetical metal-organic frameworks[END_REF] and CO 2 /CH 4 and CO 2 /N 2 separations [START_REF] Wilmer | Structure-property relationships of porous materials for carbons dioxide separation and capture[END_REF]. Interestingly, their large-scale computational study revealed sharp correlations between structural/topology (e.g., pore size, surface area, and pore volume) and chemical features of MOFs, with absorbent evaluation criteria such as CO 2 working capacity or CO 2 uptake.

Nieto-Draghi et al. [START_REF] Amrouche | Experimental and computational study of functionality impact on sodalite-zeolitic imidazolate frameworks for CO 2 separation[END_REF] studied a series of computationally functionalized ZIF-8 models for the enhancement of CO 2 uptake. They highlighted that the dipole of the linker is the main criterion for enhanced affinity for CO s . By virtually increasing the dipole moment from 0.3 D up to 8.3 D in the sodalite-type ZIF, the authors find an exponential relationship between the ligand dipole moment and the computed isosteric heat of adsorption of CO 2 . In a further QSPR approach, the same authors compute the isosteric heat of adsorption of various polar and nonpolar (Ar, CH 4 , C 2 H 6 , N 2 , O 2 , CO 2 , H 2 S, SO 2 , H 2 O, CH 3 CN) molecules in a large variety of functionalized sodalite-ZIFs structures [START_REF] Amrouche | Prediction of thermodynamic properties of adsorbed gases in zeolitic imidazolate frameworks[END_REF]. The main descriptors include not only the dipolar and quadrupolar moments of the organic linker constitutive of each ZIF but also its pore mean curvature, the number of functional groups present on the linker, the dipolar moment of the adsorbed gas and its atmospheric boiling temperature. An equation is proposed able to predict the isosteric heat of adsorption for ZIFs with a simple mean of estimating the hydrophobic/hydrophilic nature of the ZIF.

In the same spirit, the derivation of QSAR models was used to identify the key factors that drive the caffeine uptake in a series of MIL-88 solids, such as the polarity, polarizability,and H-donor capacity of the organic linker introducing variously hydrophilic and acidic functional groups (-Br, -F, -CH 3 , -NH 2 , -NO 2 , -OH, -CF 3 ) [START_REF] Gaudin | A quantitative structure activity relationship approach to probe the influence of the functionalization on the drug encapsulation of porous metalorganic frameworks[END_REF].

In Silico Design of Polyoxometalate Organic Frameworks (POMOFs)

2.1: Context

Polyoxometalates (POMs) consist of a large family of soluble anionic metal clusters of d-block transition metals in high oxidation states (W VI , Mo V,VI , V IV,V ) with a diversity of structures possessing magnetic, redox, and catalytic properties [START_REF]Special issue on polyoxometalates[END_REF]. Besides their assembly into extended inorganic frameworks [START_REF] Mitchell | Face-directed self-assembly of an electronically active Archimedean polyoxometalate architecture[END_REF], POMs were only recently regarded as possible building-blocks for the design of POM-based MOFs, so-called POMOFs [START_REF] Zheng | Designed synthesis of POM-organic frameworks from {Ni(6)PW(9)} building blocks under hydrothermal conditions[END_REF]. The combination of the extensive electrochemical activity and the diverse coordination modes in POMs, with the properties of MOFs, is obviously one attractive route toward the discovery of new multifunctional materials. This is motivated in particular by the creation of redox-active porous solids, provided that the electrochemical activity of POMs may be retained once incorporated in the insoluble MOFs. The current approach to produce POM-based MOFs is to consider the POM as an isolated inorganic building block, the inter-POM connectivity being achieved through a POM-M-L-M-POM scheme, where M is a transition metal and L is a multidendate organic linker, such as a dicarboxylate or a diphosphonate [START_REF] Dolbecq | Functionalized polyoxometalates with covalently linked bisphosphonates, Ndonor or carboxylate ligands: from electrocatalytic to optical properties[END_REF]. Although the number of hydrothermally synthesized POMOFs has continuously increased, the number of 3D frameworks is gradually increasing and those obtained by rational design strategy are rather scarce. Recent reviews are available that cover this rapidly developing area [START_REF] Dolbecq | Hybrid organicinorganic polyoxometalate compounds: from structural diversity to applications[END_REF][START_REF] Du | Recent advances in porous polyoxometalate-based metal-organic framework materials[END_REF]. We intend to highlight in this section how simulations may play a role in this field in terms of structure prediction and understanding of energy landscapes.

2.2: In Silico Design of Hypothetical POMOFs

The general philosophy for synthesizing new extended MOFs has been the replacement of small building-blocks with larger ones, using the reticular chemistry concepts developed by Yaghi et al. [START_REF] Ockwig | Reticular chemistry: occurrence and taxonomy of nets and grammar for the design of frameworks[END_REF]. Computationally, we may expect to be able to i) identify key features of particular topologies that may lend themselves to the design of POMOFs, ii) predict their crystal structures and minimize their lattice energies through geometry optimization so as to iii) identify viable candidates further amenable to synthetic trials.

Exploiting the analogy with zeolites (Fig. 2) and using a decoration strategy with the -Keggin and benzene-dicarboxylic acid as a bidendate linker, we showed that it was possible to construct a viable model of a hypothetical 3D POMOF possessing a tetrahedral zeotype net [START_REF] Dolbecq | Hybrid 2D and 3D frameworks based on epsilon-Keggin polyoxometallates: experiment and simulation[END_REF]. Willing to extend this initial work, our aim was to build a much larger number of hypothetical POMOFs possessing tetrahedral nets (typified by dense silica polymorphs and zeotypes) and explore computationally their energy landscape, with the ultimate goal of possibly synthesizing new structures. The motivation to explore tetrahedral nets of POMOFs was driven by the extraordinary corpus of available structures of zeolites, with over 180 unique zeotype topologies experimentally described [37]. This motivation was supported by the fact that a number of MOFs had already been synthesized with zeolite topologies, either fortuitously or rationally, as illustrated by the spectacular discovery of ZIFs [START_REF] Park | Exceptional chemical and thermal stability of zeolitic imidazolate frameworks[END_REF].

Having the topology of zeolites in mind, the design strategy chosen above required the search for a suitable cationic POM, together with a suitable bidendate organic linker. For the POM, the authors turned to the recently developed family of compounds based on the ε-Keggin isomer of the reduced {PMo 12 O 40 } anion [START_REF] Mialane | Epsilon-PMo 12 O 36 (OH) 4 {La(H 2 O) 4 } 4 ](5): the first epsilon-PMo 12 O 40 Keggin ion and its association with the two-electron-reduced alpha-PMo 12 O 40 isomer[END_REF] and chose its Zn(II) derivative, denoted by ε-Zn, due to the likelihood of the external Zn coordination sites to adopt a tetrahedral arrangement and react with bifunctional linkers.

Regarding the linker, we chose the rigid BDC to form the targeted POM-Zn-L-Zn-POM linkages, as BDC is a common linker in MOFs. With this combination, the Zn--Keggin cation possesses the ideal tetrahedral shape in which four Zn cations are exposed in a regular tetrahedral arrangement-in a similar fashion as oxygen atoms in SiO 4 tetrahedra. Thus, it may replace the "Si" site in a parent SiO 2 net, while the rigid anionic ligand may mimic the oxygen atom in the tetrahedral net. A selection of the 21 known uninodal (i.e., possessing one tetrahedral T site per asymmetric unit) hypothetical Z-POMOFs were constructed using a decoration strategy [START_REF] Rodriguez-Albelo | Zeolitic polyoxometalate-based metal-organic frameworks (Z-POMOFs): computational evaluation of hypothetical polymorphs and the successful targeted synthesis of the redox-active Z-POMOF1[END_REF], that is, formally replacing the Si-O-Si links by POM-BDC-POM or POM-im-POM links using zeotypes from the IZA database (Fig. 3). This included protopytical zeotypes such as FAU, SOD, RHO, ABW, LTA or ACO. Also, dense structure types known as the most thermodynamically favoured silicates (α-quartz [QUA], cristobalite [CRI], and coesite [COE]) were constructed. In that purpose, the general code TOBUNPOROUS [START_REF] Ruiz-Salvador | TOBUNPOROUS code. Code available from authors[END_REF] was written to automatically (i) replace each SiO 4 tetrahedron with an -Keggin building-block in the appropriate orientation, (ii) replace each bridging oxygen atom by a linker, and (iii) scale up the unit cell dimensions from a zeolite to a POMOF appropriately. Finally, further lattice energy minimizations used the generic uff force field plus rigid bodies on the -Keggin and the linker, while authorizing POM-linker (Metal-O) bond relaxation, yielding a final ranking of computed lattice energies of all hypothetical POMOFs as a function of their framework density (Fig. 4) [START_REF] Rodriguez-Albelo | Zeolitic polyoxometalate-based metal-organic frameworks (Z-POMOFs): computational evaluation of hypothetical polymorphs and the successful targeted synthesis of the redox-active Z-POMOF1[END_REF].

As for silicates, the dense QUA-, CRI-, and COE-like Z-POMOFs were predicted as the most stable structures among all simulated ones. Yet, unlike silica polymorphs, it is not the QUA topology that is most stable but rather the CRI-like or diamond-like one. It is noteworthy that diamond-like MOFs have been reported as prevalent in terms of topologies (more than 70% of synthesized MOFs possess diamond-like nets), yielding credit to these predictions. Also, it is apparent that the most stable structures are those where the orbital overlap between the metal centres of the POM and the oxygen atoms of the carboxylic groups of the linker is maximized, making the crystal structures with the narrowest distribution of Zn-Zn distances the most stable ones and reducing even further the range of acceptable POM-linker-POM connections to the CRI-, BTC-, and SOD-type Z-POMOFs. Remarkably, the simulations were followed by numerous synthesis attempts of POMOFs made of -Keggin and BDC, leading to the first Z-POMOF-1 structure, [NBu 4 ] 3 [PMo 12 O 36 (OH) 4 Zn 4 (BDC) 2 ]•2H 2 O, which was found to possess the predicted most stable CRI topology, synthesized in a triply interpenetrated version, while exhibiting high electrocatalytic activity for the reduction of bromates [START_REF] Rodriguez-Albelo | Zeolitic polyoxometalate-based metal-organic frameworks (Z-POMOFs): computational evaluation of hypothetical polymorphs and the successful targeted synthesis of the redox-active Z-POMOF1[END_REF]. Incidentally, this concurrence between the predicted most stable structure and the synthesized one suggests that a thermodynamic rather than kinetic control may be at play in Z-POMOF-1 synthesis. No other Z-POMOF has been synthesized to date; however, BTC and SOD appear as likely synthetic targets. Also, the geometry optimization of the interpenetrated structure Z-POMOF-1 provided a quantification of the net-net interactions (~7 kcal/mol), indicating the added stabilization achieved through the formation of the more dense and interpenetrated structure.

We have also explored the possibility of using imidazolate as a potential linker in POMOFs (Fig. 5) [START_REF] Rodriguez-Albelo | Zeolitic polyoxometalate-based metal-organic frameworks (Z-POMOFs) with imidazole ligands and e-Keggin ions as building blocks, computational evaluation of hypothetical polymorphs and a synthesis approach[END_REF]. The attempts to synthesize imidazole POMOFs materials, however, did not lead to 3D structures but rather to 2D or molecular structures so far [START_REF] Rodriguez-Albelo | Zeolitic polyoxometalate-based metal-organic frameworks (Z-POMOFs) with imidazole ligands and e-Keggin ions as building blocks, computational evaluation of hypothetical polymorphs and a synthesis approach[END_REF][START_REF] Rodriguez-Albelo | ε-Keggin-based coordination networks: synthesis, structure and application toward green synthesis of polyoxometalate@graphene hybrids[END_REF]. Still, the new compound obtained with benzimidazole (bim), ie the (bim) 4 compound, was indeed promising in terms of rational design and synthesis since it possesses the targeted tetrahedral building-block required to propagate 3D structure.

2.3: Possible role of the template in POMOFs

Using 1,3,5-benzene as tricarboxylate linkers and tetrabutyl ammonium (TBA) as counterions in hydrothermal conditions, a series of novel Zn--Keggin-based POMOFs possessing electrocatalytic efficiency for the hydrogen evolution reaction were synthesized [START_REF] Nohra | Polyoxometalate-based metal organic framework (POMOFs): structural trends, energetics and high electrocatalytical efficiency for hydrogen evolution reaction[END_REF]. It includes (trim) 4/3 , a new 3D open framework adopting a novel (3,4)-connected net, namely ofp, adopting the three letter code notation of the RCSR database [START_REF] Peskov | O'Keeffe designed for easily classifying nets, giving each net its own three-letter designation. The new "ofp" net refers to open-framework polyoxometalate[END_REF]. At first, it was surprising that the "default" ctn-(I-43d) and bor-like (P-43m) nets, already synthesized as covalent organic frameworks [START_REF] El-Kaderi | Designed synthesis of 3D covalent organic frameworks[END_REF], are not the observed outcomes, although they possess more symmetric and simple topological features (one crystallographic tetrahedral T site and one crystallographic triangular site) than the observed opf net (I-42m, 2 tetrahedral sites, 1 triangular site).

In order to understand the occurrence of the ofp topology rather than the ctn-and bor-like structures, force field-based calculations were used to evaluate the relative lattice energy of the ofp net in comparison with ctn-and bor-like polymorphs and find that the largest stability of the more complex ofp net is directly related to its greatest density (Fig. 6). In line with the previous study of Z-POMOF-1, the calculations in conjunction with the experimentally observed outcomes suggest that the successfully synthesized POMOFs so far were obtained under thermodynamic control. It was further considered that the absence of the default bor-and ctn-like topologies could point toward the key role of the TBA template molecules, in the absence of which no crystallization occurs. Docking of TBA molecules in the porous volume of (trim) 4/3 was undertaken to locate the TBA molecules, the position of which could not be determined from single crystal diffraction. Four preferred sites for TBA were found, with in total 16 molecules located among the 18 ones of the as-synthesized (trim) 4/3 .

The various strengths of TBA-POMOF interactions suggest that TBA molecules play either a structure directing role or a space-filling role, depending on their location in the channels. A subset of TBA molecules is found to occupy the centre of four-membered rings exhibiting the strongest short-range host-guest interactions among all docked TBA molecules, suggesting that they might stabilize the formation of four-membered rings of interconnected POMs.

Computational exploration of the energy landscape of MOFs

3.1: Zeolitic Imidazolate Frameworks

Zeolitic imidazolate frameworks (ZIF) delineate an important sub-class of low-density porous hybrid solids [START_REF] Banerjee | High-throughput synthesis of zeolitic imidazolate frameworks and application to CO 2 capture[END_REF] with interesting thermal and chemical stabilities making them attractive candidates for gas sorption/separation, catalysis and sensing. The assembly of tetrahedrally coordinated cations with imidazolate linkers affords the formation of tunable and chemically versatile structures, including similar topologies to those of zeolites. Over 100 distinct frameworks with 25 different topologies, 16 linkers and a dozen of cations (including Zn 2+ , Li + , B 3+ , Mn 2+ , Fe 2+ , Co 2+ , Cu + , Cd 2+ ) have been synthesized so far. The organic linkers are key parts of the ZIF scaffolds affecting their stability and preferred topologies [START_REF] Huang | Ligand-directed strategy for zeolite-type metal-organic frameworks: Zinc(II) imidazolates with unusual zeolitic topologies[END_REF] making the substituents of the imidazolate linker a key element of crystal engineering and of structure/properties relationships [START_REF] Amrouche | Experimental and Computational Study of Functionality Impact on Sodalite-Zeolitic Imidazolate Frameworks for CO 2 Separation[END_REF]. So far, linker-directed synthetic strategies of ZIFs have used the fact that the imidazolate linker is likely to play a structure directing role through linker-linker interactions, ranging from hydrogen bonding,  interactions and steric hindrances. Such interactions have been empirically exploited to discover new topologies such as the LTA, SOD or RHO topologies through the judicious choice of bulky substituents or through the mixing of functionalized imidazolate [START_REF] Hayashi | Zeolite A imidazolate frameworks[END_REF][START_REF] Zhang | Metal Azolate Frameworks: From Crystal Engineering to Functional Materials[END_REF].

Still, crystal engineering of ZIFs faces the current empirical challenge of the control of the topological outcomes, as a result of complex energy landscape. The latter has been rationalized a posteriori by examining the linker-linker interactions at play in the successfully crystallized compounds. The factors that determine which topologies will form as ZIFs and which will not have yet to be fully rationalized. We still lack a general method that provides a rationale between the targeted topology(ies) and the linker(s) to be used (which linker(s) for which topology and vice versa).

Following the initial DFT study by Leoni et al. [START_REF] Baburin | Enumeration of not-yet-synthesized zeolitic zinc imidazolate MOF networks: a topological and DFT approach[END_REF], several computational dispersion-corrected DFT-D studies have explored ZIFs' energy landscape, including both Zn-based [START_REF] Lewis | Zeolitic imidazole frameworks: structural and energetics trends compared with their zeolitic analogues[END_REF] and LiB-based [START_REF] Galvelis | Comparison of the stability of zinc and lithium-boron zeolitic imidazole frameworks[END_REF] frameworks. It was established that a simple inverse relationship between framework density and lattice energies is at play in a similar fashion than in zeolites, recently confirmed by a thermochemical analysis study of MOFs [START_REF] Hugues | Thermochemistry of zeolitic imidazolate frameworks of varying porosity[END_REF]. Also, the dispersion interactions were shown to be an essential component in determining the energy landscape of MOFs [START_REF] Walker | Flexibility in a Metal-Organic Framework Material Controlled by Weak Dispersion Forces: The Bistability of MIL-53(Al)[END_REF]. The dispersioncorrected DFT-D calculations in ZIFs (performed on unsubstituted imidazolate-based structures) showed that the metastability of large pore ZIFs relative to the densest znitype ZIF is indeed due to their lower dispersion interactions. It is thus expected that dispersion will play an even more crucial role for bulkier when considering ZIFs with bulkier or more polarisable substituted imidazolates.

A recent QSPR and Non Covalent Interactions (NCI) analysis based on DFT-D calculations of methyl-substituted imidazolate-based (Li,B)-ZIFs was recently reported [START_REF] Galvelis | Impact of functionalized linkers on the energy landscape of ZIFs[END_REF]. It shows that both the position and number of methyl-substituents on the imidazolate linkers have a profound impact on the energy landscape of ZIFs, reshuffling the ranking of stabilized versus less stable topologies that were otherwise almost isoenergetic with unsubstituted imidazolate. NCI analysis revealed that CH 3 -groups induce repulsive interactions within the boron-centered cluster that are compensated by attractive non-bonded interactions at the larger scale of the solid (in green in Fig. 7).

Besides the kinetic factors at play in ZIF synthesis which are difficult to consider from a modeling perspective, our calculations show that thermodynamic considerations are at work, explaining the intractability of certain topologies with certain linkers. These calculations provide insight into the magnitude of the thermodynamic penalties that must be overcome in order to form particular topologies and the energy scale that needs to be overcome to generate lower density materialsa target for many experimental groups.

: Chiral MOFs versus non chiral MOFs

Chiral hybrid frameworks are of particular interest since they can readily be made from commercially available homochiral ligands and show promise in applications such as enantiomerically selective catalysis and separations [START_REF] Ma | Enantioselective catalysis with homochiral metal-organic frameworks[END_REF]. Computational approaches provide valuable information about the relative stabilities of chiral and racemic hybrid frameworks.

Cheetham et al. studied the formation of a series of zinc 4-cyclohexene-1,2dicarboxylates, comparing the structures and stabilities of the cis-and trans-polymorphs [START_REF] Lee | Thermodynamic and kinetic factors in the hydrothermal synthesis of hybrid frameworks: zinc 4-cyclohexene-1,2dicarboxylates[END_REF]. Starting with the cis-1,2-dicarboxylate of 4-cyclohexene, the reaction with zinc salts at 60ºC yields the cis-hydrate 1, while at 180ºC it yields first the anhydrous cisproduct 2 and then the trans-product 3. Using DFT calculations, it is found that the cisdihydrate 1 is more stable than the corresponding cis-anhydrous phase 2 and that the dehydration reaction is endothermic (Fig. 8), confirming that 1 is indeed more stable at lower temperature, as observed. Also, the trans-structure 3 is found to be more stable than the polymorphic cis-structure 2, consistent with its more dense structure, and suggesting that its formation is thermodynamically driven. Such thermodynamic control is in line with early experimental and computational studies of metal diphosphonates [START_REF] Harvey | Rational design of the pore system within the framework aluminum alkylenediphosphonate series[END_REF].

In a further study, the possibility of using R,R-and S,S-enantiomers of trans-1,2dicarboxylate was also investigated, combining synthesis, calorimetry, and computational approaches [START_REF] Bailey | Comparison of chiral and racemic forms of zinc cyclohexane trans-1,2dicarboxylate frameworks: a structural, computational, and calorimetric study[END_REF]. The obtained racemic R,R-S,S-and chiral R,R-Zndicarboxylates possess fundamentally different topologies (Fig. 9), the first being constructed from four rings and the second of three rings of tetrahedrally coordinated zinc ions. Using this time the force field developed for Zn-based MOFs by Allendorf et al. [START_REF] Greathouse | Interaction of water with MOF-5 simulated by molecular dynamics[END_REF], we showed that the less dense racemic R,R-S,S-Zn-dicarboxylate structure is more stable than the chiral R,R-dicarboxylate phase, in excellent agreement with the calorimetric estimations of differences of enthalpies of solution for both compounds.

The relative stabilities of the racemic and chiral phases were further rationalized in terms of the subtle differences in the intra-layer energy of the component single layers and the non-bonded inter-layer interactions. On the one hand, the interlayer energy is stronger in the chiral R,R-structure than in the racemic R,R-S,S-structure. On the other hand, the intra-layer energy of the chiral structure exceeds that of the racemic one, yielding more favorable lattice energy for this structure despite its lower density.

On a larger scale, Cheetham et al. further studied the structurally diverse system of alkaline earth (Ca, Ba) [START_REF] Appelhans | Phase selection and energetics in chiral alkaline earth tartrates and their racemic and meso analogues: synthetic, structural, computational and calorimetric studies[END_REF] and Li [START_REF] Yeung | Structural diversity and energetics in anhydrous lithium tartrates: experimental and computational studies of novel chiral polymorphs and their racemic and meso analogues[END_REF] tartrates using L-, meso-, and D,L-tartaric acids. The relative energetic stabilities obtained by DFT calculations and calorimetric methods were again in excellent agreement, shedding light on the complex behaviour of these systems. Thermodynamic stabilities of the metal tartrate phases, together with kinetic factors such as ligand isomerization, are key factors controlling the phase behaviour.

Electronic structures of MOFs

Contrasting with the considerable research efforts dedicated to adsorption/separation and catalysis applications for MOFs, the research effort focusing on the potential use of MOFs into electronic devices is comparatively more recent [START_REF] Allendorf | A roadmap to implementing metal-organic frameworks in electronic devices: challenges and critical directions[END_REF][START_REF] Cheetham | There is room in the middle[END_REF][START_REF] Silva | Metal-organic frameworks as semiconductors[END_REF]. MOFs have been identified as wonderful platforms for designing new solids potentially interesting for solar energy harvesting and photocatalysis [START_REF] Wang | Doping metal organic frameworks for water oxidation, carbon dioxide reduction and organic photocatalysis[END_REF]. Such interests make it necessary to develop strategies to control their electronic structure. Excellent recent reviews are available on the rapidly developing area of MOF-based light-responsive photocatalysts and optoelectronic devices [START_REF] Stavila | MOF-based electronic and opto-electronic devices[END_REF][START_REF] Foster | Novel metal-organic framework linkers for light harvesting applications[END_REF][START_REF] Horiuchi | Recent advances in visible-light-responsive photocatalyst for hydrogen production and solar energy conversionfrom semiconducting TiO 2 to MOF/PCP photocatalysts[END_REF][START_REF] Zhang | Metal-organic frameworks for artificial photosynthesis and photocatalysis[END_REF]. In remarkable contrast to traditional photocatalysts, the electronic structure of MOFs may be tuned through the modification of the organic linker or metal centres, thus opening avenues for the control at a molecular level of their chemical and physical properties as photocatalysts.

In that respect, electronic structure calculations are seen as valuable routes to investigate the properties of redox-and photo-active frameworks. They are particularly suited to study independently the two parts, ie the inorganic and organic subnetworks, which might be tailored to alter the electronic structure of a MOF. Still, DFT-calculated band gaps are smaller than the experimental ones, in line with the acknowledged fact that DFT usually underestimates the band gaps (which may be partially corrected by the use of DFT+U method, hybrid functionals such as B3LYP or HSE06). Although accurate calculations of MOFs' electronic structures remain challenging, in particular due to their often very large crystallographic unit cells, computational methods are essential to estimate trends in series of structurally or chemically related MOFs and understand the fundamentals of their physical properties. Following the early work by Dovesi et al. [START_REF] Civalleri | Ab initio prediction of materials properties with CRYSTAL: MOF-5 as a case study[END_REF] the electronic behaviour of the archetypal MOF-5 has been both experimentally and computationally investigated [START_REF] Silva | Metal-organic frameworks as semiconductors[END_REF][START_REF] Kuc | Metal-organic frameworks: structural, energetic, electronic, and mechanical properties[END_REF][START_REF] Gascon | Isoreticular MOFs as efficient photocatalysts with tunable band gap: an operando FTIR study of the photoinduced oxidation of propylene[END_REF][START_REF] Yang | Theoretical Investigations on the Chemical Bonding, Electronic Structure, and Optical Properties of the Metal-Organic Framework MOF-5[END_REF]. It is acknowledged that the conjugated aromatic ring is responsible for the energy transfer to the inorganic subunit, here Zn 4 O 13 , which is driven by the energy differences between the highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of the linker. Maintaining the parent cubic topology of IRMOF-1 emanating from its (OZn 4 ) 6+ tetrahedral building blocks, the impact of a wide range of poly-aromatic organic linkers on the electronic properties were calculated [START_REF] Kuc | Metal-organic frameworks: structural, energetic, electronic, and mechanical properties[END_REF]. The HOMO-LUMO energy difference is dominated by the C sp 2 states of the organic linker, with optical band gaps between 1.0 eV and 5.5 eV, predicting that longer linkers might offer narrower band gaps. Further experimental studies on a number of these linkers have later confirmed these early predictions [START_REF] Gascon | Isoreticular MOFs as efficient photocatalysts with tunable band gap: an operando FTIR study of the photoinduced oxidation of propylene[END_REF].

More recently, the electronic band structures of a series of isoreticular IRMOFs was investigated, focussing in the impact of aromatic versus antiaromatic linkers or the impact of halogen atoms (F, Cl, Br, I) substituents on the parent benzene-dicarboxylic linker [START_REF] Pham | Engineering of Band Gap in Metal-Organic Frameworks by Functionalizing organic linker: a systematic density Functional Theory Investigation[END_REF]. They provide a detailed interpretation of their results and possible guidelines for synthetic trials. One important conclusion of the work is that the tunability of the band gap depends again essentially on the chemical bonding of the organic linker, thus identifying iodine as the best candidate for a reduced energy gap and higher valence band maximum in the case of the bdc linker.

Turning to the impact of the metal clusters on MOFs' electronic structure, Cabrera et al. theoretically explored in an early study the impact of the nature of the transition metal in IRMOF-1, concluding that it remains unchanged upon replacement of Zn with Be, Mg, Ca, and Cd [START_REF] Fuentes-Cabrera | Electronic structure and properties of isoreticular metal-organic-frameworks: the case of M-IRMOF1 (M= Zn, Cd, Be, Mg and Ca)[END_REF]. By contrast, varying virtually the zinc-to-cobalt ion substitution ratio in the same Zn-based IRMOF-1 structure, band gaps ranging from semiconducting to metallic states could be achieved [START_REF] Choi | Tunability of electronic band gaps from semiconducting to metallic states via tailoring Zn ions in MOFs with Co ions[END_REF]. Alternatively, by comparing the computed HOMO-LUMOs of three existing MOFs that contain the same bdc ligands (namely, IRMOF-9, Zn5-BPDC, and CPO-7), Liu et al. concluded that increasing the size of the Zn-based metal cluster leads to a systematic red shift in optical band gaps [START_REF] Lin | Tunability of band gaps in metal-organic frameworks[END_REF]. It has been predicted through a computational study that the band gap of the parent MOF-5 (~3.5 eV) could be modified to absorb visible light by substituting the oxygen anion of the metal oxide core ZnO 4 , with sulphur anions (Zn 4 S: 3.30 eV) or selenium anions (Zn 4 Se: 2.91 eV) that allow a shift of the Fermi level due to their electron-rich properties [START_REF] Choi | Metal-organic frameworks for visible light absorption via anion substitution[END_REF]. The tunability of MOF-5 electronic structures was further computationally explored by using a systematic crossed combination of different metal (X) and anion (Y) atoms (i.e., X 4 Y-MOF-5 where X=Zn, Cd, Be, Mg, Ca, Sr, Ba and Y= O, S, Se, Te), the virtual materials possessing optical band gaps ranging from 1.7 eV to 3.6 eV assigned to the electronic state of the chalcogen atoms [START_REF] Yang | Band Gap Engineering of paradigm MOF-5[END_REF].

It is worth commenting here that MOFs were referred early on, rather incorrectly, to as semiconductors, implying similarities with their inorganic counterparts. In the latter, semiconductivity results from delocalized valence and a conduction band though which charge transport occurs. It has now acknowledged that MOFs such as those considered above are indeed different from classical inorganic semiconductors and should be considered as periodic arrays of self-assembled molecules retaining their individual discrete absorption feature. Turning again to MOF-5 for example, the calculated electronic structure is indeed consistent with localized charge carriers and low levels of conductivity [START_REF] Hendon | Conductive Metal-Organic Frameworks and networks: fact or fantasy?[END_REF]. Overall, there is now a consensus that HOMO-LUMO (MO: molecular orbitals) or HOCO-LUCO (crystal orbitals) terminology is more adapted to describe the electronic structure of non-conducting MOFs, although the "band gap" terminology is still largely used.

Importantly, a general approach was recently proposed by Walsh et al. to allow the alignment, and therefore comparison, of the electronic levels of six prototype materials (MOF-5, CPO-27-Mg and HKUST-1, COF-1M, ZIF-8, MIL-125) [START_REF] Butler | Electronic Chemical Potentials of Porous Metal-Organic Frameworks[END_REF]. In essence, the vacuum level of porous metal-organic frameworks is determined by taking the electrostatic potential at the center of the pore as a reference (Fig. 10A). The electron removal energies, i.e. ionization potentials, for the six archetypal MOFs are reported, thus allowing the relative positioning of their electronic levels, although they belong to chemically and structurally different families of solids (Fig. 10B). This is worth highlighting here that this kind of alignment might be useful for evaluating MOFs and their potential use for photocatalytical reactions, allowing to compare their electron affinity to experimental redox potentials.

The synthesis of a new class of zirconium-based MOF materials based on the recurrent Zr 6 O 4 (OH) 4 (CO 2 ) 12 building block, has early on attracted a lot of attention [START_REF] Cavka | A new zirconium inorganic building brick forming metal organic frameworks with exceptional stability[END_REF] due in particular to their very high thermal stability and surface areas. Interestingly, Silva et al. [START_REF] Silva | Water Stable Zr-Benzenedicarboxylate Metal-Organic Frameworks as Photocatalysts for Hydrogen Generation[END_REF] reported the photocatalytic hydrogen generation in water/methanol using UiO-66 and the aminated UiO-66-NH 2 as visible-light photocatalysts, making the understanding of the electronic structure of this family of compound needed. A detailed combined experimental and theoretical study of UiO-66 (based on Zr 6 O 4 (OH) 4 clusters and terephtalate) MOF was also reported [START_REF] Valenzano | Disclosing the complex structure of UiO-66 metal organic framework: a synergic combination of experiment and theory[END_REF]. It is shown that in both hydroxylated and dehydroxylated structures, the carbon atoms of the organic linker are those involved in the modulation of the HOMO-LUMO, while Zr atoms do not play any role, while pinpointing different behaviours between UiO-66 and MOF-5 with respect to those of their corresponding oxides, ZrO 2 and ZnO. Recent detailed computational studies explored the complete series of UiO-66, -67 and -68 with various metal centres (M= Ti, Zr, and Hf), [START_REF] Flage-Larsen | Band gap modulation in UiO Metal Organic Frameworks[END_REF][START_REF] Yang | Computational exploration of newly synthesized zirconium metal-organic frameworks UiO-66, -67, -68 and analogues[END_REF] detailing the impact of the length of the linker and of the metal centers on their band gap structures. Decreasing band gaps are observed with longer linkers, i.e. from UiO-66 to UiO-68, due to additional carbon states appearing in the top valence band. It is shown that for all three UiOs structures, the band gap is larger for the hydroxylated than the dehydroxylated structures, interpretated in terms of less bound oxygen states in the dehydroxylated structure. In UiO-66, the band gap is shown to decrease both computationally and experimentally when one hydrogen of the bdc linker is substituted with NO 2 and even further with NH 2 substitution. For the latter, the reduced band gap emanates from a decreased binding energy which results from the repulsive interaction between the lone pair associated with nitrogen atom and the delocalized metal centre states.

Another example of the dominant impact of the linker in the resulting optical band gap is provided in the recent study of the post-synthetically modified Rh@UiO-67 [START_REF] Chambers | Photocatalytic Carbon Dioxide Reduction with Rhodium-based Catalysts in Solution and Heterogenized within Metal-Organic Frameworks[END_REF]. For the purpose of further performing CO 2 photocatalytical reduction, the parent UiO-67 (based on biphenyldicarboxylate, bpdc) is used as the immobilization platform for the Rh-based molecular catalyst, namely Cp*Rh(bpydc)Cl 2 (bpydc= 2,2'bipyridine-5,5'-dicarboxylic acid). The bpdc linker is post-synthetically exchanged with bpydc, leading to a Rh-functionalized Cp*Rh@UiO-67 solid (Fig. 11A-B). The optical BG value for Cp*Rh@UiO-67 is of 2.4 eV, and represents a decrease of 1.1 eV relative to the parent UiO-67, in agreement with that computed for the Cp*Rh@UiO-67 model structure. The calculations further show that the HOMO-LUMO energy levels in all pristine and post-exchanged UiO-67s (bpdc, bpydc-exchanged, Rh-bpydcfunctionalized) are identical to those obtained for the corresponding single linker molecules (Fig. 11C), confirming the dominant role of the linker in the optical properties in the sub-class of MOFs.

An interesting discovery arised in the photochromism of a framework material built from TiO 2 octahedrons, MIL-125 [START_REF] Dan-Hardi | A new photoactive crystalline highly porous titatium(IV) dicarboxylate[END_REF], where an explanation for the striking white-to-black color change on UV excitation was provided on the basis of DFT calculations by Walsh and Catlow [START_REF] Walsh | Photostimulated reduction processes in a titania hybrid metal-organic framework[END_REF]. By examining the electronic and defect structure of this hybrid titanium system, they propose the origin of its remarkable photochromic properties. Band gap excitations (charge transfer from the organic to inorganic units) were found to have sufficient energy to create lattice vacancies, which results in the formation of gaseous O 2 coupled with the reversible reduction of Ti(IV) to photoactive Ti(III) ions. Importantly, the analysis of the electronic and defect structure of MIL-125 reveals a spatial separation of charges (electrons versus holes) between the organic and inorganic subnetworks, as a lower-energy process than in bulk TiO 2 and that of the band gap, explaining the facile colour change of MIL-125 under UV light.

The photostimulated chemical reduction of this prototypical MIL-125 material suggests immense potential developments of photochemical applications through the tailoring the MOFs and their band gap, a still emerging area. This is particularly well exemplified in the case of MIL-125. When synthesized with 1,4-benzenedicarboxylate (bdc) , MIL-125 exhibits an optical band gap in the UV region (ca 3.6 eV) [START_REF] Dan-Hardi | A new photoactive crystalline highly porous titatium(IV) dicarboxylate[END_REF]. When synthesized with a mono-aminated bdc linker, MIL-125-NH 2 exhibits photocatalytical activity for CO 2 reduction with an extra absorption band in the visible region associated with a reduced optical band gap (to ca. 2.6 eV) [START_REF] Fu | An Amine-Functionalized Titanium Metal-Organic Framework Photocatalyst with Visible-Light-Induced Activity for CO 2 Reduction[END_REF]. Our electronic structure calculations have later confirmed the specific role of the -NH 2 group in lowering the optical band gap, bringing also the experimental confirmation that a single -NH 2 motif is responsible for the observed shift towards visible [START_REF] Hendon | Engineering the Optical response of the titanium-MIL-125 metal-organic framework through ligand functionalization[END_REF]. The computational exploration was extended to other potential analogues of MIL-125 containing weaker or stronger electron-donating substituents for the bdc linker (X= -CH 3 ,-Cl, -OH, -NH 2 , -(NH 2 ) 2 ) (Fig. 12). Among these variously substituted bdc linkers, the diaminated bdc-(NH 2 ) 2 linker was expected to demonstrate the most significant red shift with a further reduced optical band gap of 1.28 eV. This computational prediction was further confirmed by the targeted synthesis of a mixed mono-aminated/diaminated bdc-MIL-25 (i.e.10%-MIL-125-(NH 2 ) 2 /90%-MIL-125-NH 2 ) exhibiting the expected shift towards the visible. This particular work illustrates the efficacy of combined computational and experimental strategies.

Concluding remarks

We have described a few advances towards the prediction of crystal structures of MOFs and the important role that modeling plays in identifying in silico potentially interesting new materials, often prior to any experimental synthetic efforts. We have especially tried to highlight the use of simulation-informed design principles to target and further synthesize targeted new hybrid materials. Overall, the rich and vast landscape of hybrid materials can be navigated with the aid of modelling by screening materials, identifying desirable (and undesirable) structures and properties. The ability to probe large numbers of known or hypothetical structures offers exciting prospects for mining databases and establishing procedures to help the goal of designing a material with tailored properties and functionalities. With no doubt, computational approaches will continue to provide pivotal contributions to the development and direction of the field of hybrid materials, as exemplified with the recent computational exploration of genuine conducting MOFs [START_REF] Walsh | Effects of reduced dimensionality on the electronic structure and defect chemistry of semiconducting hybrid organic-inorganic PbS solids[END_REF]. Although computational chemistry is now at the forefront of the search of new hybrid materials, one major challenge remains whereby simulations could also predict how such new MOFs might be synthesized. This is a multiscale problem which cannot be addressed by currently available computational approaches, mainly because complex kinetics aspects involved in synthesis or nucleation processes of MOFs remain to be tackled. 
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