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Abstract
Porous organic molecular materials are a sub-class of porous solids that are defined by their modular, molecular structures and the absence of extended covalent or coordination bonding in the solid state. As a result, porous molecular materials are soluble and they can be processed into different forms, such as mixed matrix membranes. The structure of the porous modules can be fine-tuned for specific applications, such as gas isotope separations, and in some cases the solid-state properties of these materials can be defined by the structure of the porous molecule as viewed in isolation. In this Review, we focus on the design of porous organic molecular materials and how their properties can be tuned for specific applications by using crystal engineering techniques. We distinguish between strategies where porosity is defined largely by the molecule itself, for example in porous organic cages, and cases where porosity is generated by the solid-state crystalline assembly. We emphasize the importance of computational techniques in the de novo design of functional, porous organic molecular materials, and how molecular modelling has been applied to understand the properties of these materials. 
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1. Introduction
A defining characteristic of porous organic molecular materials is that their extended structure is generally prepared by processing the molecules after synthesis—typically by post-synthesis crystallization; this distinguishes these materials from extended frameworks, such metal-organic and covalent organic frameworks, where synthesis and crystallization constitute the same step. However, classical, permanent porosity in structures without extended bonding, such as molecular crystals,[1–9] is still a rare property because of the strong preference for discrete molecules to pack closely in the solid state.[10] IUPAC defines a porous solid as “a solid with pores, i.e. cavities, channels or interstices, which are deeper than they are wide”, and states that these pores could be “open” or “closed”.[11] By these definitions, there is no formal requirement for a porous solid to have an interconnected pore structure. For many applications, however, such as gas separation with practicable diffusion kinetics, interconnected pores may be a prerequisite. For a molecular material to be meaningfully porous after activation—that is, after any processing solvent/s are removed—it must retain a pore structure that is permeable to gases or liquids.[1–9] Most molecular solids that are designated as ‘porous’ have interconnected pore structures, although there are exceptions. For example, calixarene based molecular crystals[12,13] and clathrates[14,15] can absorb guests through cooperative diffusion mechanisms, even though these materials do not have obvious interconnected pore structures. 
[bookmark: _Hlk25429025]Porous molecular crystals are a subclass of porous molecular materials—which includes porous amorphous solids and ‘porous liquids’—and these crystalline materials are the focus of this review article. To achieve permanent porosity in molecular crystals, materials design approaches must be developed that not only consider the chemistry of the organic components but also—and often more importantly—the techniques for processing the materials after synthesis. This presents new opportunities in materials design, since the properties of porous molecular materials can be tuned by chemically modifying the precursors, or by influencing their solid-state packing. For example, mix-and-match strategies can be developed to modulate the properties of a molecular material.[16–21] Also, organic molecules can be processed post-synthesis into different structures with contrasting properties.[22–29] Guest responsive materials can also be designed to respond to external stimuli,[22,30–33] and organic molecules can be processed into different materials forms, such as membrane supports for separations[34] or for sensing applications.[35,36] While these strategies are not necessarily all unique to porous molecular crystals, we focus in this review on how the functional properties of porous organic molecular materials can be functionalized using traditional solution-based organic synthesis approaches, which generally speaking cannot be applied in the same way to extended framework materials. 
Porous materials are important in chemical processes such as storage, catalysis, and molecular separations.[37] Porous zeolites dominate the global market share for these applications and are produced on an industrial scale. However, zeolites suffer from some constraints; for example, they are typically hydrophilic, and adsorb water very strongly, and they are often unstable in either acids and/or bases. There has been a significant drive to discover new types of functional porous materials in recent years,[37] with an focus on achieving designable pore structures, new chemical functionalities, and differentiating electronic properties.[1,4,6–8,38–40] There has also been strong interest in discovering new types of porous materials with flexible and adaptive pore structures. For example, Kitagawa et al., showed that soft porous crystals of metal-organic coordination polymers can adopt their structures to accommodate and organize guest molecules in their pores,[41] and the so called ‘3rd generation’ soft porous crystals[42] have an array of potential applications, including hysteretic behavior for storage/release, cooperative motion to control the guest mobility and diffusivity or electronic properties, and morphological control of crystals.[42] The inherently soft porous nature of many molecular materials, coupled with their unique solution processability, means that porous molecular solids should have a bright future in these areas, too. 
Designing crystalline organic molecular solids to have specific structures is difficult because the crystallization of molecules does not follow simple empirical rules. Hence, it remains challenging to achieve the goal of “engineering crystals by the strategy of molecular tectonics”.[2] As a result, chemical functionality in crystalline molecular solids often cannot be changed without affecting the extended crystal packing. By contrast, other examples of porous materials, including zeolites,[43] metal-organic frameworks (MOFs),[44–47] covalent-organic frameworks (COFs),[48–50] and organic polymers[37,51] are chemically bound through strongly directional covalent or coordinative bonds. This bonding dominates the lattice energy, and hence it is possible to generate families of isostructural materials with difference chemical functionality – for example, series of isoreticular MOFs.[46,52]  For extended frameworks, these directional bonds are formed during the framework synthesis, and this directs the inefficient packing of the building blocks to generate open, porous structures in a single step. By contrast, for molecular solids, the synthesis and subsequent crystallization constitute separate steps. Hence, the reticular chemistry concepts developed for MOFs and COFs,[46,48,52–55] are not directly transferrable to organic molecular materials, and somewhat different strategies must be adopted. 


1.1. Defining Porosity in Molecular Solids
1.1.1. Intrinsic Porosity
An intrinsic pore in a molecular material is defined as a guest-accessible cavity defined by covalent bonds that is prefabricated during synthesis.[6,8] Discrete organic molecules that have been shown to adsorb guests in their intrinsic, guest-accessible, cavities in the solid state include calix[n]arenes,[12,13] porous organic cages (POCs),[56] hemicarcerands,[57] cryptophanes,[58] amine macrocycles,[59] urea macrocycles,[60] pillar[n]arenes,[61] cucurbit[6]urils,[62] and Noria[63] (Figure 1). Intrinsically porous molecules with open, bowl- or ring-shaped cavities, such as calix[n]arenes, pillar[n]arenes and cucurbit[n]urils, often have a window, or opening, that is as wide as the intrinsic cavity. Thus, guest adsorption is dependent on the size and chemistry of the intrinsic cavity, and how these cavities are arranged in the solid state. By contrast, for intrinsically porous molecules with cage-like structures, such as POCs and cryptophanes, the windows in the molecular structure are often narrower than the intrinsic cavity size, and these windows regulate the diffusion of guest molecules into the intrinsic cavity in both liquids and in the solid-state. This is an important distinction and synthesizing intrinsically porous molecules with windows can advantageous for controlling guest diffusion. For example, intrinsically porous molecules that are soluble in solvents that are too large fit through cage windows were used to prepare liquids with permanently porous cavities; that is, ‘porous liquids’.[64] Porous liquids,[64,65] and other types of intrinsically porous molecules, which have interesting solution based host-guest behavior, including metal-organic polyhedra,[66–71] and cryptands,[72] are not discussed in this review. Instead, we focus on intrinsically porous organic molecules that have been processed into permanently porous solids.[6,8]  
Despite their permanent porosity, intrinsically porous molecules with well-defined cavities can crystallize as formally non-porous solids,[22] highlighting the important link between extended structure and porosity in molecular materials. Solids with ‘closed porosity’, typically referred to as zero-dimensional (0-D) porous solids,[1] have sometimes been shown to adsorb guest molecules through cooperative diffusion mechanisms. For example, close packed crystal structures of rigid, intrinsically porous, calix[n]arenes[12,13,73–78] and cryptophanes[58] can adsorb liquids and gases in the solid state, and confine the mobility of these guests, including a 0-D cryptophane that trapped Xe in its porous host structure until about 400 °C.[58] Pillar[n]arene’s have been shown to adapt their non-porous crystal structures through guest-induced solid state structural rearrangements to selectively adsorb guests in the solid state.[79] However, diffusion mechanisms in 0-D solids and adaptive molecular structures are difficult to predict a priori, and such materials are not discussed in detail in this review. By contrast, porosity in molecular crystals with open pore structures can be regarded as a more predictable property descriptor for material design, and this has enabled chemists to accurately predict structures and properties from first principles,[26,80] although assumptions of perfect crystallinity do not always hold, and this can affect the precision to which we can design these properties.[17,81] In this regard, the ability to separate synthesis from crystallization is an advantage since we can use conventional crystal growth techniques, such as slow cooling or solvent evaporation, to grow large, high-quality crystals that do have porous properties that are close to those predicted from first principles.[17] 
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Figure 1. Molecular structures of some organic compounds with (a) open, and (b) closed intrinsic pores that have been reported to adsorb guests in their intrinsic cavities during solid-state sorption experiments.[12,13,56–63] c,d,e) Different intrinsic pores in organic molecules can be used to modulate the porosity in organic crystals; including, e) 0-D pores for calix[4]arene,[12,13] f) 1-D pores for pillar[6]arene,[82] and g) either 2-D or 3-D pores for the POC, CC3[25,56], depending on the crystallization conditions. 



1.1.2. Extrinsic Porosity
The inefficient packing of molecules in solids can create voids or channels. Molecules tend to prefer to close pack to maximize attractive intermolecular interactions,[10] and hence designing molecules that pack inefficiently in solids is a challenge in materials design. Often, solvent can be used to direct frustrated packings of organic molecules, but the solvent-filled pores in these structures must be retained after crystal activation for these materials to be categorized as extrinsically porous.[1–4,9]  Importantly, this definition excludes solids with solvent-filled voids, sometimes referred to crystals with ‘virtual porosity’.[1] Because of this, extrinsically porous solids must be characterized using sorption experiments to demonstrate actual porosity.[1–4,9] By using a combination of intermolecular interactions, such as van der Waals forces and electrostatic hydrogen-bonding interactions, coupled with the design of molecules with rigid or awkward shapes, it has proved possible to direct molecules to crystallize in energetically preferred, low-density forms.[1–4,9,83] However, the soft, flexible, and non-covalent nature of molecular materials means that their structures can often transform or collapse after crystal activation.[1–4,9] In 1976, Barrer and Shanson[84] reported that the organic molecule, Dianin’s compound, which forms organic inclusion complexes,[85] behaved like an ‘organic zeolite’ after activated crystals were exposed to different gases.[84] Barrer and Shanson inferred that the gas adsorption properties they observed were attributed to the porous, crystalline lattice of Dianin’s compound, and subsequent studies rationalized this hypothesis.[86–89] Another archetypal extrinsically porous solid was prepared by crystallizing tris(o-phenylenedioxy)phosphonitrile trimer (TPP) from benzene to form a 1-D channel-like structure[90] that was retained after activation of the pores.[91] The sorption properties of TPP have been studied in detail,[91–93] and the 1-D pores can even adsorb molecular motors.[94] Other early examples of organic-based, extrinsically porous solids, include; 9-(3,5-dihydroxy-1-phenyl)acridine,[95] dipeptide crystals,[96] 4,4',4'',4'''-tetra(4,6-diamino-s-triazin-2-yl)tetraphenylmethane (HOF-1),[97,98] 3,3',4,4'-tetra(trimethylsilylethynyl)biphenyl,[99] phthalocyanine complexes,[100] and 9,10-bis(4-((3,5-dicyano-2,6-dipyridyl)dihydropyridyl)phenylï)anthracene (SOF-1)[101] (Figure 2). A characteristic of these early discoveries is that the molecular structures of the discrete units are all unique, and their crystal structures are not dominated by a single, strongly directional intermolecular interaction. Diamino triazine units were used by Wuest to construct a stable hydrogen-bonded-organic framework (HOF),[97] later referred to as HOF-1 by Chen et al.,[98] and this concept has been extended to a series of rigid, organic scaffolds to prepare open hydrogen bonded structures.[83,102–116] However, even for these directional diamino triazine based HOF structures, it has not been possible to develop reticular chemistry concepts that are comparable to those developed in MOF and COF syntheses.[46,48,52–55] This creates a fundamental materials design challenge, since it is not in general possible to functionalize a porous organic molecular material without, probably, making a significant change to the crystal packing and hence the porous properties. 




Figure 2. (a) Molecular structure of compounds used to form extrinsically porous crystals, through the formation of energetically-stable, low-density crystal forms. [84,91,97–99,101]


2. Applications of Porous Organic Molecular Crystals
[bookmark: _Hlk25323007]Intrinsic versus extrinsic porosity is merely a categorization: from an applications standpoint, it is the performance, cost, and (perhaps) processability of the material that matters.[37] Porous molecular crystals have not yet reached the remarkable surface areas achieved for MOFs and COFs,[46,117–120] and they are perhaps unlikely to match the largest pore apertures (9.8 nm)[121] or pore volumes (5.02 cm3 g-1)[120] reported for such frameworks—or at least, one might expect such materials, if isolable at all, to be fantastically unstable. However, recent studies have revealed that molecular materials can achieve surface areas in excess of 3,700 m2 g-1,[122] and have stable bulk densities as low as 0.417 g cm-3.[26] Such high surface areas in molecular solids are remarkable, considering that their structures are held together by non-covalent interactions.[26,122] As discussed below, however, high surface areas are not required for all applications and for some molecular separations, very small pores are required.[21] Indeed, nitrogen adsorption is rarely the target application. More commonly, adsorption of greenhouse gases, toxic pollutants, or the molecular separation of industrial feedstocks are the relevant applications of porous solids, and hence surface areas, per se, are of only limited value in evaluating a material.[123] Properties such as pore shape and dimensionality, adsorbate site chemistry and functionality, molecular flexibility, and guest responsiveness are all relevant here, and porous molecular solids could find unique advantages in this regard. 
[bookmark: _Hlk25323011]2.1 Selective Adsorbents
In 2009, our group reported a shape persistent POC, CC3 (Figure 1), that has four triangular shaped windows, packed to form a microporous solid with a 3-D pore structure.[56] The CC3 molecules are packed window-to-window, and this is the preferred packing motif. The tetrahedral arrangement of the four CC3 cage windows directs the formation of a diamondoid pore network in the crystalline, CC3-α material (Figure 1h). Even though the CC3 molecules are densely packed in CC3-α, and the crystal packing in CC3-α is predicted to be the most energetically stable polymorph,[16] the structure is porous because of the intrinsic porosity in the cage. Because there is no denser stable form, CC3-α has excellent stability.[124] 
CC3-α has two adsorption sites: the intrinsic cage cavity pore and the interstitial pore between two cage windows (Figure 3a). For adsorbed guests to reach these sites in CC3-α, they must pass through the narrowest point in the pore network, which is the triangular shaped CC3 windows (Figure 3a). These CC3 windows are somewhat dynamic in nature, which allows the CC3 windows to open and close during guest adsorption. Consequently, guests can diffuse through the CC3-α structure, even though they have dynamic radii that are larger than the size of the static CC3 window (Figure 3b). Accounting for this dynamic behavior, grand-canonical Monte Carlo (GCMC) simulations could accurately simulate gas adsorption isotherms for CC3-α (Figure 3c), and ultimately predict a strong preference for Xe and Rn adsorption over other gases, with heats of adsorption (Qst) at zero-coverage for these gases calculated to be −31.3 kJ mol-1 and −38.4 kJ mol-1, respectively.[125] The strong preference for these gases can be rationalized by Xe-loaded crystal structure of CC3-α, which showed Xe molecules located in the intrinsic and interstitial cavities, reflecting the behavior seen in snapshots from molecular dynamics simulations. By contrast, the Qst value for Kr in CC3-α was −23.1 kJ mol-1 and the other main constituents of air (He, H2, H2O, O2, Ar, CH4, CO2) had Qst values in the range −4.5 to −27.7 kJ mol-1. Hence, CC3-α was predicted to be selectively porous to Xe and Rn over these other common gases. This was confirmed by competitive gas breakthrough experiments using an adsorption column packed with CC3-α and a gas mixture of Xe (400 ppm) and Kr (40 ppm) balanced with the common components of air (N2, O2, and CO2). CC3-α also adsorbed 222Rn from the gas phase, and was shown to concentrate Rn in the solid state.[125] This study highlights the importance of pore structure and pore chemistry on gas selectivity in molecular materials, and as well as the use of GCMC simulations and in situ diffraction techniques to gain fundamental mechanistic understanding of selective adsorption processes in porous molecular crystals. 
[image: Xe Figure]
Figure 3. a) Two pore cavities exist in the 3D pore structure of CC3α: a cage cavity inside the molecule itself (dark purple) and a window cavity between adjacent cage windows (light purple). b) Molecular dynamics simulations (298 K, 1 atm) show a pore-limiting envelope (colored blue) in CC3α that encompasses the diameters of all rare gases, up to radon. The straight, vertical line corresponds to the pore-limiting diameter from the static CC3α structure. c) Predicted single-component log–log gas adsorption isotherms (Kr, Xe and Rn; open symbols) and experimental equivalents (Kr, Xe; filled symbols) at 298 K for CC3 (inset shows linear–linear plot). Simulated isotherms were obtained from grand-canonical Monte Carlo (GCMC) simulations. Reproduced with permission.[125] Copyright 2014, Nature Publishing Group. 


Porous molecular solids have been shown capture harmful or toxic and pollutants, and the ability to tune the molecular structure of the building blocks is useful for facilitating selective adsorption processes. Miljanić et al. reported an open porous frameworks material, that was prepared by crystallizing a fluorinated trispyrazole.[126] The thermally stable structure is held together by N–H···N hydrogen bonds between pyrazole groups (Figure 4a), and π···π stacking between electron-poor tetrafluorobenzenes and electron-rich pyrazoles (Figure 4b). Interestingly, the open framework structure with fluorene-lined channels was reported to have an accessible surface area of 1,159 m2 g−1 and adsorbed up to 74 wt. % of harmful fluorocarbons and CFCs,[126] and this materials exhibits an absorbate induced piezochromic response.[127] Subsequently, this N–H···N hydrogen-bonding motif between pyrazole groups was used to prepare a series of porous HOFs, highlighting that this chemistry is a versatile route to new HOF materials.[128] A series of imine-based POC materials were reported by our group to adsorb SF6, with the CC3-α materials shown to selectively adsorb SF6 over N2 during competitive gas breakthrough experiments.[129] Iodine adsorption was also reported, both for the imine-based POC, CC3-α[130] and a per-ethylated pillar[6]arene.[131] These applications highlight a wider potential for porous molecular solids to the capture harmful or useful gases and chemicals.    
[image: Figure 2]
Figure 4. (a) Hydrogen bonding between pyrazoles units, and (b) π···π stacking interactions between electron-rich pyrazoles and electron-poor tetrafluorobenzene rings in the open framework structure with fluorene-lined channels reported by Miljanic et al. (c). Reproduced with permission.[126] Copyright 2014, Nature Publishing Group.

[bookmark: _Hlk25323019]2.1.1. Carbon Dioxide Capture
CO2 is a major contributor to global warming and higher atmospheric concentration of CO2 have been attributed to ocean acidification.[132] Low energy extraction of CO2 impurities from industrial feedstock—for example, during CH4 sweetening—is an important industrial process, and selectively porous solids molecular solids could be used to reduce the current energy cost of this process.    
In 2005, Sozanni et al. reported that TPP was selectivity porous to CO2 over N2, O2, and H2, based on single point isotherms.[133] In this study, the authors attributed this to CO2 molecules interacting more strongly with the aromatic pore walls in the TPP structure, and a series of NMR experiments was performed to quantify this.[133] Indeed, related NMR experiments showed that the free rotation of molecular rotors in porous crystal structures can be regulated by adsorbing CO2 in their pores due to interactions between the aromatic units in the pore wall and adsorbed CO2 molecules.[134] 
Schröder and colleagues reported a series of permanently porous open framework materials, including SOF-1,[101] SOF-7,[135] SOF-9[136] and SOF-10,[136] which all exhibit selective gas adsorption of CO2 over N2 and CH4.  Of these, SOF-7 (Figure 5), was reported to have the highest uptake of CO2 at 20 bar and 273 K, adsorbing 31.09 wt% (7.07 mmol g–1).[135] SOF-7 has a BET surface area = 900 m2 g-1, whereas SOF-10 has a surface areas over four times lower (SABET = 221 m2 g-1), but still adsorbed 22.49 wt% of CO2 (5.11 mmol g–1), under the same conditions. At 1 bar and 298 K, the CO2 uptake for SOF-7 was 1.49 mmol g-1, and to determine how the CO2 molecules interact with the porous host structure, GCMC simulations and DFT calculation were performed. These simulations revealed that the CO2 molecules strongly interacted with the amide groups in the SOF-7, rationalizing the high CO2 uptake.[135] HOF-8, that likewise has amide group in the porous host structure, was reported to have a high CO2 uptake (2.55 mmol g-1) 1 bar and 298 K,[137] and dipeptide cocrystals have been reported to have high CO2 uptakes. For example, a L-alanyl-L-valine crystal with a 1-D pore structure adsorbs 15 wt% (4.1 mmol g-1) of CO2 at 1 bar and 298 K.[138] While these reports are encouraging, it is not clear that porous molecular solids have a specific benefit over MOFs for this application.[139] 
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Figure 5. a) X-ray crystal structure of SOF-7. b, d) The HOF has a cds topology, and d) four of these networks are interpenetrated in the structure of this material. Reproduced under the terms of the CC-BY license.[135] Copyright 2014, American Chemical Society.

A different approach to increase CO2 adsorption in a porous molecular solid is to design a molecule with predefined intrinsic cavity that binds CO2. Thallapally et al. reported that a porous crystalline p-tert-butylcalix[4]dihydroquinone crystal adsorbed 6.9 wt% of CO2 at 298 K, and this study was an important development in this area.[140] Atwood et al. reported a structurally related C-pentylpyrogallol[4]arene selectively adsorbed 3 wt% CO2 at ambient temperature and pressure.[141] Mastalerz et al. reported a CO2/CH4 selective [4+6] salicylbisimine POC,[142] that was prepared by reacting triptycene-based triamine and salicylic dialdehyde.[143] The porous salicylbisimine POC material has a SABET = 1375 m2 g-1 and was prepared by activating a crystalline DMSO solvate at 200 °C under dynamic vacuum.[142] After activation, the salicylbisimine POC adsorbed 2.1 mmol g-1 of CO2 at 1 bar and 273 K. By comparison, the salicylbisimine POC only adsorbed 0.61 mmol g-1 of CH4, at 1 bar and 273 K, and selective gas adsorption of CO2 was attributed to the presence of polar hydroxy groups in the intrinsic cage cavities.[142] Other CO2 selective POC materials have been reported, including a series of [2+3] amine functionalized organic cages reported by Zhang, which had ideal adsorption CO2/N2 selectivity values up to 138/1,[144,145] although these Zhang cages have lower CO2 adsorption capacities than the Mastalerz cage.[142] CO2/N2 selectivity has been reported in a flexible propeller shaped [2+3] imine cage,[146] a porphyrin based imine cage,[147] a triazine-based imine cage,[148] a cube-shaped POC prepared with tris-salicylaldehyde precursors,[149] cryptand-like [2+3] imine cages with pyrrolic units,[150] and a pyrrole-based imine cage.[151] The cube shaped POC reported Mastalerz et al. adsorbed 18.2 wt% of CO2 at 273 K and 1 bar, and this is among the highest reported CO2 uptakes for a molecular material.[149] POCs with open pore structures have also been used to develop in situ ATR-FTIR spectroscopic methods to study high pressure CO2 adsorption;[152] in combination with molecular simulations, this can give valuable insight about CO2 absorption in organic materials. In addition to POCs, cucurbit[n]uril’s (CB[n]) have been studied for selective CO2 adsorption. Atwood et al. showed that an amorphous solid of cucurbit[7]uril  (CB[7]) exhibited a high uptake of CO2 at 298 K and 0.1 bar (1.1 mmol g-1) and 1 bar (2.3 mmol g-1), with excellent ideal selectivity for CO2 over CH4 and N2, under comparable conditions.[153] Even though the materials was amorphous, solid-state 13C NMR was used to determine that the CO2 molecules were adsorbed in the intrinsic CB[7] cavities, with selectivity attributed to oxygen atoms of CB[7] facilitating in local-dipole/quadrupole interactions with CO2. At saturation, the amorphous CB[7] materials adsorbed 5.3 mmol g-1 of CO2, indicating that ~2 CO2 molecules, per CB[7], were also accommodate in the amorphous structure, as only four CO2 can fit in the intrinsic CB[7] cavity. Other CB materials have been reported for selective CO2 adsorption capture, [154,155] including a crystalline CB[6] material, that was reported by Thallapally to adsorb 15 wt% of CO2 at 298 K and 1 bar, and this material selectively adsorbed CO2 over N2 during competitive gas breakthrough experiments after being processed into pellets.[154]  
[bookmark: _Hlk19726041]


[bookmark: _Hlk25323028]2.2. Hydrocarbon Separations
Porous solids are a potential energy-efficient alternative for molecular separation processes such as distillation, which is commonly used to enrich industrial feedstocks and accounts for 10–15% of the world’s energy consumption.[156] New porous solids, which perform separation processes more efficiently and with lower energy consumption costs, could reduce the environmental impact of the chemical processing industry. While there are existing technologies for many separations, including pressure and temperature swing adsorption,[157] and amine scrubbing for CO2 capture,[158] these existing technologies are often associated with either poor selectivity, long-term stability issues, or energy regeneration costs that are still too high. Hence, new materials that feature high selectivity and low energy penalties for regeneration are crucial for improving the efficiency and sustainability of molecular separation processes. For example, selectively porous MOF materials have been studied extensively for pressure swing adsorption,[159] and highly selective porous molecular materials, that are strongly selective while only weakly binding guests in their structures, could offer great potential for future molecular separation applications.   
2.2.1. Gas separations
Alkyne/olefin separations are industrially important, not least because high purity ethylene and propylene feedstocks are required for polyethylene and polypropylene synthesis. Typically, C2H2/C2H4 and C3H6/C3H8 separations are performed using high-pressure cryogenic distillations that are energetically expensive.[160–162] MOFs have led the way for these molecular separations,[163–166] with small pore MOF tending to perform better from a selectivity perspective.[166] Organic molecular materials might struggle to compete with the isosteric heats of adsorption reported for open metal site MOFs,[163] but their pore structures and cavity chemistries can be tuned to provide selective adsorption sites for hydrocarbons such as acetylene, ethene, or propene. For example, the selective adsorption of acetylene over ethylene in a MOF structure reported by Eddaoudi et al.[165] was related to hydrogen-bonding interactions between acetylene and strongly basic (SiF6)2- anions, in addition to secondary van der Waals interactions with the organic framework struts. A similar observation was reported by Cadiau et al. in their MOF material that selectively adsorbed propylene over propane.[165] In both studies, the chemistry of the pores was more important than their surface areas, or the presence of open metal sites. 
HOFs have been shown to have applications various gas hydrocarbon gas pair separations, typically based on single gas sorption isotherms, including, C2H2/C2H4,[98,167] C2H4/C2H6,[107] C2H4/CH4,[111,168] C2H2/CH4, [168] C2H2/CO2,[105] C2H6/CH4,[168] CO2/CH4,[111][167] CO2/N2,[104,111,112,116,156,167] and C4 hydrocarbons/CH4.[169] Chen et al. reported that HOF-1 (Figure 2) adsorbed more C2H2 than C2H4 at 273 and 296 K, and the C2H2/C2H4 Henry’s law selectivities for HOF-1 at these temperatures were 19.3 and 7.9, respectively.[98] The higher predicted selectivity at 273 K can be rationalized by a gate opening transition that occurred at lower pressure in the 273 K C2H2 isotherm. By contrast, this gate opening behavior in HOF-1 was not observed in the C2H4 adsorption isotherm, resulting in a significantly lower uptake of C2H4 under comparable condition. The adsorption enthalpies at zero coverage for C2H2 and C2H4 in HOF-1 were 58.1 and 31.9 kJ mol–1, respectively, and the stronger interactions between the acidic H-atoms of acetylene and the basic amine groups of HOF-1 are likely to account for this observation.[98]  In a different study, Chen et al. reported that a different HOF material, HOF-3, with the same diamino triazine groups was highly selective to C2H2/CO2.[105] HOF-3, unlike HOF-1, has a permanently open pore structure, and GCMC simulations were performed to rationalize this selectivity. These simulations revealed that HOF-3 adsorbs C2H2 and CO2 adsorb in an orderly fashion in small cavities between two hydrogen bonded diamino trazine groups. While the static gas binding energies for C2H2 and CO2 in HOF-3 were 20.9 kJ mol-1 and 26.3 kJ mol-1, respectively, localized ordering of CO2, in an optimized binding position, was required to achieve the higher binding energy for CO2. By contrast, two C2H2 molecules could interact simultaneously with the HOF-3 structure in the same binding site, rationalizing the observed gas selectivity for C2H2/CO2 during competitive gas breakthrough measurements at 296 K. Kim et al. reported that CB[6] adsorbed 11 wt% (4.2 mol/mol) of acetylene at 100 kPa and 273 K, and this material retained 6.1 wt% of acetylene (2.4 mol/mol) at STP.[62] In the acetylene-loaded crystal structure of CB[6], recorded at 90 K, there were 2 acetylene molecules located in extrinsic channels, with their acidic protons hydrogen-bonded to the C=O groups of CB[6]. By contrast, the intrinsic CB[6] cavity was either occupied with residual water H2O or disordered acetylene guest. 
HOF-TCBP (where, TCBP = 3,3’,5,5’-Tetrakis-(4-carboxyphenyl)-1,1’-biphenyl) was reported to have ideal adsorbed solution theory (IAST) selectivity’s of 147, 171, 188, 231, and 241, at 295 K and 1 bar, for 1:1 molar mixtures of the gas pairs, i-C4H10/CH4, n-C4H10/CH4, 1-C4H8/CH4, (E)-2-C4H8/CH4, and (Z)-2-C4H8/CH4, respectively, with calculated isosteric heats of adsorption at zero coverage rationalizing these values.[169] HOF materials have also been used for separating hydrocarbons during competitive breakthrough adsorption experiments, including HOF-4 for C2H4/C2H6 separations,[107] and HOF-BTB for C2H4/CH4 and C2H6/CH4 separations.[168] From an applications perspective, the removal of CO2 impurities from contaminated C2H2 feedstocks is an important, industrially-relevant, separation, as the direct removal of CO2 from C2H2 would be more energy effective than a two-step adsorption-release process.[170] In general, porous solids that effectively perform CO2/C2H2 separations are rare,[170–173] but molecular materials that strongly interact with CO2 might be developed to perform this separation more effectively in the future.[111,174,175]
[bookmark: _Hlk19726049]2.2.2. Aromatic Separations
Separating the xylene isomers is a key industrial process, because the current market demand does not meet the composition of xylenes produced by catalytic reforming of crude oil, toluene disproportionation, and the distillation of pyrolysis gasoline.[176] In addition, a high purity feedstock, typically >99%, of para-xylene (pX) is required to synthesize terephthalic acid, that is subsequently consumed in production of polyethylene terephthalate.[177] The C8 xylene isomers, ortho-xylene (oX, 144.5 °C), meta-xylene (mX, 139.1 °C), pX (138.2 °C), and ethylbenzene (136 °C) have similar physical properties, and the current separations processes, which include complexation and fractional crystallization,[178] are energetically expensive or inefficient. An attractive, energy efficient, alternative approach to purify the C8 isomers to use porous materials with molecular shape-selective sorption properties.[179] 
Ward reported a series of hydrogen-bonded guanidinium and organodisulfonates salts, that selectively formed an inclusion complexes with the pX isomer.[180] A guanidinium[2,6-naphthalenedisulfonate] salt was reported to exhibit high selectivity for pX, over oX (36:1) and mX (160:1). However, this selectivity stemmed from a solid-state recrystallisation processes, which required destruction of the porous host structure to recover the pX guest from the clathrate structure, rather than a conventional guest adsorption/desorption cycle. A perethylated pillar[6]arene was reported to adapt both its crystal structure and molecular conformer to selectively adsorb pX over oX and mX in the pillar[6]arene cavity,[61] highlighting the strong influence that xylene adsorption can have on the structures molecular materials. In fact, adsorption induced structural transformations of the host pillar[6]arene material directed the selective adsorption properties observed for this material. Using a more conventional porous organic molecular solid, our group reported that the imine POC, CC3-α (Figure 1), sorts other organic molecules by size and shape.[181] Selectivity is an intrinsic property of the POC material, with the CC3 cage windows regulating diffusion of guest through the crystal pores. Due to faster diffusion kinetics, CC3-α performed well for xylene separations, with MD simulations showing that the pore structure in this material, along with the molecular flexibility of the CC3 host, were essential for facilitating faster diffusion of pX through porous structure (Figure 6). CC3-α was also reported to have perfect selectivity for ethylbenzene over its structural isomer, mesitylene, in the solid state, and this experimental property was observed in MD simulations.[181] 
[image: Figure 6]
Figure 6. a) Cumulative number of cages visited over a 20 ns MD simulation for three sorbates: pX, 4-ethyltoluene and mesitylene, using a 32 CC3-α supercell. b) The centre of mass of pX (red) and mesitylene (Mes, green) positions sampled during the simulation are overlaid on the starting configuration for the guest-free CC3-α structure. c) Potential of mean force as a function of the linear distance travelled by a para-xylene through the CC3-α structure, along with representative snapshots from the MD simulation. Reproduced with permission.[181] Copyright 2013, Nature Publishing Group.
[bookmark: _Hlk19726200]
3. Tuning the Properties of Porous Molecular Materials 
[bookmark: _Hlk14790976]The applications of porous molecular materials are dependent on the chemistry and molecular structure of the discrete building blocks, as well as their solid-state packing. Consequently, these two strategies can be used in concert to modify the properties of porous molecular materials. Perhaps two of the most transferrable strategies are; (i) synthesizing shape-persistent POCs with predefined intrinsic porosity[6,8,182,183] in order to influence adsorption selectivity, and; (ii) using intermolecular interactions to control the assembly of different building blocks in the crystalline state, exploiting  polymorphism[184] and/or co-crystallization[185] to tune the structure and properties of molecular crystals. 
[bookmark: _Hlk19726262][bookmark: _Hlk25429228]3.1. Designing Porous Organic Cages
An attractive strategy for porosity generation in molecular materials is to design and synthesize molecules with prefabricated pores, and then tunes their chemistries, shapes, and sizes. To some extent, the properties design can then be carried out at the molecular level:  for example, the POC CC3 tends to have the same limiting pore size irrespective of its crystal packing, and also in the amorphous and the even liquid state.[64,186] The discovery of POCs[56] has allowed chemists to prefabricate porosity into organic molecules during synthesis and then express this in functional solids. Porosity in POC materials can be preserved, in some cases even if their extended crystal structures transform, collapse, or amorphize during activation. POCs with intrinsic porosity can also avoid problems arising for network interpenetration, that can otherwise result in a total loss of porosity in molecular solids.[187,188] While structure interpenetration is not limited to molecular materials, and can occur in frameworks,[189,190] this problem can often be addressed in MOF synthesis by using appropriate secondary-building-units,[52] and in COF synthesis by using layered materials.[191] The use of POCs as porous building block offers a comparable solution to this problem for molecular materials, although in some (rare) cases, self-catenation of organic cages can also occur,[192–194]  and this does not always destroy porosity, as demonstrated by Mastalerz and colleagues.[195] 
There are several possible synthetic routes to POCs; imine condensation,[16,22,24,56,144,146–148,196–206] alkyne methasis,[23,194,207–213] and boronic ester condensation[122,195,214–216] are the most commonly used (Figure 7a), although there is scope adopt other bond-forming chemistries.[217–219] POC synthesis has been discussed in several recent reviews,[6,8,143,183,219–223] and choice of bond-formation chemistry is an important for defining the bond angle between the precursors in the final POC product. Imine`-condensation reaction is perhaps, so far, the most transferable route to synthesize new, shape-persistent, POCs, and this chemistry has been developed using a large number of building blocks.[6,8,183,219–220] By contrast, the use of irreversible chemical pathways to synthesize organic cages is rarer.[23,29,194,207–212,224–237] However, metal-catalyst-assisted cross-coupling,[23,237,238] nucleophilic aromatic substitution,[234] ‘click chemistry’,[235] and the Wittig reaction,[236] are irreversible synthetic routes that have developed. More commonly, the design of new POCs has been focused on varying the geometry, the number of reactive groups, and the size of the organic precursor.[6,8,183,219–220] For example, Mastalerz et al. demonstrated that the geometry and number of dihydroxy groups on triptycene cores could be varied to direct the synthesis of [4+6] or [8+12] cages, when these triptycene precursors were reacted with 1,4-benzenediboronic acid and 1,3,5-benzenetriboronic acid, respectively (Figure 7, where trp = triptycene).[122,221] While organic cages synthesized using boronic acid condensation reactions are somewhat less common than imine cages,[122,195,214–216,239–244] the 3,758 m2 g-1 BET surface area reported for the [8+12] boronic acid cage[122] remains after 5 years the highest reported for a POC material. These POCs were designed by mapping their precursors to different platonic solids (Figure 7), where the angle between the reactive groups defined the topology of the cage product. The so-called “bite angle” is important for all cage synthesis, including metal-organic polyhedra.[66–71] Fujita defined the angle dependence of ligand coordination sites on the formation of larger metal-organic polyhedral as “emergent behavior”.[245] The synthesis of larger organic cages, comprising 18 or more components, can also be underpinned by the design rationale.[122,195,202,215,240,246–249] Our group showed that the synthesize of imine-based POCs can be affected significantly by slight differences in precursor geometry. When the vicinal diamines (1R,2R)-1,2-diaminocyclopentane, and (1R,2R)-1,2-diaminocyclohexane, were reacted with tri(4-formylphenyl)amine, [4+6] and [8+12] imine cages, respectively, were (Figure 7),[16,203] showing how a very small change to precursor geometry can elicit a large change in the cage product. Contrasting solid state properties were reported for these [4+6] and [8+12] imine cages; the [4+6] cyclopentane cage as shape persistent and crystallized to form a porous solid with an apparent SABET = 1,333 m2 g-1,[16] whereas the [8+12] cage collapsed after the crystals were activated.[203] Interestingly, when 1,2-diaminocyclopentane and 1,2-diaminocyclohexane precursors were reacted with 1,3,5-triformylbenzene, only [4+6] imine cages were isolated.[56,206] Such profound differences in cage topology are difficult to predict from simply sketching of the chemical structures of the precursors. However, computational studies could predict these outcomes, both in terms of the cage geometry and the contrasting shape-persistence of the cage products.[16,203] 
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Figure 7. Chemistry and precursor geometry can be varied to direct the formation POCs into different topologies; shown for the boronic ester cages, [4+6]-typ-cage[221] and [8+12]-trp-cage,[122] and the imine cages, CC7,[203] CC5.[16] 

The use of computation to predict the shape persistence of cage molecules is a powerful in silico screening technique,[203,250–252] and coupling this computational approach with high throughout exploratory synthesis was shown to accelerate the discovery of a number of new organic cage compounds.[193] This computational approach was be used to predict self-sorting reaction outcomes during organic cage synthesis.[253,254] We envisage that such approaches will become routine in the discovery of new shape persistent cage molecules in the future, and used to design materials for specific applications: for example, by coupling these approaches with computational tools developed to predict Xe/Kr selective crystals,[255] and for screening how C8 aromatics diffuse through POC-based materials.[181] Indeed, the Jelfs Group has developed genetic evolutionary algorithms to identify new cage molecules (Figure 8),[252] and the Simon Group has developed “eigencages” that can be used to fingerprint the 3D porosity features of POCs that control functional properties.[256] These are exciting computational developments, which are now being using to discover functionalized POC based materials for specific applications. 
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Figure 8. (a) Evolutionary algorithm workflow for predicting POC structures. (b) The POC chromosome is composed of three genes, building block (BB) #1 and #2, and cage topology. BB#1 and #2 are randomly selected from a chemical database, whereas POC topology is selected based on the topicity of the BB. Reproduced under the terms of the CC-BY license.[252] Copyright 2018, The Royal Society of Chemistry.

[bookmark: _Hlk25323107]3.2. Post-synthetic Modification of Porous Organic Cages 
Porous molecular solids are, so far, less accommodating to post synthetic modification approaches than frameworks such as MOFs, at least in the solid state. Typically, pendant functional groups amenable to solid state chemical transformations, such as amines and phenols,[257] are only rarely encountered as freely accessible groups in the pores of molecular solids. In fact, such groups are known to direct the crystal packing of molecules and can often be integral parts extended hydrogen-bonded networks in molecular crystal structures—they do not tend to be left ‘free floating’ in pore channels. Some exceptions exist; for example, HOF structures with freely accessible amine groups were reported.[104] However, in general, there are few analogues for porous molecular crystals of the post-synthetic modification strategies developed for MOFs,[257] such as retrofitting a synthetically modifiable group to an organic strut, and then using this modified strut to form the same framework materials. Instead, isomorphous substitution is more commonly encountered, and this approach is discussed in section 3.5. 
A different route to post-modify porous molecular materials is to chemically alter the porous organic building blocks after they have been synthesized, prior to crystallization, using solution-phase chemistry. Mastalerz et al. reported that a shape-persistent endo-functionalized [4+6] imine POC with six free hydroxy groups in its intrinsic cage cavity can undergo a six-fold Williamson etherification to produce a chemically modified POC material (Figure 9).[258] In this study, five different functional groups were investigated; methyl, propyl, allyl, benzyl, and 4-nitrobenzyl, highlighting a degree of synthetic tuneability, although the modified cages were produced in different yields (17–38%, Figure 9, Method B).[258] However, even though it was the interior of the POC that was chemically modified, this transformation did subtly affect the POC shape, and hence the crystal packing of the modified and unmodified cages were different.[258] In addition, the modified cages were amorphous after activation,[258] whereas the unmodified cage was crystalline.[259] Consequently, sorption properties for this cage series were not directly comparable, although in general, the cages that had been post-synthetically modified with larger groups had lower surface areas.[258] 
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Figure 9. Synthesis of post-synthetically modified cage compounds reported by Mastalerz et al.[258] Two different methods were used, with Method B: developed to post-synthetically modify an endo-functionalized cage, using six-fold Williamson ether formation. Reproduced with permission.[258] Copyright 2013, Wiley-VCH.

Imine cages have also been modified post-synthetically. The imine groups can be reduced in high yields, but the resulting amine groups are more flexible, and reduced amine cages have been shown, generally speaking, to collapse during activation.[260]  For example, our group showed that reducing the imine group of the shape-persistent POC, CC3, afforded the flexible amine cage, RCC3, that collapsed after crystal activation to produce a formally non-porous solid.[260] However, the diamine group in RCC3 has the predefined configuration to generate 5-member imidazolidine (aminal) rings when reacted with carbonyls.[260] This was exploited by reacting RCC3 with one acetone molecule or six formaldehyde molecules, to produce the post-synthetically modified cages, AT-RCC3 and FT-RCC3, respectively (Figure 10, where, AT = acetone tie, and FT = formaldehyde tie).[260] The modified cages, AT-RCC3 and FT-RCC3, have very slightly different POC shapes than the parent cage, CC3, but the parent cage and the post-synthetically modified cages pack isostructurally to form permanently porous solids. Interestingly, the post-synthetically modified POCs have significantly different chemical stabilities, with FT-RCC3 being chemically inert over the pH range 1.7–12.3.[260] By contrast, the parent cage, CC3, chemically decomposes in acidic or basic conditions, and the aminal rings in AT-RCC3 can be hydrolyzed by H2O. Our group showed that RCC3 reacted with six equivalents of acetaldehyde to form a methylated analogue of FT-RCC3, and that crystalline AT-RCC3 selectively reacted with 5 equivalents of formaldehyde, to cleanly form a new, dual-tied cage, 1AT-5FT-RCC3.[21] By contrast, AT-RCC3 reacted with 6 equivalents of formaldehyde in solution to form FT-RCC3. Because of the different chemical stabilities of aminal rings in 1AT-5FT-RCC3, the single AT ring could be selectively hydrolyzed to generate the asymmetric molecule 5FT-RCC3, which could then be reacted with other aldehydes in solution.[21] Using this protection/deprotection chemistry, we synthesized a series of post-synthetically modified POCs where molecular organic synthesis was used to fine-tune pore size. These modified POCs could be processed to form isostructural crystalline solids with fine control of the pore aperture size over the range 1.95 – 3.50 Å.[21]  Using a different approach, Banerjee et al. reported that POCs could be stabilized in acidic and basic conditions, after undergoing a keto–enol tautomerism;[261] this not strictly speaking a post-synthetic modification, rather a chemical rearrangement, but the practical benefits are the same.        
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Figure 10. Post synthetic modification of amine functionalized cage, RCC3, reported by Cooper et al. Reproduced with permission.[260] Copyright 2014, American Chemical Society.

Alternative synthetic routes have been developed to chemically transform POCs. For example, our group showed that a reduced amine cage could be reacted with acid chlorides to form 12-arm cage building blocks,[262] and these types of cage molecules have been used as MOF linkers.[263] Mastalerz et al. reported that an imine based POC could be chemically transformed into hydrocarbon cage, using a three-step method: imine reduction, nitrosylation with isoamyl nitrite, and Overberger rearrangement.[264] Using different chemistry, Yamago et al. reported a carbon based nanocage, which was prepared by post-synthetically modifying a platinum nanocage, via reductive elimination of the platinum (Figure 11).[228] Itami et al., and others, have reported a series of carbon based nanocages, which were prepared by post-synthetically aromatizing cyclohexane moieties under acidic conditions,[225,226,265] and related reductive aromatization reactions.[266] Organic synthetic modifications to metal templated assemblies have also been used to synthesize covalent organic cages. For example, Shionoya et al. reported the synthesis of covalent organic cage using a 3 nm metallocage,[267] and Anderson et al. reported the synthesis of porphyrin nanospheres by coupling templated arrangements functionalized porphyrins.[229] However, conventional porosity in these metal-templated, post synthetically modified cages has not yet been reported. 
 [image: Figure 4]

Figure 11. (a) X-ray crystal structure of the π-conjugated carbon nanocage reported by Yamago et al., and it’s solvated crystal structure (b + c). Reproduced with permission.[228] Copyright 2013, Nature Publishing Group. 

[bookmark: _Hlk19726389]3.3. Tuning Crystal Porosity by Controlling Molecular Packing
A central challenge in porous molecular solid design is to develop organic building blocks that pack predictably and inefficiently. If a generic strategy existed, porous solids with rationally-designed pore dimensions and topologies could easily be targeted in the lab: as it stands, porous crystals constitute a very small fraction (e.g. 0.3% with pore volumes greater than 10−3 cm3 g−1 were identified in a 2016 study[268]) of structures in the Cambridge Structural Database. From a historical standpoint, porous materials were not initially designed; rather, they were typically discovered by experimental observation. An archetypal example is Dianin’s compound, which has an hour-glass-shaped 1-D pore,[89] formed due to preferential heterochiral interactions between three -R and three S-enantiomers. This creates the porous cavities in the structure (Figure 12). It is the stacking of these hexamer units that gives rise to the unusual pore shape in Dianin’s compound. However, it is impossible to simply sketch the structure of Dianin’s compounds and determine how it would crystallize, without any prior structural knowledge, although one might could infer, for example, that the hydroxy groups are likely to hydrogen bond. While the cyclic (O–H)6 hydrogen-bonded motif in the structure of Dianin’s compound has been used to discover several structural analogues,[269–273] these cyclic (O–H)6 hydrogen-bonded motifs are rarely directional enough to dominate crystallization outcomes. Instead, several alternative design approaches have been developed for preserving the inefficient packing of molecules in porous solids. This includes using strongly directional electrostatic interactions to direct the structures of HOFs, or using other less directional electrostatic interactions and dispersion forces to control the packing of organic molecules. 
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Figure 12. Dianin’s compound packs to form a porous solid with a 1-D pore structure that contains enclosed cavities. If the structure is considered static, then pore connectivity between the cavities through the cyclic (O–H)6 hydrogen-bonded motifs (shown in blue) is disconnected using a 1.3 Å probe (a), but open using a 1.2 Å probe (b). Reproduced with permission.[1] Copyright 2006, Royal Society of Chemistry.

HOF materials tend to be designed by appending functional groups that are capable of forming cooperative hydrogen-bonding motifs, such as diamino triazine or carboxylic acids, to rigid carbon-based scaffolds (Figure 13).[9,274,275] However, assumptions based on likely topologies of hydrogen-bonded networks rarely consider all the possible crystallization outcomes, such as interpenetration, non-linear hydrogen-bonding motifs, or energetically competitive secondary interactions. Such effects can account for polymorphism in HOF materials.[9,274,275] HOF building blocks are solution processable: as such, one possible route to tune their structures, and therefore modulate their function, is to direct the formation different solid-state forms by crystallizing from a range of solvents. 


Figure 13. Complementary hydrogen-bonding motifs found in porous HOF structures, a) carboxylic acid (8) motif, a) alternate interactions between diamino triazine units, c) tapes formed between benzimidazole units, and d) cyclic motifs formed between pyrazole rings. e) Carboxylic acids group have been appended to a series of carbon-based scaffolds to direct the formation of low-density HOFs.      
[bookmark: _GoBack]
An attractive route to screen for function in molecular crystals with hydrogen-bonded networks, and indeed for other molecular solids, is to combine computational crystal structure prediction and property prediction.[26,80] Here, the stable packing arrangements available to a molecule are computationally sampled, and each structure is then ranked according to its predicted lattice energy. By plotting each predicted structure alongside a functional property descriptor, such as gas storage capacity, we can construct energy-structure-function (ESF) maps.[26] ESF maps are useful in new materials discovery because they are based solely on a chemical diagram for the building block (which can be hypothetical), and yet they can identify the crystal packing arrangements available to that candidate molecule, and predict whether it is likely to have useful functional properties. Using a triptycene scaffold functionalized with benzimidazolone groups that can form cooperative, hydrogen bonded tapes, Day et al. showed how ESF maps could be used to direct experimental discovery. Here, four functional polymorphs, comprising the same organic molecule, T2,[276] were discovered by experiment, including the lowest density molecular organic crystal discovered so far (T2-), which had an apparent SABET = 3230 m2 g-1, (Figure 14).[26] 
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Figure 14. Materials discovery using energy-structure-function maps. For a given molecule, T2, computed crystal structures are generated, and color coded to highlight a structural (pore dimensionality) or functional (deliverable CH4 capacity) property. Using relative lattice energy and functional properties as a fingerprint, ESF maps can be used to discover new porous polymorphs in the lab. Adapted with permission.[26] Copyright 2017, Nature Publishing Group.

The T2 α-polymorph was discovered originally by Mastalerz et al., who reported that this structure had an apparent BET surface area of 2439 m2 g-1.[276] The ESF map for T2 directed us to the discovery of three additional porous polymorphs with contrasting solid-state properties; T2-γ (SABET = 3230 m2 g-1), T2-β (SABET = 2439 m2 g-1), and T2- (SABET = 442 m2 g-1).[26] Different crystallization conditions and solid-state transformations were used to access these predicted polymorphs, taking advantage of the processable and discrete nature of the building blocks (Figure 15). Interestingly, an amino-substituted bis(tetraoxacalix[2]arene[2]triazine), with the same symmetry as T2, crystallized to form the porous HOF-19, which is isostructural with T2-β.[108] Also, an imidazole functionalized triptycene (H3TBI) was reported to crystallize as a distorted porous structural analogue of T2-γ.[277] 
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Figure 15. a, Overlays of predicted (red) and experimental (blue) solvent free structures for T2-γ, T2-α, T2-β and T2-δ, ordered by increasing predicted density. Transformation conditions: (1) loss of solvent at room temperature, heating at 340 K or mechanical grinding at room temperature; (2) heating at 358–383 K; (3) direct removal of DMSO and then acetone from DMSO/acetone solvate. T2-δ transforms back to a solvate of T2-β upon exposure to xylene, propane or propene. (b, c) Predicted and experimental gas adsorption isotherms for T2-γ (red), T2-β (black) and T2-δ (blue). b, N2 at 77 K; c, CH4 at 115 K; filled circles, adsorption experiments; unfilled circles, desorption experiments; filled triangles, adsorption simulations. d, Pressure-dependent IAST selectivity of propane over methane (C3H8/CH4) determined for equimolar mixtures, using experimental isotherms at 298 K. Reproduced with permission.[26] Copyright 2017, Nature Publishing Group.

There are some similarities between the use of ESF maps in materials discovery and the high-throughput screening of hypothetical MOFs structures for useful functions.[278–281] A key different is that ESF maps for organic materials includes information on the predicted crystal lattice energy—effectively, the likely propensity for the structure to exist—which is not generally a feature in MOF structural screens.[282] The use of ESF maps in the discovery of functional organic crystals has also been used for materials such as organic semiconductors.[283] 
The complementary (8) hydrogen bonding motif formed between two carboxylic acids (Figure 13) has been shown to direct a series of low-density hydrogen-bonded networks.[9,274,275] The formation of hydrogen-bonded networks using this motif can be traced back to 1969, when Duchamp et al.[284] reported the ‘α-polymorph’ of trimesic acid (TMA). The structure Duchamp reported is non-porous due to the non-planar hydrogen-bonded interactions between TMA molecules causing the hydrogen-bonded networks to interlock. However, TMA was recently revisited from a fresh perspective, after crystal structure prediction (CSP) calculations revealed an energetically stable, low-density polymorphic form, referred to as the polymorph, which remained hidden, despite many groups studying the crystallization behavior of this molecule over the last 50 years.[285–294] In this study, a high throughput crystallization workflow was developed to screen 280 binary solvent crystallization conditions, of which less than 2% either yielded this -polymorph directly, or gave a structure that transformed to this form after activation of the crystal pores.[295] Unlike the non-porous α-polymorph reported by Duchamp et al., the computationally-identified polymorph of TMA had a SABET 910 m2 g-1 at 77.3 K. CSP was also used by Hisaki et al. (Tp-apo, Figure 16) [296] to predict the structure of a carboxylic acid-based HOF material, that could not be determined directly from X-ray data alone. Instead, CSP was performed to predict possible crystal packings arrangements of the hydrogen-bonding Tp units, and one of these predicted structures was identified as the experimental structure. This structure was subsequently refined using experimental PXRD data (Figure 16). Polymorphism was not investigated in the Tp study.
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Figure 16. a) CSP energy vs density plot for the Tp-apo HOF material reported Hisaki et al. (b) Using the simulated PXRD pattern for the DFT-optimization of CDFF structure, the experimental structure, with a 1-D pore structure (c,d) was discovered. Reproduced with permission.[296] Copyright 2016, American Chemical Society.

The directionality of the carboxylic acid hydrogen bonding motif is appealing from a sketch-to-structure idea, but interpenetration, polymorphism, and structural stability can often thwart ideas that should work ‘on paper’. Interpenetration can also account for structural stability in HOF materials.[33,107,167–169] Hence, new computational methods that predict interpenetration in molecular crystals will be important for the discovery of stable, functional solids, with desirable pore architectures. Stoddart et al., reported a series of triptycene based HOF materials, which feature interesting interpenetration and polycatenation features.[297,298] For one of their materials, H6PET, interpenetration of the hydrogen-bonded framework was modulated by processing the building block from THF/toluene or Me2CO/Et2O, to yield two-fold (PETHOF-1) and five-fold (PETHOF-2) structures, respectively (Figure 17).[297] Both structures have the same underlying acs topology of hydrogen-bonded nets, and while these materials undergo structural transformation upon desolvation, the activated materials have SABET in the region of 1100 m2 g−1. Our group reported that CSP could be used to determine the relative lattice energies of interpenetrated nets for the prototypical HOF building block, adamantane-1,3,5,7-tetracarboxylic acid, that was reported in 1988 by Ermer to form a 5-fold interpenetrated structure.[187] CSP calculations identified additional 2-, 3-, and 4-fold interpenetrated structures for this molecule, and these structures were subsequently discovered in the lab after screening 100’s of binary crystallization conditions.[295] By being able to predict interpenetration features in molecular crystals in this way, we envisage the ability to use this to design and discover interpenetrated HOF materials with favorable pore sizes and physical stability.
[image: image]
Figure 17. The trigonal prismatic HOF building block, H6PET, designed by Stoddart et al. to prepare a HOF structure with an acs topology, that can be modulated to form 2- and 5-fold interpenetrated structures. Reproduced with permission.[297] Copyright 2019, Wiley-VCH.

For a materials standpoint, the stability of HOF materials remains largely untested from an application perspective, and it is likely that water will disrupt intermolecular packing in some cases. Hence, functionalization strategies are important that not only control the packing of the building blocks, but also the chemistry of the pores. One strategy to improve the hydrolytic stability of HOF materials is to make their pores hydrophobic, in order to protect the internal hydrogen-bonding networks. One example of a water-stable HOF material was prepared by crystallizing, 1,3,6,8-tetrakis(4-formylphenyl)pyrene (PFC-1),[299] and in the crystal structure, hydrophobic pyrene units are π-π stacked along the 1-D pore walls (Figure 18). Interestingly, this HOF material has a high SABET > 2000 m2 g-1 and is one of the most hydrolytically stable HOF materials reported to date. Other HOF materials with stabilizing π-π interactions between layers of aromatic units along their pore walls have also been reported to be hydrolytically stable.[135,169] 
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Figure 18. Crystal structure of PFC-1, that features (a, b) hydrogen-bonding between carboxylic acid units, and (c, d) face-to-face π–π stacking interactions between tetra substituted pyrene units, (e, f) to generate a porous HOF with pyrene lines pore walls. Reproduced with permission.[299] Copyright 2018, Wiley-VCH.

[bookmark: _Hlk25323131][bookmark: _Hlk25429303]3.4. Modulating Crystal Packing in Porous Molecular Crystals 
Electrostatic hydrogen-bonding interactions in materials such as HOFs are often designed to be strongly directional and cooperative to direct crystallisation outcomes, but dispersion forces, and other less-directional electrostatic interactions, are often also important for stabilising the extended crystal packing. For example, tuning the electrostatics of aromatic rings by appending electron withdrawing fluorine atoms was used to stabilise extrinsically porous HOF structures.[126,128] The energetic gain from dispersion forces, or other less directional electrostatic interactions, can also account for polymorphism in HOF materials.[26] While strongly directional hydrogen-bonding units are useful in designing porous molecular solids, there are some limitations; HOF structures tend to be rigid and can suffer from structural fatigue during gas sorption cycles. Their low-density frameworks can be metastable or hydrolytically unstable, and an over-reliance on molecules having cooperative hydrogen-bonded motifs is also synthetically constraining. Intrinsically porous molecules are rarely functionalized with directional hydrogen-bonding motifs,[6,8,300–302] which presents the opportunity of a hybrid strategy. More generally, though, it is useful to also develop other design strategies to create porous molecular solids without resorting to or relying on hydrogen bonding. 
The helically chiral, imine-based POC, CC3, synthesised by reacting 1,3,5-triformylbenzene with vicinal -R,R or -S,S cyclohexane diamine, was reported by our group to have a strong energetic preference to form heterochiral, intermolecular, window-to-window interactions when crystallised as a racemate.[16,17,303] This heterochiral pairing energetic preference was also observed in CSP calculations, which revealed there was a 32.1 kJ mol-1 relative lattice energy gain to form the CC3 racemate structure.[16] Interestingly, this energetic preference to form heterochiral window-to-window motifs is transferable between CC3 and POCs with the same underlying topology and cage core, including CC1 and CC4, with CC3-R directing the formation of isostructural (CC3-R, CC1-S) and (CC3-R, CC4-S) quasiracemates when these cage pairs were co-crystallised (Figure 19).[16,17] By contrast, a racemic mixture of the chiral POC, CC5-R, which has a different cage structure to CC3-R, self-sorts during crystallisation to form chirally-pure solids, and this energetic preference was also accurately predicted using CSP calculations (Figure 19).[16] Hence, a modular and predictable assembly of POC based materials can be achieved using CSP calculations coupled with chiral recognition.    

[image: Figure 3] 
Figure 19. a) Lattice energy rankings rationalize the homochiral versus heterochiral packing preference for CC3 and CC5, and the formation of the (CC1-S, CC3-R) quasiracemate. (b, c, d, e) Packing diagrams show the excellent fit between the calculated global-minimum structures (blue) and the experimentally determined structures (red). Reproduced with permission.[16] Copyright 2011, Nature Publishing Group.

Heterochiral pairing between chiral POCs is a useful and somewhat generalizable route to modulate the pore structure and material form of POC materials,[16,17,21,27,28,304–306] and similar chiral recognition behavior has also been reported for imine macrocycles, prepared using chiral vicinal diamines.[307,308] For POCs, our group applied this chiral recognition strategy to create crystalline solids with 1-D porous nanotube structures by co-crystallizing racemic mixtures of tubular POCs that had two linearly arranged cage windows.[27] For these 1-D porous nanotube structures, CSP calculations provided a valuable in silico screening method that was used to evaluate the crystal packing preferences of the tubular POCs. By extension, co-crystallizing the tubular POCs with an opposite handed, tetrahedral cage, CC3-R, was used to assemble 3-D diamondoid pillared networks in a targeted way.[27] This approach highlights that solution-processable POCs, like isoreticular MOFs and PCPs, can be assembled using a ‘mix and match’ pairing strategy. 
Recently, our group used related ‘mix and match’ pairing of POCs with different pore sizes to modulate the adsorption selectivity and adsorption capacity of POC based materials for kinetic quantum sieving of D2/H2.[21] It remains challenging to identify porous solids with the optimal pore sizes for kinetic quantum sieving applications. Typically, a porous solid with an ultrafine pore aperture (~3 Å) is needed,[309,310] and this often results in materials with low pore volumes and low gas adsorption capacities. We synthesized an isostructural series of POCs with finely tuned pore sizes over the range 1.95 to 4.5 Å (Figure 20a & b),[21] and determined the effect of pore aperture on kinetic quantum sieving performance across this series. We found that 6ET-RCC3, which has the smallest pore aperture (1.95 Å), had the best D2/H2 selectivity at 30 K (SD2/H2 = 3.9, Figure 20c), but this material also adsorbed the smallest amount of D2 (0.39 mmol/g). By contrast, CC3, which has the largest pore aperture (4.5 Å), adsorbed the highest amount of D2 at 30 K (3.67 mmol/g, Figure 20c), but had the lowest selectivity (SD2/H2 = 1.7), highlighting the trade-off between selectivity and adsorption capacity in kinetic quantum sieving applications. Since these POCs are modular, we were able to design a functional co-crystal, Cocystal1 (Figure 20d), that combined the POC with the best selectivity, 6ET-RCC3, with the POC with the best adsorption capacity, CC3. This created a porous cocrystal with a ‘sieving module’ that alternated with a ‘storage module’. Cocrystal1 was shown to have far better quantum sieving properties than either of the individual components (Figure 20c), illustrating both the advantages of this modular assembly strategy to achieve specific functions. 
[image: C:\Users\Marc\Documents\Documents - Publications\Advanced Functional Materials Review\KQS Figure_v2.png]
Figure 20. a) Fine-tuning pore size of POCs by molecular organic synthesis; b) The POC series pack isostructurally to form porous solids with finely-tuned pore limiting envelopes; c) Summary of hydrogen isotope kinetic quantum sieving selectivities and adsorption capacities reported for various porous materials; d) Scheme showing structure of Cocrystal1, which combines POC modules with good capacity with modules that have high selectivity to optimize the kinetic quantum sieving performance. Reproduced with permission.[21] Copyright 2019, American Association for the Advancement of Science.

The influence of crystallization solvent is important for porous molecular crystals that tend to crystallize with solvent in the pore channels,[295,297] but this can become more pronounced systems that lack strongly directional framework structures. Organic molecules often crystallize as solvates, or inclusion compounds, but while the channels in these structures are reminiscent of pores, they are frequently not stable to solvent removal. The formation of solvated structures is important, since different crystalline solvates can have different physical properties,[123,311] but also because different porous polymorphs tend to be isolated by desolvating solvates with different crystal structures.[22–24,26] Highly solvated structures can also be indicative of packing defects between the organic building blocks, that can then ultimately account for a lack of structure stability. Our group reported that the packing of the POC, CC3, can be frustrated using MeOH solvent to engineer a crystal with “virtual porosity”, which was found to collapse during crystal activation (Figure 21a). It was shown that the solvent filled extrinsic voids in the CC3 structure accounted for a lack of structure stability, but this also provided a structural blueprint to engineer a functional co-crystal. This was achieved by identifying a second cage molecule ([3+2]-cage) with the appropriate shape and dimensions to the extrinsic voids in the unstable CC3 structure, which was used to stabilize a proportion of the solvent-filled “virtual pores” (Figure 21 b and c).[19] The cage modules have different functions in this “retro-engineered” co-crystal: CC3 is porous and adsorbs CO2 during gas adsorption, while the [3+2]-cage provides structure stability and modulates the gas selectivity of the engineered co-crystal, imparting additional functionality. 
 
[image: Figure 4]
Figure 21. a) Crystal structure of CC3 solvate with “virtual pores” (red) and, b) retro-engineered co-crystal (CC3)2∙[3+2]-cage (blue). c) overlay of crystal structures shows that the 2-D pore layers are isostructural in these two materials. [3+2]-cage component shown in cyan; unit cell axes are shown. Reproduced with permission.[19] Copyright 2015, Nature Publishing Group.

Even though solvents are well-known to direct crystallization outcomes, predicting solvent effects on crystallization is extremely difficult, and it is not usually clear, a priori, which solvent will stabilize a targeted porous crystal packing.[312] Solvent can also influence the conformation of porous building blocks, and this can be difficult to determine and predict.[250] It was reported that a series of POCs can be directed to pack in a predictable way, using the solvent 1,4-dioxane (Figure 22).[24] For one of these POCs, CC13, the use of 1,4-dioxane to direct its solid state structure to a different polymorphic form more than doubled the apparent BET surface area, from 517 to 1173 m2 g-1. Crystallization solvents and different processing techniques can also be tuned to affect crystallization rates, as this has been shown to control the crystal packing of POCs. Doonan et al. reported that slowly crystallizing a POC, C1, from a dichloromethane/methanol solution over 24 h afforded the thermodynamic polymorph that was non porous to N2 at 77K.[23] By contrast, rapidly evaporating a benzene solution containing C1, using freeze-drying, or after rapidly adding anti-solvent, yielded a stable kinetic polymorph that was porous to N2 (SABET = 1153 m2 g-1 for N2 at 77 K).[23] Such approaches demonstrated that it is the processing of the POC modules that affects pore volumes in these materials, rather than attempting to synthesize a larger and often more synthetically challenging POCs that may also lack shape persistence.[203,301]
[image: https://pubs.acs.org/na101/home/literatum/publisher/achs/journals/content/jacsat/2014/jacsat.2014.136.issue-4/ja409594s/production/images/large/ja-2013-09594s_0003.jpeg]   
Figure 22. a) Schematic showing low-energy crystal packings, and, d) cage synthesis for CC1, CC2 (methyl vertices), and CC13 (dimethyl vertices); orange = disconnected voids; yellow = interconnected pores. (b) Crystallization in the presence of 1,4-dioxane causes pseudoisostructural window-to-window packing for all three cage modules, causing the materials to mimic the 3-dimensional diamondoid pore structure of CC3 (not shown). (c) Disconnected window-to-arene packing between the CC2 cages (left) versus interconnected window-to-window cage packing in the 1,4-dioxane-directed CC2 polymorph (right). Reproduced with permission.[23] Copyright 2014, American Chemical Society.

POCs[22,23,25,27,28,30,206,313]and extrinsically porous solids[26,31,32,295] have been reported to exhibit polymorph-dependent physisorption properties, although extensive screening of crystallization conditions are often required to find functionally different polymorphs in the lab.[295] Indeed, McCrone suggested some time ago that the discovery of different polymorphs is proportional to the amount of effort spent searching.[314] The ultimate goal is to develop computational tools to predict the effect of solvent on the crystallization of porous organics. This can be done, for example, by running CSP calculations with crystallization solvent, as demonstrated for a 1:1 DMSO solvate of the anti-convulsant drug carbamazepine,[315] although such approach can become computationally expensive even when assuming a 1:1 solvate stoichiometry. Porous solids, on the other hand, typically crystallize with far more solvent molecules in the channels. A different approach is to insert solvent molecules into computationally predicted structures with solvent accessible pores, and then determine the energetic solvent stabilization effect. Day et al. used this approach to study the stabilization effect lattice solvent had on the POC, CC1,[313] that has a near-spherical shape and many structures with similar energies on its CSP landscape.[316] In addition, CC1 has been reported to exhibit interesting solvatomorphic behavior.[22,24]  Day et al. developed a Monte Carlo solvent insertion procedure, to determine the energetic stabilities of different CC1 solvates, and showed that these affects could be accurately predicted. These calculations also accounted for certain CC1 solvate structures, far higher in energy than the predicted global minima CC1 structure, being isolated in the lab. While these calculations are currently far too expensive to compute for an entire crystal energy landscapes, they might in the future be used to determine solvent combinations that yield particularly functional, targeted polymorphs in the lab. To fill this gap, HT crystallization workflows, comparable to those developed for screening the crystallization of pharmaceutical compounds,[317,318] have been used to accelerate the discovery of porous molecular crystals.[295]       
[bookmark: _Hlk19726586]3.5. Molecular Isomorphous Substitution 
Isomorphous substitution in molecular crystals is where different organic molecules are exchanged into a crystal structure without affecting the extended crystal packing. This strategy is an analogous to multivariate-MOF chemistry,[319] where different ligands are used to synthesize otherwise structurally identical MOFs that have chemically different properties. Such strategies are much more difficult to achieve for molecular crystals because of the profound effect that chemically-different building blocks can have on crystal packing. Hence, isomorphous substitutions in molecular crystals are typically reliant on the substituted molecules having the same underlying shape or identical functional groups that direct isostructural extended crystal packings. Görbitz et al. reported that L-valyl-L-alanine (VA) crystallized to form 3-D hydrogen bonded structure with empty 1-D channels.[320] Subsequently, Sozzani et al. reported that the four dipeptides, L-alanyl-L-valine (AV), L-valyl-L-alanine (VA), L-isoleucyl-L-valine (IV) and L-valyl-L-isoleucine (VI), could be crystallized to from isostructural solids with 1-D porous channels.[138] These dipeptides are stabilized with the same underlying hydrogen-bonded network, and the dimensions of the hydrophobic pores, scale with the size of the amino acid functional groups; from 5.0 Å for AV, to 3.7 Å for VI. Of these dipeptides, VA exhibiting the highest uptake of CO2 (4.1 mmol g-1) at 195 K and 1 atm, in agreement with larger total pore volume in the VA structure.[138] A series of porous dipeptides have been reported to adopt the same underlying porous structure.[320–322]  For example, the chemistry of these dipeptide crystals can be tuned to control topochemical polymerizations reactions in the crystal pores (Figure 23), and the volatility of adsorbed fluorinated ethers, which have application in anesthetics.[322]

[image: https://wol-prod-cdn.literatumonline.com/cms/attachment/1dc34b2c-cffa-4957-828a-ef8dd3f1eb45/mfig001.jpg]
Figure 23. a) Chemical structure of the dipeptides. b) Porous crystal structure of Ala‐Val showing 1-D channel. c) Schematic representation of the monomers and dipeptide crystals used for polymerization reactions. Reproduced with permission.[321] Copyright 2012, Wiley-VCH.

Davis et al. reported that a molecular scaffold assembled with steroidal urea units,[323] contained 1-D channels that could be decorated with different chemical functionalities, without altering the overall packing in the structure.[324–326] One of their materials, decorated with aromatic units, was shown to adsorb gases and liquids during sorption measurements.[325] Our group showed that two POCs with the same underlying cage shapes, CC3-R and CC4-R, could be exchange in a porous organic ternary co-crystal, where a different cage module, CC1-S, occupied 50% of the lattice positions (Figure 24).[18] The composition of this POC ‘alloy’ could be tuned to modulate the unit cell parameters and the gas adsorption uptake N2, a property that was rationalized by using molecular simulations.[327]   
[image: ]
Figure 24. a, b) Structures of POCs CC1, CC3-R, and CC4-R, which form a ternary cocrystal, c) The chirality of CC1 is resolved by co-crystallization with CC3-R, CC4-R, or a mixture of both modules. d) Packing in the porous tercrystall CC1-S modules (green) occupy half of the lattice sites; CC3-R (red) and CC4-R (purple) are disordered over the remaining lattice sites. Reproduced with permission.[18] Copyright 2012, Wiley-VCH.

[bookmark: _Hlk25323149]3.6. Solid State Transformations in Porous Molecular Solids 
Due to their non-covalent nature, molecular materials are held together by relatively weak non-covalent forces. They have therefore been shown to display interesting polymorph switching behaviors in the solid state. The Huang Group reported a series of non-porous adaptive crystals (NACs) with pillar[n]arene hosts,[61,79,82,328–332] which undergo solid state structural rearrangements to selectively adsorb industrially-relevant feedstocks or pollutants, with high affinity and selectivity, including; pX/oX and mX,[61] styrene/ethyl benzene,[82] 1-pentene/trans-2-pentene,[333] cis-/trans-1,4-dichloro-2-butene,[332] toluene/ methylcyclohexane.[328] Our group reported that the ethylenediamine-derived POC, CC1, could be interconverted between polymorphic forms in the solid state, using solvation and activation induced transformations, to create on-off, switchable porosity (Figure 25).[22] Polymorph switching behavior can be computationally rationalized for CC1, taking into account its spherical shape and solvatomorphic behavior.[16,313] Solvent induced, solid state, polymorph interconversion has been reported for other POC-based materials. Banerjee et al., reported that a structurally related [4+6] imine cage, TpOMe-CDA, that has more bulky cyclohexyl groups on the imine cage vertices, interconverts between three different polymorphs with contrasting sorption properties, using solvent switches with initiated with CHCl3 and DMF.[30] 

[image: https://images.readcube-cdn.com/publishers/wiley/figures/d131484227f7158284926fa50aa9660ebfb0e917ed18a053a6fa9ee160c253fc/2.jpg]
Figure 25. On-off porosity switching in a POC based molecular solids reported by Cooper et al. using solvent and activation transformation steps.  Reproduced with permission.[22] Copyright 2019, Wiley-VCH.

Molecules that generate extrinsically porous solids have also been reported to have interesting, polymorph-dependent sorption properties. Credi et al. reported that a molecular crystal prepared using shape-persistent azobenzene tetramers, E4-1c, formed a porous solid that underwent E→Z photoisomerization reaction, to convert the porous crystals into a non-porous amorphous melt phase.[31] Interestingly, this reversible E→Z induced transformation could be used switch optical properties, such as birefringence, or to capture of CO2 from the gas phase. Barbour et al. reported reversible switching of the pore volume in porous halogen-bonded framework, that was induced using gas adsorption switching.[334] Aida et al. reported that a C–H···N bonded porous crystalline solid, prepared using D3h-symmetric molecule (Py6Mes) with a non-polar mesitylene core and 6 pendant, polar, pyridyl-rings, could be transformed between a porous open polymorph (Pyopen) and non-porous closed polymorph (Pyclose) in the solid state, taking advantage of the extremely labile C–H···N bonding interactions in the structures.[32] For example, MeCN vapour was used to generate the Pyopen polymorph, and a heat-induced transformation at 202°C was used to generate Pyclose polymorph, with the in the structure. Hence, solid state polymorph switching in porous molecular solids is developing as a unique route to modulate the sorption properties of these materials.      

[image: https://science.sciencemag.org/content/sci/361/6408/1242/F2.large.jpg?width=800&height=600&carousel=1]
Figure 26. C–H···N bonding interaction and extended crystal packing in the porous Pyopen polymorph report by Aida et al. Reproduced with permission.[32] Copyright 2018, American Association for the Advancement of Science.


4. Outlook
The chemistry of porous organic molecular materials is dominated by the extended, non-covalent arrangement of the building blocks, and by their solution processability. As a result, processing techniques can be used both to control intermolecular packing and to modulate the physical materials properties. This means that there are many opportunities to form new functional materials by post-synthetic processing techniques, and the examples given here constitute a small selection of the possibilities that exist. For example, solution processability allows core-shell materials to be produced where it is possible to tune both surface properties and gas selectivity.[20] Somewhat counterintuitively, porous molecular solids might have stability advantages: for example, the microporous imine POC CC3 is stable to boiling water without losing its crystallinity,[124] and acid-stable HOFs and POCs have been reported,[260,261,335] in some cases offering hydrolytic stability that is rivalled by very few crystalline porous materials. Also, structural ‘self-healing’ is possible:  for example, porous molecular materials have been shown to recover crystallinity during guest absorption cycles.[79,82] Hence, porous molecular materials may prove competitive with or, in specific cases, perhaps even superior to MOFs and COFs in terms of physicochemical stability. 
Porous organic molecules solids may have additional relevance in applications where solution processing is required. For example, crystalline POCs have been coated onto microporous beads,[336] and chiral crystalline POCs have been used as stationary phases in gas chromatography column for molecular separations.[337,338] Amorphous POCs have also been coated onto microbalances for sensing application,[35] and can be processed into amorphous thin films which have shown promise for molecular-sieving applications.[34,339] Composites are possible, too: mixed-matrix membrane materials, prepared using in situ crystallization of POCs within a polymer of intrinsic microporosity,[340] or by processing amorphous scrambled POCs[197] into polymer membranes,[341,342] thus improving gas permeability and selectivity. 	Perhaps one of the most exciting developments in porous organic molecular materials discovery is the application of computational methods to predict their structure and function.[343] By using such approaches, molecules can be pre-screened for function in silico by sketching out a candidate and then computing the energy-structure-function maps.[26,80] Here, the best candidates are selected in silico, rather than through trial-and-error experiments in the lab. Coupled with rapid predictions for the molecular building blocks themselves,[252,344] this offers a joined up methodology for the in silico design of functional solids, not only for those functions related to porosity. We believe that the enormous success enjoyed by frameworks such as MOFs and COFs stems as much from their superior designability as their inherent physical properties, many of which can be replicated, more or less, in molecular organic crystals. As such, we see the development of new computational design methods as key to unlocking the innate potential of porous molecular solids in the future.
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Porous organic molecular materials are a sub-class of porous solids that are defined by their modular molecular structures and the absence of extended covalent or coordination bonding. Their solid-state structures can be tuned for specific applications by using crystal engineering and processing techniques, often using computation as a design guide.
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