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Introduction

Hyper-crosslinked polymers (HCPs) represent, as the name suggests, a class of entangled polymers where the high level of crosslinking results in materials with porosity typically below 2 nm, i.e., corresponding to micropores. Their structure is stable and rigid due to both the nature of the linkages and the extensive entanglement. They are therefore high-surface area polymers. [START_REF] Huang | Hypercrosslinked Polymers: A Review[END_REF] These HCPs have attracted a lot of attention in the last decades and have proven to be valuable in areas such as heterogeneous catalysts, [START_REF] Pei | Preparation of Chloromethylated Pitch-Based Hyper-Crosslinked Polymers and An Immobilized Acidic Ionic Liquid as A Catalyst for the Synthesis of Biodiesel[END_REF][START_REF] Gu | Low-Cost Hypercrosslinked Polymers by Direct Knitting Strategy for Catalytic Applications[END_REF][START_REF] Głowniak | Highly porous carbons synthesized from tannic acid via a combined mechanochemical salt-templating and mild activation strategy[END_REF] chromatographic separation, 1 gas adsorption [START_REF] Castaldo | Microporous hypercrosslinked polystyrenes and nanocomposites with high adsorption properties: A review[END_REF] (i.e., hydrogen, [START_REF] Ramírez-Vidal | Irreversible deformation of hyper-crosslinked polymers after hydrogen adsorption[END_REF] CO 2 , [START_REF] Głowniak | Highly porous carbons synthesized from tannic acid via a combined mechanochemical salt-templating and mild activation strategy[END_REF][START_REF] Penchah | Benzene-Based Hyper-Cross-Linked Polymer with Enhanced Adsorption Capacity for CO 2 Capture[END_REF][START_REF] Zou | Porous Organic Polymers for Post-Combustion Carbon Capture[END_REF][START_REF] Huang | Engineering porous organic polymers for carbon dioxide capture[END_REF] volatile organic compounds [START_REF] Cai | Preparation of hyper-crosslinked polymers with hierarchical porous structure from hyperbranched polymers for adsorption of naphthalene and 1-naphthylamine[END_REF][START_REF] Waheed | Removal of hazardous dyes, toxic metal ions and organic pollutants from wastewater by using porous hyper-cross-linked polymeric materials: A review of recent advances[END_REF][START_REF] Xu | Effective adsorption of phenolic compounds by functional group modified resins: behavior and mechanism[END_REF] and vapours [START_REF] Grätz | Mechanochemical synthesis of hyper-crosslinked polymers: Influences on their pore structure and adsorption behaviour for organic vapors[END_REF] ), removal of heavy metal ions [START_REF] Waheed | Removal of hazardous dyes, toxic metal ions and organic pollutants from wastewater by using porous hyper-cross-linked polymeric materials: A review of recent advances[END_REF][START_REF] Masoumi | Evaluation of hyper-cross-linked polymers performances in the removal of hazardous heavy metal ions: A review[END_REF] and hazardous dyes [START_REF] Waheed | Removal of hazardous dyes, toxic metal ions and organic pollutants from wastewater by using porous hyper-cross-linked polymeric materials: A review of recent advances[END_REF] , and drug delivery, among others. [START_REF] Huang | Hypercrosslinked Polymers: A Review[END_REF] Usually, HCPs are synthesised by Friedel-Crafts (FC) and Scholl coupling (SC) reactions, which involve long reaction times, moderate temperatures (about 40-110 ºC) and involve hazards from the solvents used. [START_REF] Huang | Hypercrosslinked Polymers: A Review[END_REF][START_REF] Pei | Preparation of Chloromethylated Pitch-Based Hyper-Crosslinked Polymers and An Immobilized Acidic Ionic Liquid as A Catalyst for the Synthesis of Biodiesel[END_REF][START_REF] Castaldo | Microporous hypercrosslinked polystyrenes and nanocomposites with high adsorption properties: A review[END_REF][START_REF] Ramírez-Vidal | Irreversible deformation of hyper-crosslinked polymers after hydrogen adsorption[END_REF][START_REF] Cai | Preparation of hyper-crosslinked polymers with hierarchical porous structure from hyperbranched polymers for adsorption of naphthalene and 1-naphthylamine[END_REF] Both types of synthesis protocols are based on the swelling of monomers and the formation of an entangled polymer structure, which is achieved by selecting a compatible solvent that can be introduced into the polymer matrix. Another common feature is that both are catalysed by Lewis acids, such as FeCl 3 , AlCl 3 , SnCl 4 , etc. Thus, the main difference lies in the structure generated, as an external crosslinker causes entanglement in the FC protocol, whereas for the SC procedure, the entanglement is based on the reaction between the monomer molecules themselves. [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF] Although valuable results have been obtained in many different fields for these various HCPs, as mentioned above, the risk associated with the processing protocol and its usual long duration require that research be directed towards more environmentally friendly and faster protocols.

For these reasons, the present review deals with mechanosynthesis (MS), a relatively old technology that has recently regained attention due to interesting new approaches. It was first defined by Gerhard Heinicke, who established in 1984 that "mechanochemistry is that branch of chemistry which is concerned with the chemical and physical changes of solids which are induced by the action of mechanical influences". 16 It consists of a very simple process, where a ball mill is used as a reactor, usually a cylindrical bowl with a rounded edge, made of different materials, and which is filled with spherical balls of known diameters, usually of the same material as the bowl. In this environment, the materials to be reacted are added, and the bowl is closed and stirred for a set period, with or without pauses. The total time for MS is generally much shorter than for conventional FC or SC reaction routes (reaction times of a few minutes to a few hours for MS, compared to 12 h to several days for FC and SC). [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF][START_REF] Krusenbaum | The mechanochemical Scholl reaction as a versatile synthesis tool for the solvent-free generation of microporous polymers[END_REF][START_REF] Krusenbaum | The mechanochemical Friedel-Crafts polymerization as a solvent-free cross-linking approach toward microporous polymers[END_REF] Grinding and high-energy collisions cause reactions between the different precursors, generally at room temperature and without the need for additional solvent, which highlights the greener and more efficient approach of the method and significantly reduces the overall energy spent during the entire procedure. In this sense, it is also worth mentioning that it is not necessary to have a single-phase and homogenous reaction medium to obtain high-surface area and multifunctional products by MS, which is another key point that emphasises the easier use of this technique compared to common solvent-based protocols. Nevertheless, there are many studies where solvents of different types are added, a method known as liquid-assisted grinding (LAG). [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF][START_REF] Ohn | Mechanochemical Ring-Opening Polymerization of Lactide: Liquid-Assisted Grinding for the Green Synthesis of Poly(lactic acid) with High Molecular Weight[END_REF][START_REF] Howard | Mechanochemistry as an emerging tool for molecular synthesis: What can it offer?[END_REF] Due to the above-mentioned features, MS can also be considered a very safe protocol, as the reactions take place in a sealed environment, thus with little possibility of leakage. In addition, a maximum volume is usually specified by the manufacturer, to avoid temperatures and pressures that could lead to equipment failure and/or explosions. On the other hand, in order to gain control over the reactions involved, ex situ techniques have been generally used, which have allowed the different states of the reactions to be monitored. However, more recently, some in situ devices have also been designed. The simplest ones are able to control temperature and/or pressure within the equipment, but X-ray diffraction measurements and Raman spectroscopy have also been performed. [START_REF] Julien | Methods for Monitoring Milling Reactions and Mechanistic Studies of Mechanochemistry: A Primer[END_REF] In this way, not only can the reaction be operated more safely, but the continuous formation of different products can also be monitored, and the results have shed light on how certain reactions are conducted in this scenario.

Depending on the way the movement of the bowl is performed, two different types of MS grinding are encountered in the literature. On the one hand, planetary mills, as the name suggests, consist of a grinding bowl, containing balls and the material to be processed, arranged eccentrically on a socalled sun-wheel whose direction of movement is opposite to that of the bowl. On the other hand, mixing mills (also known as shaking or vibrating mills), have their bowl oscillating along the same axis. [START_REF] Krusenbaum | The mechanochemical Scholl reaction as a versatile synthesis tool for the solvent-free generation of microporous polymers[END_REF][START_REF] Zolriasatein | Comparative study of SPEX and planetary milling methods for the fabrication of complex metallic alloy nanoparticles[END_REF][START_REF] Takacs | Temperature of the milling balls in shaker and planetary mills[END_REF] The mixing speed of the two types of MS motion is usually measured in rpm and Hz, respectively (see schematic representation of the two kinds of movements in Fig. 1A).

During MS, reactions take place due to the high-energy impacts caused by the grinding balls and occur at room temperature. [START_REF] Grätz | Mechanochemical synthesis of hyper-crosslinked polymers: Influences on their pore structure and adsorption behaviour for organic vapors[END_REF][START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF][START_REF] Grätz | The mechanochemical Scholl reaction-a solvent-free and versatile graphitization tool[END_REF][START_REF] Casco | Mechanochemical synthesis of porous carbon at room temperature with a highly ordered sp 2 microstructure[END_REF][START_REF] Troschke | Mechanochemical Friedel-Crafts Alkylation-A Sustainable Pathway Towards Porous Organic Polymers[END_REF] In the literature, many different materials have been tested for grinding, providing different impact energies, namely polytetrafluoroethylene (PTFE), silicon nitride (Si 3 N 4 ), zirconium oxide (ZrO 2 ), stainless steel (SS) and tungsten carbide (WC). The impact energy indeed depends on the density of the material, so the higher the density, the higher the impact, and therefore the higher the energy provided. From the lowest to the highest density, PTFE (2.2 g/cm 3 ), Si 3 N 4 (3.17 g/cm³), ZrO 2 (5.7 g/cm³), SS (7.9 g/cm³) and WC (14.9 g/cm³) are available. [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF] . The most common material used in literature is ZrO 2 , as some authors have suggested that excessive energy inputs due to high densities produce excessive abrasion of the MS grinding components (both balls and bowl), but also their chlorination (metal chlorides being frequently used as Lewis acids to catalyse the synthesis of HCPs). [START_REF] Grätz | The mechanochemical Scholl reaction-a solvent-free and versatile graphitization tool[END_REF] The possible catalytic effect of metals must also be considered.

Thus, a careful choice of grinding material can help to avoid the addition of a catalyst, as in the study by Cook et al., [START_REF] Cook | Scratching the catalytic surface of mechanochemistry: A multi-component CuAAC reaction using a copper reaction vial[END_REF] where a copper-based grinding material was used to directly catalyse the azidealkyne cycloaddition. Another example can be found in the work of Haley et al., [START_REF] Haley | Nickel Catalysis in a High Speed Ball Mill: A Recyclable Mechanochemical Method for Producing Substituted Cyclooctatetraene Compounds[END_REF] where they used cylindrical nickel pellets both as a catalyst and to produce the high-energy impacts, instead of the usual spherical balls. On the other hand, the reaction time is also known to be a crucial parameter in MS. In general, low times lead to low yields, while too high reaction times also lead to further deterioration of the HCP properties. Nevertheless, each precursor combined with the other MS conditions selected (grinding material, ball size and number, etc.) has its own optimal reaction time. [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF][START_REF] Krusenbaum | The mechanochemical Scholl reaction as a versatile synthesis tool for the solvent-free generation of microporous polymers[END_REF] Despite all the advantages mentioned, the use of MS for the production of HCPs is not widespread.

In the present review, we discuss the latest achievements in the preparation of HCPs by Friedel-Crafts and Scholl coupling reactions following MS routes, as well as less common procedures. The main MS parameters as well as precursors, catalysts, crosslinkers and other alternative additional compounds, such as solvents and/or bulking agents, i.e., inert additives enabling control of the reaction scale, that have been tested in the literature are analysed here.

Mechanosynthesis of hyper-crosslinked polymers

Friedel-Crafts (FC) approach

The common solvent-based Friedel-Crafts (FC) approach has led to a wide range of useful formulations, based on which the surface areas of the resulting materials could reach very high values, e.g., 1390 m 2 /g using benzene as a precursor, or 1470 m 2 /g using tetraphenylmethane, for instance. [START_REF] Tan | Hypercrosslinked porous polymer materials: design, synthesis, and applications[END_REF] In order to provide a general description of the FC reaction and the MS procedure, Fig. 1B includes a visual description of an MS reaction providing a benzene-based HCP by using dimethoxymethane, also called formaldehyde dimethyl acetal (FDA), as a crosslinker, together with some other examples of the main precursors, catalysts and crosslinkers present in literature.

Lee et al. [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF] tested six different aromatic compounds, namely benzene, pyrrole, aniline, biphenyl, triphenylbenzene and tetramethylbenzene (see Fig. 1C), and reported reaction times of only 10 s to produce benzene-based microporous HCPs. Different MS variables were studied for the production of benzene-based HCPs using FeCl 3 as a catalyst, such as reaction time, catalyst/monomer ratio (see Fig. 1D) and grinding speed. MS of benzene for 5 min using a FeCl 3 /benzene molar ratio of 6 and a rotation speed of 800 rpm resulted in the highest BET area (A BET = 626 m 2 /g) and porosity. An increase in reaction time resulted in a lower surface area, probably due to the high energy of the MS, leading to the breakage of the C-C bonds in the polymer structure. Similarly, an increase in the FeCl 3 /monomer ratio or the amount of crosslinker also gave lower surface areas. This finding is explained by the blocking of all available benzene sites, which can no longer polymerise, leading to a low level of polymerisation, and by the terminal groups of the single-bonded crosslinker, producing pore blocking. Tetraphenylbenzene was the precursor giving rise to the HCP with the highest BET area (784 m 2 /g).

Four other different aromatic compounds, such as stilbene, tetraphenylethylene, naphthalene and toluene, as well as biphenyl, were also used as HCP precursors by MS. [START_REF] Zeng | Adsorptive removal of pnitrophenol from water with mechano-synthesized porous organic polymers[END_REF] The maximum BET area obtained in this case was 556 m 2 /g, based on the biphenyl precursor. The thermal stability of the HCPs was also measured and they were found to be stable up to over 200ºC. Two different thermal events were observed at high temperature, always leading to residues above 60 wt.%, with the biphenyl-based HCP showing the highest thermal stability. The different polymers were tested for pnitrophenol removal, obtaining up to more than 150 mg/g of p-nitrophenol adsorbed in the HCP. The A BET was also measured after the adsorption tests and negligible changes were observed, demonstrating the ability of HCPs to maintain their structural integrity. As can be observed, lower surface areas are generally obtained by using MS compared to solvent-based reactions, which implies that more knowledge is still needed to achieve such high values.

Using 1,3,5-triphenylbenzene as a precursor and two different types of organochloride crosslinkers, namely dichloromethane (DCM) and chloroform, Krusenbaum et al. [START_REF] Krusenbaum | The mechanochemical Friedel-Crafts polymerization as a solvent-free cross-linking approach toward microporous polymers[END_REF] carried out an extensive study of several crucial parameters for producing HCPs. Thus, the crosslinker/monomer ratio and MS reaction time were varied (see Fig. 1E). The reaction was confirmed by 1 H → 13 C cross-polarized magic angle spinning spectrometry (CP MAS), as well as by FTIR spectroscopy. The thermal stability of the HCPs was significantly different from that obtained using FDA as a crosslinker. In this case, the samples were able to hold temperatures up to 400ºC, however, residues of no more than 10 wt.% were obtained, evidencing a much lower final thermal stability when using DCM or chloroform. In the case of DCM as a crosslinker, increasing the crosslinker/monomer molar ratio from 1:1 to 15:1 always resulted in an increase in A BET , with values above 1600 m 2 /g for the highest ones. Although a higher degree of crosslinking could initially be expected by using chloroform instead of DCM due to its higher functionality, similar crosslinker/monomer ratios only provided a maximum A BET below 1400 m 2 /g. However, ratios around 2-4 already provided an A BET above 1000 m 2 /g, which was not achieved using DCM. An increase in reaction time, studied in the range of 5-120 min again led to higher A BET values for DCM-based HCPs, while with the use of chloroform, a maximum was found at 60 min. The frequency of the vibrating mill was also evaluated (Fig. 1E), again giving a maximum, in this case at 30 Hz, while either an increase or a decrease of it led to lower A BET values for all organochlorine crosslinkers tested. These maxima, again, are consistent with the general assumption that too much energy input can lead to lower surface areas due to the collapse of the polymer structure. Analysis of the pore size distribution (PSD) revealed some similarity between the effects of the two crosslinkers on the pore texture, with an average pore diameter of less than 2 nm.

On the other hand, heteroatoms have also been introduced in order to provide HCPs with improved properties in different application areas. Thus, N-doped HCPs were synthesised using cyanuric chloride as the nitrogen source and different aromatic building blocks as monomers, namely carbazole, anthracene, triphenylbenzene, tetraphenylmethane and naphthalene (see Fig. 1F). [START_REF] Troschke | Mechanochemical Friedel-Crafts Alkylation-A Sustainable Pathway Towards Porous Organic Polymers[END_REF] Under similar characterisation conditions to those used by Lee et al. [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF] (argon adsorption at -186 °C), the tetraphenylbenzene-based HCP exhibited the highest surface area, this time reaching 590 m 2 /g when using tungsten carbide as the bowl and ball material and grinding for 60 min. Different grinding times were studied using carbazole as a precursor and a plateau value in A BET of around 780 m 2 /g based on N 2 adsorption was observed for grinding times above 15 min (see Fig. 1G). Using carbazole as HCP precursor, a PSD with very narrow pores was obtained, with two peaks at 0.5 and 1 nm. The reaction was monitored by [START_REF] Grätz | Mechanochemical synthesis of hyper-crosslinked polymers: Influences on their pore structure and adsorption behaviour for organic vapors[END_REF] C Nuclear Magnetic Resonance (NMR) and Heteronuclear Multiple Bond Correlation, showing the presence of carbazole oligomers after 10 min. [START_REF] Krusenbaum | The mechanochemical Friedel-Crafts polymerization as a solvent-free cross-linking approach toward microporous polymers[END_REF] Adapted with permission from Krusenbaum A, Geisler J, Joel F, Kraus L, Grätz S, Valentin M, et al. The mechanochemical Friedel-Crafts polymerization as a solvent-free cross-linking approach toward microporous polymers. J Polym Sci 2022;60:62-71. Copyright 2022 Wiley. . F) Mechanochemical synthesis of porous covalent triazine frameworks by Friedel-Crafts alkylation of different aromatic monomers with cyanuric chloride. 26 G) Evolution of A BET measured by nitrogen adsorption and yield as a function of reaction time, as well as H) in-situ analysis of temperature and pressure in the milling jar, for carbazole-based HCPs. [START_REF] Troschke | Mechanochemical Friedel-Crafts Alkylation-A Sustainable Pathway Towards Porous Organic Polymers[END_REF] Reprinted with permission from Troschke E, Grätz S, Lübken T, Borchardt L. Mechanochemical Friedel-Crafts Alkylation-A Sustainable Pathway Towards Porous Organic Polymers. Angew Chemie 2017;129:6963-7. Copyright 2017 Wiley.

The corresponding temperature and pressure profiles were also reported, and they showed a substantial increase with grinding time, reaching over 90 ºC and up to 4 bar at 60 min of grinding (see Fig. 1H). In the latter study, the use of different bulking agents to control the reaction was evaluated, with LiCl producing the highest A BET , 620 m 2 /g, followed by ZnCl 2 , NaCl and KCl, with 570, 560 and 485 m 2 /g, respectively. [START_REF] Troschke | Mechanochemical Friedel-Crafts Alkylation-A Sustainable Pathway Towards Porous Organic Polymers[END_REF] 

Scholl coupling (SC) approach

Using Scholl coupling (SC) approach, a wide variety of HCPs has also been synthesized, with an A BET of 1421 m 2 /g, obtained by using triphenylbenzene and pyrrole, 1337 m 2 /g by selecting pitch instead, or 1119 m 2 /g by using triphenylamine. [START_REF] Tan | Hypercrosslinked porous polymer materials: design, synthesis, and applications[END_REF] Fig. 2A shows the schematic representation of HCPs derived from SC reactions. As can be seen, no crosslinker is now added, and the bonds are obtained directly between the monomer molecules themselves, illustrated by the benzene-benzene bonds.

Lee et al. [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF] tested the same four different aromatic compounds as mentioned above in SC reactions, namely pyrrole, biphenyl, triphenylbenzene and tetramethylbenzene. Depending on the precursor, the HCPs obtained exhibited higher (tetramethylbenzene), very similar (pyrrole) or lower (triphenylbenzene and biphenyl) A BET than those produced following the FC approach, again emphasising the crucial importance of the precursor for MS protocols. In order to extend the study, liquid-assisted grinding (LAG), using a wide range of solvents, was also tested following the SC protocol. Thus, polar protic solvents (such as methanol, ethanol, water, formic and acetic acid), polar aprotic solvents (such as N,N-dimethylformamide (DMF), ethyl acetate and pyridine), and nonpolar solvents (such as n-hexane, cyclohexane and dichloromethane (DCM)) were used. Although no direct correlation between porosity and solvent properties could be obtained, generally higher A BET values were reported using solvents compared to the non-LAG protocol. Another interesting key point worth mentioning is that some of these solvents (e.g. MeOH and water) could not produce HCPs by typical Friedel-Crafts procedures.

Grätz et al. [START_REF] Grätz | Mechanochemical synthesis of hyper-crosslinked polymers: Influences on their pore structure and adsorption behaviour for organic vapors[END_REF] developed HCPs following MS reactions by using 4,4'-bis(chloromethyl)-1,1'-biphenyl (BCB) as precursor and FeCl 3 as catalyst. Once again, the authors pointed out that excessive energy supplied to the system led to lower A BET due to the partial degradation of the structure, but this time this occurred by increasing the rotational speed from 500 to 800 rpm. However, low rotational speeds (200 rpm) resulted in an even lower A BET . In this sense, a maximum was again observed, in agreement with the work of Krusenbaum et al. [START_REF] Krusenbaum | The mechanochemical Friedel-Crafts polymerization as a solvent-free cross-linking approach toward microporous polymers[END_REF] The highest values of A BET were obtained by the LAG protocols. For this, different solvents were tested, namely diethyl ether, DCM, chloroform, tetrahydrofuran, ethanol, methanol, ethyl acetate and isopropanol. Optimal values were obtained using diethyl ether, for which an A BET of 1720 m 2 /g and pore volumes of 1.55 cm 3 /g were achieved (after activation at 80 °C for 24h under vacuum, improving on what was obtained without the presence of solvent (850 m 2 /g)). This time, a trend was indeed found, as the lower the boiling point of the solvent, the higher the A BET obtained. This may be related to the fact that solvents vaporise in the mixture, and that vapour is more efficient than liquid as a pore generator. These HCPs have been studied as adsorbents for benzene and cyclohexane vapours, with excellent results (uptakes of over 1000 and 600 cm 3 /g, respectively, at a relative vapour pressure of 0.95).

In another work, 1,3,5-triphenylbenzene was once more used as the main precursor, but tetraphenylmethane, tetraphenyl-ethylene, 2,4,6-triphenylbenzene-1,3,5-triazine, triphenylamine and 1,3,5-tris(N-carbazolyl)benzene were also tested. A very comprehensive study of MS conditions was carried out, where Krusenbaum et al. 17 evaluated many different parameters, such as grinding material, reaction time, liquid assistance, ball size, initial temperature of the mixture and type of grinding (see Fig. 2B). HCP formation was checked by CP MAS, FTIR, thermogravimetric analysis and X-ray powder diffraction. In the absence of crosslinkers, the thermal stability was quite high, with no significant change up to 400ºC, and with a weight loss of about 10 wt.% at 550ºC. Optimal A BET values for 1,3,5-triphenylbenzene were again obtained at very low grinding times of 5 min, in good agreement with Lee et al. [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF] Comparing the different precursors, 1,3,5-tris(Ncarbazolyl)benzene was able to produce HCPs with up to 3 times higher A BET than HCPs based on 1,3,5-triphenylbenzene under the same experimental conditions. LAG was also evaluated. Many different solvents were used, with halogenated solvents showing the highest A BET values for the corresponding HCPs. For the first time, the initial MS temperature was modified and the resulting HCPs were evaluated, with 100 ºC being the optimal temperature found. [START_REF] Krusenbaum | The mechanochemical Scholl reaction as a versatile synthesis tool for the solvent-free generation of microporous polymers[END_REF] Reprinted from Ref. [START_REF] Krusenbaum | The mechanochemical Scholl reaction as a versatile synthesis tool for the solvent-free generation of microporous polymers[END_REF] Zhu et al. [START_REF] Zhu | Solid-State Synthesis of Conjugated Nanoporous Polycarbazoles[END_REF] also developed carbazole-based HCPs using MS. The A BET and pore volume of the optimal HCP were 707 m 2 /g and 0.45 cm 3 /g, respectively. Thus, the A BET was enhanced by almost 50% compared to the traditional solvent-based process. In another study, Zhu et al. [START_REF] Zhu | Accelerating Membrane-based CO 2 Separation by Soluble Nanoporous Polymer Networks Produced by Mechanochemical Oxidative Coupling[END_REF] developed HCPs, which can be used for membrane casting for CO 2 /CH 4 separation, by MS of 3,3,3′,3′-tetramethyl-2,2′,3,3′-tetrahydro-1,1′-pirobi[indene]-6,6′-diol (TTP), which produced HCPs with A BET above 800 m 2 /g. Moreover, this HCP showed excellent solubility in solvents such as THF, ethyl acetate and dimethylformamide. In fact, the significant changes in A BET after dissolution suggest that swelling in different solvents may account for this parameter. Another interesting feature of this HCP is that, when irradiated under UV, it emits at a maximum wavelength of around 470 nm, suggesting a conjugated architecture. A summary of membranes characterisation is included in Fig. 2C, where it can be seen that concentrations as high as 60% of HCP can be added as fillers without altering the apparent visual homogeneity of the membrane. In fact, the SEM images showed increased uniformity as the filler content increased. Solvent-based reactions have generally resulted in higher surface areas than those obtained with MS, which again requires a deeper understanding of the phenomena that occur during both types of synthesis. 29

Other mechanosynthesis approaches

Grätz et al. [START_REF] Grätz | Mechanochemical Suzuki polycondensation-from linear to hyperbranched polyphenylenes[END_REF] produced HCPs by the Suzuki cross-coupling reaction by subjecting 3,5dibromophenylboronic acid and other compounds to MS with palladium acetate and potassium carbonate, both acting as catalysts, thus obtaining 3D mesoporous networks. Although A BET was not measured in this study, polymerisation took place and was maintained up to degrees of polymerisation (defined as the number of monomers forming part of the polymer chain) of 164 after 30 minutes of grinding. Fig. 3A shows the precursors (1,3,5-tribromobenzene, 1,4-dibromobenzene, 1,4-dichlorobenzene, 1,4-diiodobenzene 1,4-phenyldiboronic acid, 4-bromophenylboronic acid, 3,5dibromophenylboronic acid), the catalysts (Pd(OAc) 2 , K 2 CO 3 ), the different grinding materials tested (Si 3 N 4, ZrO 2 , SS and WC), and the products obtained. The highest degrees of polymerisation were obtained for Si 3 N 4 , significantly exceeding the values obtained using ZrO 2 , SS and WC (see Fig 3B).

Thermogravimetric analysis showed very good thermal stabilities, depending on the reaction time.

Thus, some mass loss at about 400ºC took place for the sample synthesized at 30 min reaction time, while for the 120 min sample, the thermal event at this temperature was much lower, finally leading to a residue about 10 wt.% higher (50 wt.%). By FTIR, significant changes could also be observed during HCP formation, mainly due to the disappearance of boron-oxygen and boron-carbon bond and the increase of aromatic rings.

Casco et al. [START_REF] Casco | Mechanochemical synthesis of porous carbon at room temperature with a highly ordered sp 2 microstructure[END_REF] used MS to synthesise porous materials by mixing hexachlorobenzene, C 6 Cl 6 , and calcium carbide, CaC 2 , at different ratios and using different grinding times. Maximum A BET values of 915 m 2 /g were obtained for a CaC 2 /C 6 Cl 6 ratio of 5.1:1 and 120 min of grinding. However, these materials cannot be considered as HCPs but as carbonaceous materials, as carbon contents as high as 71-90 wt.% with predominant sp 2 hybridisation were obtained (see overview of the process and results in Fig. 3C). By the way, the electrical conductivity of the resultant materials ranged from 2.2 to 40.7 S/cm, and their A BET from 120 to 915 m 2 /g. The increase in A BET decreased the electrical conductivity although the values were similar to those of commercial activated carbons (between 1 and 100 S/cm). [START_REF] Casco | Mechanochemical synthesis of porous carbon at room temperature with a highly ordered sp 2 microstructure[END_REF][START_REF] Rey-Raap | An electrical conductivity translator for carbons[END_REF] Porous conjugated HCPs were also obtained by Chen et al. [START_REF] Chen | Benzene Ring Knitting Achieved by Ambient-Temperature Dehalogenation via Mechanochemical Ullmann-Type Reductive Coupling[END_REF] by combining 1,2,4,5tetrabromobenzene as a monomer and Mg acting as a dehalogenation agent (see summary of the HCP formation protocol in Fig. 3D). The maximum pore volume was 0.53 cm 3 /g, and A BET reached 360 m 2 /g, based on an optimum molar ratio of monomer to Mg of 1:4. The change in PSD in the 1:4 ratio test was also very significant, as the distribution changed dramatically in mesopores of about 10 nm, while micro-and macropores were present together in the PSD of the 1:16 sample synthesized at 3 h. In contrast to the results of Lee et al., [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF] MS reaction times of 3 h were required to achieve effective C-C bonding, again emphasising the importance of the monomer and the choice of MS conditions. However, an increase in reaction time to 5 h resulted in structural collapse due to a loss of micropores, which is consistent with achieving a maximum A BET in the reaction time profile, as observed in previous studies. [START_REF] Grätz | Mechanochemical synthesis of hyper-crosslinked polymers: Influences on their pore structure and adsorption behaviour for organic vapors[END_REF][START_REF] Krusenbaum | The mechanochemical Friedel-Crafts polymerization as a solvent-free cross-linking approach toward microporous polymers[END_REF] Other aromatic halides were tested and their reactivity was similarly evaluated, as shown in Fig. 3E. The resulting HCPs showed excellent performance as anodes for lithium batteries, with close results in cyclic voltammetry at low potentials (high reversibility in the range 0.05-0.65 V vs Li/Li + ) and significantly higher capacities (about 1000 mAh/g, compared to 372 mAh/g for graphite). [START_REF] Chen | Benzene Ring Knitting Achieved by Ambient-Temperature Dehalogenation via Mechanochemical Ullmann-Type Reductive Coupling[END_REF] Figure 3. A) Schematic of the Suzuki cross-coupling reaction of different systems conducted in a planetary ball mill. [START_REF] Grätz | Mechanochemical Suzuki polycondensation-from linear to hyperbranched polyphenylenes[END_REF] B) Comparison of four different milling materials for the A2B2 and AB approach, including the degree of polymerisation (DP) (bar chart) and yield (dots) (A2B2: polymer based on 1,4-Dibromobenzene and 1,4-Phenyldiboronic acid; AB: polymer based on 4-Bromophenylboronic acid). [START_REF] Grätz | Mechanochemical Suzuki polycondensation-from linear to hyperbranched polyphenylenes[END_REF] Reproduced from Ref. [START_REF] Grätz | Mechanochemical Suzuki polycondensation-from linear to hyperbranched polyphenylenes[END_REF] with permission from the Royal Society of Chemistry. C) Overview of the MS procedure and the main results of the study of Casco et al. [START_REF] Casco | Mechanochemical synthesis of porous carbon at room temperature with a highly ordered sp 2 microstructure[END_REF] Reprinted from Carbon, 139, Casco ME, Badaczewski F, Grätz S, Tolosa A, Presser V, Smarsly BM, Borchardt L, Mechanochemical synthesis of porous carbon at room temperature with a highly ordered sp 2 microstructure, 325-33, Copyright (2018), with permission from Elsevier. D) Reductive dehalogenation approach for the preparation of crosslinked polymers by direct formation of C-C bonds between aromatic rings. [START_REF] Chen | Benzene Ring Knitting Achieved by Ambient-Temperature Dehalogenation via Mechanochemical Ullmann-Type Reductive Coupling[END_REF] E) Reactivity of different precursors following the MS study described in Ref. [START_REF] Chen | Benzene Ring Knitting Achieved by Ambient-Temperature Dehalogenation via Mechanochemical Ullmann-Type Reductive Coupling[END_REF] Reprinted with permission from Chen H, Fan J, Fu Y, Do-Thanh CL, Suo X, Wang N-doped HCPs were obtained by direct use of a nitrogen-rich monomer such as 1,3,5-tris(Ncarbazolyl)benzene, which was subjected to MS and underwent oxidative polymerisation (FeCl 3 as a catalyst and NaCl as a bulking material). The resultant HCPs had an A BET of up to 1710 m 2 /g after activation (150 °C for 24h under vacuum), which was 100% higher than values previously reported. [START_REF] Grätz | Solvent-free synthesis of a porous thiophene polymer by mechanochemical oxidative polymerization[END_REF] In the same study, S-doped HCPs were also obtained, following the same reaction approach but using 1,3,5-tris(2-thienyl)benzene as monomer. Optimal A BET and yield were obtained after applying a design of experiments approach, which concluded that the FeCl 3 /monomer molar ratio is the most influential parameter. Porous materials were only obtained at FeCl 3 /monomer molar ratios above 2.5. However, A BET reached a plateau when this ratio was as high as 12. A higher grinding speed of 400 to 800 rpm was instead detrimental to the optimal A BET values, due to the collapse of the structure by applying too much energy. Values of up to 1850 m 2 /g and 1 cm 3 /g of A BET and pore volume, respectively, were achieved with a PSD centred in the micropore range with a main peak around 1.6 nm. [START_REF] Grätz | Solvent-free synthesis of a porous thiophene polymer by mechanochemical oxidative polymerization[END_REF] A high level of MS polymerisation was achieved by Ohn et al. [START_REF] Ohn | Mechanochemical Ring-Opening Polymerization of Lactide: Liquid-Assisted Grinding for the Green Synthesis of Poly(lactic acid) with High Molecular Weight[END_REF] by lactide-ring opening, obtaining polylactic acid with a molecular weight as high as 10 000 g/mol. Both the molecular weight and the yield increased significantly with the grinding time. A much more pronounced trend of increasing molecular weight was observed for the first hour, attributable to the degradation of the high-weight polymer chains by the high energy of MS collisions.

Lactide was also used but in combination with 3S-(isobutyl)morpholine-2,5-dione to produce by MS copolymers with improved biocompatibility and biodegradability (see schematic information in Fig. 3F). First, homo-polymerisations using both precursors were studied, and then with the optimised conditions (reaction time 15 min, molar ratio benzyl alcohol/1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)/3-[3,5-bis(trifluoromethyl)phenyl]-1-cyclohexylthiourea of 1:1:5, DCM 0.2 µL/mg), several copolymers were developed by the modification of the lactide/3S-(isobutyl)morpholine-2,5-dione ratio. The reaction time was studied in the range 5-15 min using the latter precursor, concluding that the molecular weight significantly increased with the reaction time, from about 2 000 g/mol for 5 min to up to 5 000 g/mol for 15 min, see Fig. 3G. The copolymer with the highest molecular weight was the one obtained using a lactide/3S-(isobutyl)morpholine-2,5-dione precursor ratio of 38:12.

However, all of them were in a range close to 6 200 -8 500 g/mol. The glass transition of the polymers was also analysed and they suggested good integration of the monomers. [START_REF] Burton | Simple and Rapid Mechanochemical Synthesis of Lactide and 3S-(Isobutyl)morpholine-2,5-dione-Based Random Copolymers Using DBU and Thiourea[END_REF] Besides, ring opening was used for the polymerisation of different norbornene-based monomers and the co-polymerisation of monomers of different functionality via ruthenium alkylidene initiation.

These MS protocols have allowed the production of macropolymers, especially copolymers, which were previously very difficult to obtain, due to the lack of suitable solvents for both monomers, and which made the synthesis protocol tedious and time-consuming. By studying different MS conditions, molecular weights above 20 000 g/mol were obtained by carefully selecting the monomer/initiator ratio and reaction time. Another key feature of the study is that it allowed to see the influence of ball size and quantity on the molecular weight of the polymers developed, concluding that a decrease in ball size also produced a decrease in molecular weight, even when increasing the number of balls. LAG allowed further increases in molecular weights, reaching up to 40 000 g/mol by using tetrahydrofuran (THF) and dichloroethane (DCE) in adequate amounts. By modifying the monomer with different functional groups and dangling chains, macropolymers with molecular weights up to 97 000 g/mol have been reported. [START_REF] Lee | Mechanochemical Ring-Opening Metathesis Polymerization: Development, Scope, and Mechano-Only Copolymer Synthesis[END_REF] Grätz et al. [START_REF] Grätz | Mechanochemical polymerization-controlling a polycondensation reaction between a diamine and a dialdehyde in a ball mill[END_REF] confirmed that polymerisation took place between a diamine and a dialdehyde (pbenzoldicarbaldehyde and p-phenylenediamine, respectively) via a MS-induced polycondensation reaction. Different grinding materials and ball sizes were studied, concluding that the higher the energy input, the higher the conversion, which was achieved by using higher density materials and larger ball sizes. Copyright 2018 American Chemical Society. H) Deacetylation pathway followed by Di Nardo et al. [START_REF] Nardo | Synthesis of high molecular weight chitosan from chitin by mechanochemistry and aging[END_REF] I) X-ray diffraction patterns of chitin and ball-milled chitin using different grinding materials (90 min for Teflon TM , and 30 min for stainless steel and ZrO 2 ). [START_REF] Nardo | Synthesis of high molecular weight chitosan from chitin by mechanochemistry and aging[END_REF] . Reproduced from Ref. [START_REF] Nardo | Synthesis of high molecular weight chitosan from chitin by mechanochemistry and aging[END_REF] with permission from the Royal Society of Chemistry.

In another study, poly(phenylene vinylene) was produced by MS-based Gilch reactions (schematic representation in Fig. 4A), reaching up a molecular weight of up to 40 000 g/mol and a yield of 70% (see Fig. 4B), where again, the higher the grinding time, the higher the conversion and molecular weight, as shown in Fig. 4C (using poly(2-methoxy-5-2′-ethylhexyloxy phenylene vinylene) (PMEPV) as monomer). However, the scission of different polymeric networks of poly(phenylene vinylene) by MS has also been studied, concluding that polymers with molecular weights above 40 000 g/mol are able to absorb enough energy to cause the scission of their own main chains, [START_REF] Ravnsbaek | Mechanochemical Synthesis of Poly(phenylene vinylenes)[END_REF] confirming what was observed on A BET or molecular weight reduction in other studies (see Fig. 4D). [START_REF] Grätz | Mechanochemical synthesis of hyper-crosslinked polymers: Influences on their pore structure and adsorption behaviour for organic vapors[END_REF][START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF][START_REF] Chen | Benzene Ring Knitting Achieved by Ambient-Temperature Dehalogenation via Mechanochemical Ullmann-Type Reductive Coupling[END_REF][START_REF] Grätz | Solvent-free synthesis of a porous thiophene polymer by mechanochemical oxidative polymerization[END_REF] Zhang et al. [START_REF] Zhang | Advancing Polymers of Intrinsic Microporosity by Mechanochemistry[END_REF] were also able to prepare polymers (see SEM image in Fig. 4E) with A BET and molecular weight up to 520 m 2 /g and 485 000 g/mol, respectively, by MS processing of 5,5,6,6tetrahydroxy-3,3,3,3-tetramethyl-1,1'-spirobisindane and 2,2',3,3'-tetrahydroxy-1,1'-binaphthyl.

With reaction times of only 15 minutes, non-highly crosslinked polymers were targeted so that they could be dissolved in common solvents such as THF and DMF. The thermal behaviour showed that no significant changes were observed up to about 400ºC, while the residue at 800ºC was about 50 wt.%. A low level of highly crosslinked units (around 20%) was also obtained by Pedrazzo et al. [START_REF] Pedrazzo | Mechanosynthesis of β-Cyclodextrin Polymers Based on Natural Deep Eutectic Solvents[END_REF] when testing the polymerisation of β-cyclodextrin by MS (4h, 600 rpm). This fraction was evaluated as the water-insoluble fraction. Nevertheless, high molecular weight polymers (up to 22 000 g/mol) were produced. Likewise, poly(ethylene glycol), [START_REF] Malca | Solid-state mechanochemical ωfunctionalization of poly(ethylene glycol)[END_REF] poly(p-phenylene ) [START_REF] Grätz | Mechanochemical Suzuki polycondensation-from linear to hyperbranched polyphenylenes[END_REF] and polypyrrole [START_REF] Posudievsky | Effect of monomer/oxidant mole ratio on polymerization mechanism, conductivity and spectral characteristics of mechanochemically prepared polypyrrole[END_REF] have been developed by MS procedures.

On the other hand, MS protocols allow not only the polymerisation routes and final products to be modified, but also the polymer itself once it has been obtained. In this sense, Ohn & Kim 42 tested different polymers using 4-vinylbenzaldehyde as precursor, where successful modifications of the initial polymers were performed (see schematic representation in Fig. 4F). Up to 12 different amines were tested, ranging from aliphatic to aromatic ones, with conversions of aldehyde substitutions close to 100% in some cases, monitored by 1 H NMR. Compared to solvent-based protocols, at a reaction time of 1h, the conversion increased from 3% at room temperature to 17% at 50 ºC, and to 100% for the MS route (see Fig. 4G).

Another interesting future prospect for MS is the production of HCPs derived from bioresources. For example, chitosan can be produced by deacetylation of chitin, which is usually accompanied by a reduction in molecular weight due to some depolymerisation. However, Di Nardo et al. [START_REF] Nardo | Synthesis of high molecular weight chitosan from chitin by mechanochemistry and aging[END_REF] reported that MS can produce chitosan with deacetylation levels ranging from 73 to 95%, while maintaining high molecular weights (see a summary of the MS protocol in Fig. 4H). For this purpose, the amorphisation of the initial polymer is a very important step, as crystallinity usually hinders the reactivity of polymers. When testing different grinding materials, those with higher densities (stainless steel and zirconia vs PTFE (Teflon TM )) were able to produce amorphous polymers, as observed by X-ray diffraction (see Fig. 4I), thus confirming their suitability for a better deacetylation protocol.

The main MS parameters and properties of the HCPs obtained from FC and SC are presented in Table 1. 

Crystallinity in HCPs

Although HCPs generally have amorphous structures, porous crystalline structures can also be obtained depending on the choice of precursor and the method of synthesis. These materials, usually referred to as covalent organic frameworks (COFs), have also generally been produced by solventbased methods, [START_REF] Jiang | Microporous Organic Polymers: Design, Synthesis, and Function[END_REF][START_REF] Luo | Porous organic polymers for Li-chemistry-based batteries: functionalities and characterization studies[END_REF] although some examples of MS-based structures can also be found. For instance, in the study of Biswal et al. [START_REF] Biswal | Mechanochemical Synthesis of Chemically Stable Isoreticular Covalent Organic Frameworks[END_REF] three different formulations were prepared by simple mechanical grinding with a mortar and pestle. The latter materials were compared to the same formulations developed by solvothermal methods using 1,3,5-triformylphloroglucinol with: a) an aromatic diamine [p-phenylenediamine], b) 2,5-dimethyl-p-phenylenediamine, or c) benzidine as HCP precursors. Only 45 min of grinding was sufficient to achieve the same FTIR profile as that observed from solvothermal methods. The samples showed moderate crystallinity and excellent thermal stability up to 350ºC, as well as excellent chemical stability in different acidic and basic media, depending on the formulation. However, even after activation at 170ºC for 12 h, the samples obtained by mechanical grinding have an A BET of about 60 m 2 /g at the most, while values between 340 and 540 m 2 /g were obtained by solvothermal methods. The reason behind these low A BET has been attributed to the layered structure of the mechanically milled samples compared to the solvothermally obtained samples. [START_REF] Biswal | Mechanochemical Synthesis of Chemically Stable Isoreticular Covalent Organic Frameworks[END_REF] Das et al. [START_REF] Das | Mechanosynthesis of imine, β-ketoenamine, and hydrogen-bonded imine-linked covalent organic frameworks using liquid-assisted grinding[END_REF] also used p-phenylenediamine, terephthalic dihydrazide, 1,3,5-triformylbenzene and 1,3,5-triformylphloroglucinol with a simple mortar by LAG, and compared with solvothermal methods. As Biswal et al. observed, the A BET were much smaller than those obtained by solvothermal methods, which they attributed to the layered structure.

Emmerling et al. [START_REF] Emmerling | In situ monitoring of mechanochemical covalent organic framework formation reveals templating effect of liquid additive[END_REF] studied different precursors, such as 2,4,6-tris(4-aminophenyl)-1,3,5-triazine, terephthaladehyde, benzidine, 1,3,5-triformylbenzene and p-phenylenediamine in different combinations for the formation of COFs by MS. Different catalysts and solvents were used, and the increase in crystallinity implied a higher A BET . By using scandium (III) triflate instead of aqueous acetic acid, acting as a catalyst, A BET above 1000 m 2 /g were obtained and dioxane was better than mesitylene as a solvent.

A positive balance from the perspective of green chemistry principles

In order to understand and better visualise the energy and environmental benefits of MS, an analysis of the 12 principles of green chemistry was carried out, [START_REF] Ardila-Fierro | Sustainability Assessment of Mechanochemistry by Using the Twelve Principles of Green Chemistry[END_REF] and is summarised in Fig. 5 in comparison to the traditional solvent-based FC and SC protocols, here referred to as FC Sb and SC Sb , respectively.

The general absence of solvents in MS potentiates the greener approach of the latter and reduces the amount of products involved in the reaction protocol, making MS a better procedure for waste prevention, atom economy, safer solvents and auxiliaries, safer chemistry and safer chemical design.

Similarly, the solvents frequently used for FC and SC reactions are hazardous, such as dichloroethane, [START_REF] Huang | Hypercrosslinked Polymers: A Review[END_REF] and require moderate temperatures, making MS a much safer protocol. As mentioned earlier, the reaction time is significantly reduced using MS procedures compared to solvent-based methods, and therefore the energy efficiency is also improved. [START_REF] Ramírez-Vidal | Irreversible deformation of hyper-crosslinked polymers after hydrogen adsorption[END_REF][START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF] Nevertheless, there are some principles for which MS of HCPs has not yet provided better performance than FC or SC reaction protocols, such as the lack of bio-based precursors for obtaining high-quality HCPs, or the resultant lack of biodegradability of the obtained products. On the other hand, other principles are well achieved by MS and solvent-based protocols, such as the reduction of derivatives, as the products obtained are generally homogeneous. The recent development of ball mills that allow both pressure and temperature control has enabled real-time analysis of the reaction. [START_REF] Casco | Mechanochemical synthesis of porous carbon at room temperature with a highly ordered sp 2 microstructure[END_REF] The only point where solvent-based protocols outperform MS is the amount of catalyst, as a larger amount is usually required for MS to obtain HCPs of similar surface areas. [START_REF] Lee | Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers[END_REF] However, the lack of recoverability of these catalysts, usually metal chlorides, is a general drawback in the synthesis of HCPs. Recent studies have therefore analysed the substitution of these metal chlorides by faster and less harmful species, like trifluoromethanesulfonic acid, [START_REF] Lau | Continuous flow knitting of a triptycene hypercrosslinked polymer[END_REF] triflic acid, sulfuric acid or p-toluenesulfonic acid. [START_REF] Prince | Metal-Free Hyper-Cross-Linked Polymers from Benzyl Methyl Ethers: A Route to Polymerization Catalyst Recycling[END_REF] The latter, which is solid at room temperature, was recovered in yields of over 80% and reused three times without loss of the apparent properties of the products obtained. 

A wide range of applications for hyper-crosslinked polymers

HCPs have proven to be valuable in many different application areas due to their inherent porosity.

In this section, different applications are discussed in detail, focusing on the latest achievements for each specific case. As mechanosynthesis is a relatively new method for the preparation of HCPs, their applications in general will be presented here with the aim of encouraging researchers to produce them by more environmentally friendly methods, as is the case for mechanosynthesis.

Catalysis

Extensive work has already been done on the use of HCPs as catalysts, as reported elsewhere. [START_REF] Gu | Low-Cost Hypercrosslinked Polymers by Direct Knitting Strategy for Catalytic Applications[END_REF][START_REF] Du | Porous Organic Polymers for Catalytic Conversion of Carbon Dioxide[END_REF] Although there are several studies on metal-free catalysts derived from HCPs 2,4,55 or based on doping with coordinating atoms such as N, P, O, etc., [START_REF] Gu | Low-Cost Hypercrosslinked Polymers by Direct Knitting Strategy for Catalytic Applications[END_REF][START_REF] Du | Porous Organic Polymers for Catalytic Conversion of Carbon Dioxide[END_REF] the main catalysts have been produced by including metal ligands in the polymer structure. [START_REF] Gu | Low-Cost Hypercrosslinked Polymers by Direct Knitting Strategy for Catalytic Applications[END_REF][START_REF] Du | Porous Organic Polymers for Catalytic Conversion of Carbon Dioxide[END_REF][START_REF] Valverde-González | Metal Catalysis with Knitting Aryl Polymers: Design, Catalytic Applications, and Future Trends[END_REF] Metal-free HCP-derived catalysts have been used to synthesise biodiesel after esterification of oleic acid and methanol; yields of up to 93% of methyl oleate were obtained under optimal conditions and the reusability of the catalyst was also outstanding, as no significant change in yield was observed after five uses. It should be noted that in the above example, pitch was used as HCP precursor, thus expanding the range of possible precursors to high molecular weight compounds (see the schematic of the HCP synthesis in Fig. 6A). Surface areas of 520 and 380 m 2 /g were obtained with HCPs functionalised with allyl chloride and those subsequently functionalised with imidazole, respectively, thus producing acidic ionic liquid catalysts immobilized on HCPs acting as supports (see Fig. 6B). [START_REF] Pei | Preparation of Chloromethylated Pitch-Based Hyper-Crosslinked Polymers and An Immobilized Acidic Ionic Liquid as A Catalyst for the Synthesis of Biodiesel[END_REF] A detailed description of the reaction parameters and catalyst lifetime has been included in Fig. 6C-F.

Another reaction that has also been catalysed by HCP-based materials is the conversion of NaN 3 to triazoles and benzylic azides, with conversion efficiencies of up to 95% in EtOH medium. 57 As with the inclusion of N, P and O, the combination of barbituric acid and hexachlorocyclophosphazene allowed the preparation of efficient catalysts for the photoreduction of CO 2 , capable of producing up to 22.5 µmol/(g•h) CH 4 with a 90% selectivity (see the schematic of the catalytic activity in Fig. 6G). [START_REF] Guo | Visible-Light-Driven Photoreduction of CO 2 to CH 4 over N,O,P-Containing Covalent Organic Polymer Submicrospheres[END_REF] This optimal catalyst showed very good performance even after more than 10 cycles of 12 h duration, as observed in Fig. 6H. Other atoms such as Br were also used to develop organic frameworks in which the delocalisation caused by this atom could help to reduce CO 2 to CO with a selectivity of almost 96% and a yield of about 300 µmol/g for 12 h (see 3D molecular representation in Fig. 6I). [START_REF] Wang | Improved Photoreduction of CO 2 with Water by Tuning the Valence Band of Covalent Organic Frameworks[END_REF] By combining imidazole and octavinylsesquioxane, HCPs with surface areas up to 537 m 2 /g and having micro-and mesoporosity were obtained, which again acted as efficient catalysts for CO 2 conversion. [START_REF] Zhang | POSS and imidazoliumconstructed ionic porous hypercrosslinked polymers with multiple active sites for synergistic catalytic CO 2 transformation[END_REF] S-functionalised HCPs were formulated by Li et al., [START_REF] Li | Hypercrosslinked organic polymer based carbonaceous catalytic materials: Sulfonic acid functionality and nanoconfinement effect[END_REF] showing very good results for the rearrangement of cyclohexanone oxime. More examples based on N-and S-doped HCPs can be found in the study of Gu et al. [START_REF] Gu | Low-Cost Hypercrosslinked Polymers by Direct Knitting Strategy for Catalytic Applications[END_REF] Regarding HCP-based catalysts that include metal compounds in their structure, HCPs have been applied as supports for NiOOH and SiO 2 , used as the active phase and Brönsted acid, respectively, demonstrating the ability to produce hydrocracking of anthracene in supercritical propanol. [START_REF] Stepacheva | Polymer-based bifunctional catalysts for anthracene hydrocracking in the medium of supercritical propanol-2[END_REF] The hydrogenation of benzene in benzene/toluene mixtures can also be catalysed by amino-HCP-based catalysts, where the active sites were provided by three different metals: Pt, Pd and Ru. A selectivity of 44% towards cyclohexane and an almost complete conversion of benzene were achieved under optimal conditions using Ru as the active metal ligand (see overview in Fig. 6J). [START_REF] Bykov | Hydrogenation of a Benzene-Toluene Mixture Using Metal Nanoparticles Stabilized by a Hyper-Crosslinked Aromatic Polymer[END_REF] In another study, Pd-derived HCPs (see Fig. 6K) catalysed C-H halogenation, acetoxylation, and arylation with yields up to 85, 75 and 70%, respectively (see some examples of halogenation reactions in Fig. 6L) These

HCPs were based on N,N′-dimethyl-benzimidazolium iodide and triphenylmethane. [START_REF] Mandal | Hypercrosslinked Polymer Platform-Anchored Single-Site Heterogeneous Pd-NHC Catalysts for Diverse C-H Functionalization[END_REF] Suzuki-Miyaura reactions were also catalysed by Pd-based HCPs with a very low Pd content of only 0.03 mol.% achieving up to 6 complete cycles without significant loss of activity. [START_REF] Lin | Immobilization of a Pd(ii)containing N-heterocyclic carbene ligand on porous organic polymers: efficient and recyclable catalysts for Suzuki-Miyaura reactions[END_REF] Other reactions have also been subjected to the use of Pd-based catalysts associated with HCPs. [START_REF] Yue | Enhancing stability by trapping palladium inside N-heterocyclic carbene-functionalized hypercrosslinked polymers for heterogeneous C-C bond formations[END_REF][START_REF] Liu | Palladium clusters on dicarboxylfunctional hypercrosslinked porous polymers for oxidative homocoupling of benzene with O 2[END_REF] In the case of the catalytic conversion of CO 2 , Du et al. [START_REF] Du | Porous Organic Polymers for Catalytic Conversion of Carbon Dioxide[END_REF] summarised the state-of-the-art of HCP-based metal ligands catalysts. Other examples of HCPs doped with metal complexes and/or nanoparticles with application in catalysis were reported by Gu et al. [START_REF] Gu | Low-Cost Hypercrosslinked Polymers by Direct Knitting Strategy for Catalytic Applications[END_REF] and Valverde-González et al., [START_REF] Valverde-González | Metal Catalysis with Knitting Aryl Polymers: Design, Catalytic Applications, and Future Trends[END_REF] concluding that palladium and ruthenium are the most used metals for catalyst formulations, while triphenylphosphine is the most used precursor for HCP formation. While no relationship could be found between surface area and catalytic activity, a higher activity was found to be correlated with smaller nanoparticles.

Chromatography

Due to the possibility of tailoring their porosity, HCPs have also been used in chromatography. For example, Shirayeava et al. [START_REF] Shiryaeva | Stationary Phase Based on Hypercrosslinked Polystyrene for Capillary Gas Chromatography[END_REF] developed a polystyrene-based HCP that was used as a stationary phase in gas chromatography. Although it mimicked the structure of the widely used poly(trimethylsilylpropyne) quite well, a limited porous network was obtained, which could not perform as well as the aforementioned phase for light hydrocarbons. However, more recent studies by Kanateva et al. [START_REF] Kanateva | Preparation and properties of GC capillary column with hypercrosslinked stationary phase[END_REF] succeeded in preparing suitable and highly efficient HCPs for gas chromatography column (see Fig. 7A), using the same precursor as in the previous study, and which achieved high resolution for the separation of volatile compounds, such as ethane, ethene and ethyne, and many others depending on the selected conditions, as can be seen in Fig. 7B andC. In addition, this HCP exhibited high water resistance and thermal stability.

With regard to liquid chromatography, Penner et al. [START_REF] Penner | Investigation of the properties of hypercrosslinked polystyrene as a stationary phase for highperformance liquid chromatography[END_REF] have already studied the use of hypercrosslinked polystyrene as a substitute for common column materials of in 1999. These HCPs were able to successfully separate many aromatic compounds, such as 2,4-dinitrophenol, phenol, p- [START_REF] Penchah | Efficiency increase in hypercrosslinked polymer based on polystyrene in CO 2 adsorption process[END_REF] Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer, Polymer Bulletin, Efficiency increase in hyper-crosslinked polymer based on polystyrene in CO 2 adsorption process, Ramezanipour Penchah H, Ghaemi A, Ghanadzadeh Gilani H. Copyright 2020. I) Summary of HCP formation using benzene as precursor by FC reaction and its performance on hydrogen storage at different pressures. 6 J) Review of H 2 and CO 2 uptakes of HCPs by Ramirez-Vidal et al. [START_REF] Ramírez-Vidal | Irreversible deformation of hyper-crosslinked polymers after hydrogen adsorption[END_REF] Reprinted from Journal of Colloid and Interface Science, 605, Ramírez-Vidal P, Suárez-García F, Canevesi RLS, Castro-Muñiz A, Gadonneix P, Paredes JI, Celzard A, Fierro V, Irreversible deformation of hyper-crosslinked polymers after hydrogen adsorption, 513-27, Copyright (2022), with permission from Elsevier.

Adsorption

Gaseous compounds

The usually high porosity of HCPs has placed them among the most promising materials for the adsorption of many different gaseous compounds. This, together with the growing concern about CO 2 emissions, is leading many researchers to focus their efforts on this topic. 8,9,74-76 CO 2 adsorption has been performed on benzene-based HCPs, achieving maximum storage values of 262 mg/g (see schematic summary in Fig. 7D, and main performance based on different parameters in Fig. 7E and 7F). [START_REF] Penchah | Benzene-Based Hyper-Cross-Linked Polymer with Enhanced Adsorption Capacity for CO 2 Capture[END_REF] HCPs based on polystyrene (100 000 g/mol) were also studied for CO 2 adsorption using a surface response methodology, from which values of surface area up to 370 m 2 /g were obtained.

Optimal CO 2 adsorption (222 mg/g at 5 bar) was achieved at 14.6 h reaction time, with 0.01 mmol polystyrene, 15 mmol FeCl 3 and 17.7 mmol FDA (the schematic representation is given Fig. 7G, also including the effect of pressure and time on the adsorption capacity, Fig. 7H). [START_REF] Penchah | Efficiency increase in hypercrosslinked polymer based on polystyrene in CO 2 adsorption process[END_REF] Other examples of HCP based on polystyrene have been summarised by Castaldo et al. [START_REF] Castaldo | Microporous hypercrosslinked polystyrenes and nanocomposites with high adsorption properties: A review[END_REF] H 2 storage is also receiving a lot of attention due to the need to replace fossil fuels and to provide alternative means of energy. Ramírez-Vidal et al. [START_REF] Ramírez-Vidal | Irreversible deformation of hyper-crosslinked polymers after hydrogen adsorption[END_REF] evaluated H 2 storage up to high pressures of 14

MPa. HCPs showed irreversible deformation at these high pressures, which limits their field of application (see summary in Fig. 7I). A detailed review of H 2 and CO 2 adsorption data reported in the open literature was also carried out: Fig. 7J shows H 2 adsorption at -196 °C and 1 atm, and CO 2 adsorption at 0 °C and 1 atm, as a function of the BET area of HCPs. [START_REF] Ramírez-Vidal | Irreversible deformation of hyper-crosslinked polymers after hydrogen adsorption[END_REF] Methane adsorption was also studied with HCP frameworks. Thus, using tetraphenylmethane and FDA as precursor and crosslinker, respectively, A BET values in the range of 950-1300 m 2 /g were obtained depending on the precursor/crosslinker ratio. When the sample with the highest A BET was tested for methane adsorption at 10 bar, capacities as high as 84 and 64 cm 3 /g at 0 and 25ºC, respectively, were obtained. [START_REF] Errahali | Microporous Hyper-Cross-Linked Aromatic Polymers Designed for Methane and Carbon Dioxide Adsorption[END_REF] The porous carbons developed from these HCPs also exhibited very good CH 4 adsorption capacities. [START_REF] Gatti | On the Gas Storage Properties of 3D Porous Carbons Derived from Hyper-Crosslinked Polymers[END_REF] In another study by Wood et al., [START_REF] Wood | Microporous Organic Polymers for Methane Storage[END_REF] HCPs were prepared from dichloroxylene and 4,4'-bis(chloromethyl)-1,1'-biphenyl and, depending on the precursor, different values of A BET and CH 4 uptakes were obtained, with a maximum of 5.2 mmol/g at 20 bar for the sample with the highest A BET , 1904 m 2 /g. These results are significantly higher adsorption than those obtained by Errahali et al., [START_REF] Errahali | Microporous Hyper-Cross-Linked Aromatic Polymers Designed for Methane and Carbon Dioxide Adsorption[END_REF] 3.75 and 2.86 mmol/g at 0 and 25ºC, respectively. Even higher CH 4 uptakes were reported by Tong et al. [START_REF] Tong | Advantage of nanoporous styrene-based monolithic structure over beads when applied for methane storage[END_REF] when preparing polystyrene-based HCPs, which reached 9.75 mmol/g at 65 bar and 0 °C for materials having an A BET of about 2085 m 2 /g.

Organic vapours can also be adsorbed by HCPs, as demonstrated by Grätz et al., [START_REF] Grätz | Mechanochemical synthesis of hyper-crosslinked polymers: Influences on their pore structure and adsorption behaviour for organic vapors[END_REF] where 4,4'bis(chloromethyl)-1,1'-biphenyl-based HCPs gave excellent results for the adsorption of benzene and cyclohexane. In another study, trichloroethylene was successfully adsorbed by poly(styrenedivinylbenzene)-based HCPs. Different parameters, such as flow rate, column height/diameter ratio and temperature were analysed; it was concluded that an increase in temperature and flow rate led to a reduction in adsorption capacity, while an increase in height/diameter ratio from 1 to 2 led to a significant improvement and then retention of adsorption capacity up to a height/diameter ratio of 5. [START_REF] Jia | Parameter Effects on Dynamic Adsorption of Trichloroethylene on Hypercrosslinked Polymeric Adsorbents[END_REF] Data on the adsorption of other volatile organic compounds by HCPs, including a comprehensive analysis of key parameters, have been reported by Li et al. [START_REF] Li | Adsorption materials for volatile organic compounds (VOCs) and the key factors for VOCs adsorption process: A review[END_REF] Liquid-phase compounds

Removal of organic molecules

The adsorption of organic compounds, including dyes, in the liquid phase was studied using HCPs.

As an example, uptakes of naphthalene and 1-naphthylamine of 226 and 175 mg/g were respectively obtained by adsorption in an HCP based on poly(p-(2,2,2-triphenylethyl)styrene). This system was able to maintain adsorption capacities of about 72% and 89% of the initial uptake after five cycles. [START_REF] Cai | Preparation of hyper-crosslinked polymers with hierarchical porous structure from hyperbranched polymers for adsorption of naphthalene and 1-naphthylamine[END_REF] Various phenolic compounds such as salicylic acid, phenol, hydroquinol, phlorogucinol and gallic acid were also tested for adsorption by a series of HCPs with a chloromethylated polystyrene backbone, with and without functionalisation with amino, hydroxyl, and other complex functional groups. The inclusion of isatin in the polymer network allowed the adsorption of up to 336 mg/g of salicylic acid, more than twice the capacity of the non-functionalised HCP, and between 3 and 6 times the capacity of commercial resins. [START_REF] Xu | Effective adsorption of phenolic compounds by functional group modified resins: behavior and mechanism[END_REF] In another study, hyper-crosslinked cyclodextrin-based membranes with graphitic acid as a "green" precursor were fabricated (see Fig. 8A for a schematic overview), which were tested for the adsorption of pyrene, phenanthrene, fluoranthene and benzopirene. The highest adsorbed amounts were 25, 14, 17.5 and 24 mg/g, respectively. [START_REF] Topuz | Scavenging organic micropollutants from water with nanofibrous hypercrosslinked cyclodextrin membranes derived from green resources[END_REF] Besides, the adsorption of common dyes such as safranin O (SO), methylene blue chloride (MB) and rhodamine B (RhoB) was evaluated, reaching a plateau around 1000 min, with uptakes close to 200 mg/g, as can be seen in Fig. 8B. In this sense, Castaldo et al. [START_REF] Castaldo | Amino-functionalized hyper-crosslinked resins for enhanced adsorption of carbon dioxide and polar dyes[END_REF] developed an amino-functionalised HCP based on vinylbenzyl chloride/divinylbenzene, which was able to adsorb up to 130 mg/g of indigo carmine, more than four times the amount adsorbed by non-functionalised HCPs. Focusing on the removal of methyl orange, imidazolium-and pyridine-based HCPs were able to achieve adsorption capacities as high as 1159 mg/g, significantly exceeding the values obtained by previous studies with more common sorbents. [START_REF] Yang | Processable hypercrosslinked ionic networks for effective removal of methyl orange[END_REF] Using two different precursors, namely tetraphenylethylene and 4-(5,6-diphenyl-1H-benzimidazol-2yl)-triphenylamine, crosslinked with 1,4-bis(chloromethyl)benzene, rhodamine B adsorbed amounts of up to 107 and 256 mg/g were obtained by HCPs based on the former and latter precursor, respectively. [START_REF] Mohamed | Multifunctional hypercrosslinked porous organic polymers based on tetraphenylethene and triphenylamine derivatives for high-performance dye adsorption and supercapacitor[END_REF] Guerritore et al. [START_REF] Guerritore | Hypercrosslinked polymer nanocomposites containing mesoporous silica nanoparticles with enhanced adsorption towards polar dyes[END_REF] evaluated another way to increase the adsorption capacity by including silica nanoparticles in a styrene-based HCP backbone, which resulted in Remazol Brilliant Blue R adsorption uptakes above 200 mg/g. More comprehensive information on this topic has been reported elsewhere. [START_REF] Waheed | Removal of hazardous dyes, toxic metal ions and organic pollutants from wastewater by using porous hyper-cross-linked polymeric materials: A review of recent advances[END_REF][START_REF] Ou | Pentiptycene-based microporous polymer for removal of organic dyes from water[END_REF] However, before implementing any of these systems (or a combination of them) in real wastewater treatment plants, further studies have to be developed regarding the actual removal in complex wastewater, where many different dyes (as done by Anito et al. [START_REF] Anito | Iminodiacetic acid-functionalized porous polymer for removal of toxic metal ions from water[END_REF] for metal ion removal) and other compounds are present. In this sense, not only the removal of dyes should be studied, but also the D) Schematic illustration of iminodiacetic acid-functionalised HCPs and their E) capture efficiency for the removal of various metallic ions. [START_REF] Anito | Iminodiacetic acid-functionalized porous polymer for removal of toxic metal ions from water[END_REF] Reprinted from Journal of Hazardous Materials, 400, Anito DA, Wang TX, Liu ZW, Ding X, Han BH, Iminodiacetic acidfunctionalized porous polymer for removal of toxic metal ions from water, 123188, Copyright (2020), with permission from Elsevier. F) Schematic formation route of hollow HCP-based microspheres, and G) corresponding SEM images. [START_REF] Li | Hollow microporous organic capsules[END_REF] Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer, Scientific Reports, Hollow Microporous Organic Capsules, Li B, Yang X, Xia L, Majeed MI, Tan B, Copyright 2013.

Removal of inorganics

The removal of inorganic matter, including heavy metals, is also a frequently discussed topic, as these chemicals endanger human health and the environment. For example, iodine removal has been studied, with up to 2600 mg/g uptake for a trypticene-based HCP, [START_REF] Ansari | A mesoporous polymer bearing 3D-Triptycene, -OH and azo-functionalities: Reversible and efficient capture of carbon dioxide and iodine vapor[END_REF] while adsorbed amounts up to 4900 mg/g were obtained considering 1,3,5,7-tetrakis (4-formylphenyl) adamantine as a precursor, as

shown by the iodine adsorption curves in Fig. 8C. [START_REF] Wu | Adsorption of Iodine on Adamantane-Based Covalent Organic Frameworks[END_REF] Based on a carbazole backbone, HCPs with surface area and pore volume of 689 m 2 /g and 0.54 cm 3 /g, respectively, were able to remove up to 99.88% of Pb 2+ ions from wastewater under optimal conditions (i.e., 35 ºC, 40 mg/L Pb 2+ , pH 11 and adsorption time of 60 min). [START_REF] Haratbar | Potential of hypercrosslinked microporous polymer based on carbazole networks for Pb(II) ions removal from aqueous solutions[END_REF] In a more comprehensive study, iminodiacetic acid-functionalised HCPs (see schematics in Fig. 8D) were used to study the selectivity in the removal of various metal ions simultaneously, which is close to a reallife scenario. The HCPs significantly removed Hg 2+ , Co 2+ , Pb 2+ and Cd 2+ species (see Fig. 8E) in a solution containing Fe 3+ , Cd 2+ , Pb 2+ , Mg 2+ , Hg 2+ , Co 2+ , Zn 2+ and Na + . [START_REF] Anito | Iminodiacetic acid-functionalized porous polymer for removal of toxic metal ions from water[END_REF] Using poly(paramethoxystyrene) as a precursor, Fe 3+ ions in aqueous solution were also removed. [START_REF] Liao | Direct synthesis of hypercrosslinked microporous poly(para-methoxystyrene) for removal of iron(III) ion from aqueous solution[END_REF] The removal of other toxic metal ions by HCPs has also been discussed in studies by Waheed et al. [START_REF] Waheed | Removal of hazardous dyes, toxic metal ions and organic pollutants from wastewater by using porous hyper-cross-linked polymeric materials: A review of recent advances[END_REF] and Masoumi et al., [START_REF] Masoumi | Evaluation of hyper-cross-linked polymers performances in the removal of hazardous heavy metal ions: A review[END_REF] demonstrating that HCPs can be applied in a wide range of settings, depending on the precursor, the metal species involved and different scenarios.

Drug delivery

The highly porous structure of HCPs can allow drugs to be appropriately confined within the polymeric backbone, making them promising carriers for drug delivery. In this sense, HCP-based hollow microspheres containing silica nanoparticles were developed by Li et al., [START_REF] Li | Hollow microporous organic capsules[END_REF] using both polystyrene and divinylbenzene as precursors, which were able to tune the adsorption and thus the drug delivery capacity by carefully choosing the concentration of the silica nanoparticles (see the schematic preparation process of these hollow microspheres in Fig. 8F and the actual SEM image in Fig. 8G). Thus, the release of ibuprofen in simulated body fluid (37 ºC, pH 7.4) was evaluated, showing that at low concentrations of silica nanoparticles (0.5-5%), ibuprofen can be released almost completely within a period of 25 hours, whereas it is much faster (around 12 hours) for higher concentrations (10-15%), due to the presence of much smaller pores. In addition, the release response also shifts from first-order to zero-order kinetics when the silica concentration increases to 10-15%. In a different approach, HER2, a receptor well known to recognise a wide variety of cancer cells, was hyper-crosslinked with N-(2-hydroxypropyl)methacrylamide to enhance its internalisation into the cells, allowing its delivery beyond the cell wall, and enabling detection of the tumour at earlier stages. [START_REF] Radford | Multivalent HER2binding polymer conjugates facilitate rapid endocytosis and enhance intracellular drug delivery[END_REF] On the other hand, cyclodextrin, this time part of a co-HCP with sialic acid, proved valuable for the adsorption and encapsulation of organic compounds, and the site-specific targeting properties of sialic acid were exploited simultaneously. Doxorubicin was chosen as a model to test the release of the drug, which showed strong adsorption on the thus synthesised HCPs, and allowed adequate discharge into the cells, assessed by confocal microscopy. In addition, it is worth mentioning that no cytotoxic effect was found. [START_REF] Singh | Fabrication of β-cyclodextrin and sialic acid copolymer by single pot reaction to site specific drug delivery[END_REF] More detailed information on HCPs with applications in drug delivery, with particular attention to nanosponges and cyclodextrin-based systems, is available elsewhere. [START_REF] Osmani | Cyclodextrin nanosponge-based systems in drug delivery and nanotherapeutics: Current progress and future prospects[END_REF][START_REF] Ali | Nanosponge Carriers-An Archetype Swing in Cancer Therapy: A Comprehensive Review[END_REF][START_REF] Ali | Cyclodextrin Based Nanosponges: Impending Carters in Drug Delivery and Nanotherapeutics[END_REF][START_REF] Swaminathan | Nanosponges encapsulating dexamethasone for ocular delivery: Formulation design, physicochemical characterization, safety and corneal permeability assessment[END_REF][START_REF] Tejashri | Cyclodextrin based nanosponges for pharmaceutical use: A review[END_REF] 

Bio-based HCPs

The use of bioresources for the production of high value-added HCPs has not been studied in depth to date, which we consider to be a gap in this research area. In this section, studies that take advantage of bioresources to formulate HCPs are reviewed.

Lignin, a well-known by-product of paper and bioethanol production, was used for the formulation of HCPs with FDA by Meng and Weber (see schematics and SEM image of the HCP in Fig. 9A). [START_REF] Meng | Lignin-based microporous materials as selective adsorbents for carbon dioxide separation[END_REF] Although no suitable porous structure was produced by the solvent-based FC reaction, since surface areas around 5 m 2 /g were obtained, an acceptable CO 2 adsorption capacity with outstanding selectivity against N 2 was reported (see Fig. 9B (left)). The carbonaceous materials obtained after heat treatment at 550 ºC adsorbed larger amounts of CO 2 and N 2 , but the selectivity in CO 2 separation was reduced (see Fig. 9B (right)). Lignin-based HCPs were synthesised by Liu et al., [START_REF] Liu | Construction of Microporous Lignin-Based Hypercross-Linked Polymers with High Surface Areas for Enhanced Iodine Capture[END_REF] but this time by copolymerization with 4-vinylbenzyl chloride and divinylbenzene. Contrary to what was observed by Meng and Weber, [START_REF] Meng | Lignin-based microporous materials as selective adsorbents for carbon dioxide separation[END_REF] the inclusion of such copolymers increased the A BET to values between 1000 and 1450 m 2 /g. These HCPs showed very good iodine uptake, with maximum capacities of around 250 wt.% at 75 ºC and 1 bar, comparable to those observed for the trypticenebased HCP reported in a previous section. [START_REF] Ansari | A mesoporous polymer bearing 3D-Triptycene, -OH and azo-functionalities: Reversible and efficient capture of carbon dioxide and iodine vapor[END_REF] In a different approach, smaller units derived from lignin, such as guaiacol, p-methoxyphenol, m-methoxyphenol, 4-ethylphenol and others, have also been used as precursors for HCP formation. [START_REF] Shao | Facile preparation of oxygen-rich porous polymer microspheres from lignin-derived phenols for selective CO2 adsorption and iodine vapor capture[END_REF] Again, although the A BET were less than 250 m 2 /g, CO 2 and iodine uptake were found to be as high as 64.1 mg/g (at 0 ºC and 1 bar) and 192.3 wt.%, respectively, were reported. The latter results are very close to the CO 2 uptake obtained by using lignin-derived HCPs in the work of Meng and Weber (61.5 mg/g at 0 ºC and 1 bar). A selectivity of 35 was obtained when studying a CO 2 /N 2 mixture, somewhat lower than that of the HCP derived from Organosolv lignin (see Fig. 9B (left)). In an even greener approach, cashew nut shell liquid was used as a precursor of several HCPs by SC reaction in DCE. A BET of less than 95 m 2 /g were obtained but very good o-xylene adsorption performance, up to 217 mg/g, was achieved and only slightly reduced (by 7%) after five adsorption/desorption cycles. [START_REF] Liu | Preparation of hypercrosslinked polymers with cashew nut shell liquid for removal of volatile organic compounds[END_REF] On the other hand, catechol, a dihydroxybenzene, has been recently used as bio-precursor of HCP using FDA as a crosslinker by a solvent-based FC reaction. This HCP was successfully used to remove Fe 2+ from water. Indeed, catechol possesses high inherent affinity for Fe ions, due to the positions of their functional groups, which was confirmed by the selection of other monomers, such as toluene, phenol and hydroquinone. Thus, the HCP derived from catechol presented the highest Fe 2+ uptake, reaching more than 80 wt.% adsorption of the Fe 2+ concentration in solution, compared to about 20 wt.% for the HCPs derived from the other monomers (see Fig. 9C), even though the A BET was much higher for the toluene-based HCP (745 m 2 /g) compared to the others (ranging from 3 to 32m 2 /g). [START_REF] Ratvijitvech | Bio-inspired Catechol-based Hypercrosslinked Polymer for Iron (Fe) Removal from Water[END_REF] HCPs synthesised from catechol, FDA and using a solvent-based FC reaction were also used as supports for silver nanoparticles, and the materials showed high antibacterial activity.

Damage to the cell structure was observed by examining SEM images of cultures with and without the presence of Ag in the HCPs (see Fig. 9D). [START_REF] Ratvijitvech | Antibacterial efficiency of microporous hypercrosslinked polymer conjugated with biosynthesized silver nanoparticles from Aspergillus niger[END_REF] β-myrcene, a terpene that can be recovered from essential oils, was used with 4-vinylbenzyl chloride, divinylbenzene and 1,3-butanedioldiacrylate, used as crosslinkers, to produce HCPs. [START_REF] Kekevi | Preparation of hypercrosslinked PolyHIPEs by using a bio-derived monomer[END_REF] The maximum A BET was 60 m 2 /g and these materials were considered as potential porous hosts for phasechange materials.

The partial substitution of non-renewable feedstocks was studied by Zhou et al. [START_REF] Zhou | Enhanced recovery of acetophenone and 1-phenylethanol from petrochemical effluent by highly porous starch-based hypercrosslinked polymers[END_REF] In their work, cassava starch functionalised with styrene was used as a precursor for the formulation of HCPs using different crosslinkers, namely FDA, 1,4-dichlorobenzene and 4,4′-bis(chloromethyl)-1,1′-biphenyl. It was found that the larger the size of the crosslinker used, the higher the A BET of the HCPs, increasing from 222 m 2 /g for FDA to 791 m 2 /g for 1,4-dichlorobenzene and 818 m 2 /g for 4,4′bis(chloromethyl)-1,1′-biphenyl. The latter HCP showed good uptake of organic compounds, reaching 2.82 mmol/g of acetophenone (see Fig. 9E), and with an acetophenone/1-phenylethanol selectivity close to 5:1. Furthermore, the efficiency using wastewater with traces of other toxic compounds such as phenol, toluene, benzyl alcohol, etc., and with a higher concentration of 1phenylethanol compared to acetophenone was also demonstrated (93.6% and 74.4% removal of acetophenone and 1-phenylethanol, respectively), as shown in Fig. 9F. In a similar approach, starchand styrene-based HCPs were synthesised by varying the concentration and molar ratios of FeCl 3 and FDA. The optimal formulation, with FeCl 3 /FDA and FDA/styrene molar ratios of 2.5:1 and 10:6 respectively, resulted in maximum A BET values of 1039 m 2 /g, with a total pore volume of 0.71 cm 3 /g, Although some studies to produce bio-based HCPs have been carried out, there is still a lot of work to be done, as very low surface areas are usually obtained, which limits the application of these materials. Therefore, in this review, we have provided in-depth knowledge on different topics, in order to combine the use of a simple, fast and green technology such as MS, with the need to use biobased precursors instead of molecules derived from petrochemistry. We have highlighted the potential applications of these materials, so that the scientific community can have a basis for further improvements in this field.

Conclusion

The present review gathers, among other greener synthesis methods, the latest achievements in mechanosynthesis (MS) of hyper-crosslinked polymers (HCPs) based on different approaches, mainly Friedel-Crafts (FC) and Scholl coupling (SC) reactions, but also other less common procedures. We have analysed in detail the different experimental parameters in each considered approach and have paid special attention to the porosity obtained. Depending on the precursor, the presence/absence of crosslinker, and the nature of the crosslinker used and the MS parameters (jar and ball materials, rotation speed, reaction time, etc.), a wide range of different HCPs can be formulated, with pore textures ranging from very low BET area values to more than 1000 m 2 /g.

The greenest and most efficient approach was MS compared to solvent-based reactions, such as FC and SC, and this was concluded after analysing the twelve principles of green chemistry for the three synthesis methods. A section including the main applications of HCPs was also presented, with special attention paid to the fields of catalysis, chromatography, adsorption and drug delivery, where these HCPs have shown outstanding performance. Finally, a last section concerning the use of bioresources in HCP formulations was included, which would further enhance the greener aspects of the MS approach. Therefore, this review is not only a summary of the different approaches considered for the synthesis of HCPs, but also a call to the scientific community to produce them in a greener, faster and simpler way through the use of bioresources and MS.
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 1 Figure 1. A) Schematic motion of planetary ball milling (left) and mixer milling (right). B) Friedel-Crafts reaction scheme of the formation of a HCP by MS from benzene and FDA (crosslinks are marked in red). Table: other precursors, catalysts and crosslinkers that have been used. C) Synthesis of HCPs by FC alkylation. 15 D) Effect of (a) milling time and (b) amount of FeCl 3 on the BET area and yield of a benzene-based HCP. 15 Reprinted with permission from Lee JSM, Kurihara T, Horike S. Five-Minute Mechanosynthesis of Hypercrosslinked Microporous Polymers. Chem Mater 2020;32:7694-702. Copyright 2020 American Chemical Society. E) (top) Schematic overview of the mechanochemical Friedel-Crafts alkylation of 1,3,5-triphenylbenzene with DCM (left; red) and with CHCl 3 (right; blue) as crosslinking agents; (bottom) A BET of HCPs as a function of whether DCM (red) or CHCl 3 (blue) was selected (left), and as a function of milling time (right, dark) and milling frequency (right; light) for DCM (red) and CHCl 3 (blue).[START_REF] Krusenbaum | The mechanochemical Friedel-Crafts polymerization as a solvent-free cross-linking approach toward microporous polymers[END_REF] Adapted with
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 2 Figure 2. A) Schematic of the Scholl coupling reaction for the formation of a HCP by MS, including the main precursors and catalysts involved (benzene was used as a model compound for the HCP structure). B) Schematic overview of the variation of the Scholl reaction parameters. The middle (grey) part shows the standard reaction. For this, monomer A (1,3,5-triphenylbenzene) is used. I. Systematic variation of milling parameters (yellow), such as time, frequency, and size and density of the milling material. II. Variation of the monomers used for the Scholl reaction (green). For the reaction, monomers B (tetraphenylmethane), C (tetraphenyl-ethylene), D (2,4,6-triphenylbenzene-1,3,5-triazine), E (triphenyl-amine) and F (1,3,5-tris(N-carbazolyl)benzene) were used. III. Temperature variation during the reaction (pink). IV. Scholl reaction with liquid-assisted grinding (LAG, blue).[START_REF] Krusenbaum | The mechanochemical Scholl reaction as a versatile synthesis tool for the solvent-free generation of microporous polymers[END_REF] Reprinted from Ref.[START_REF] Krusenbaum | The mechanochemical Scholl reaction as a versatile synthesis tool for the solvent-free generation of microporous polymers[END_REF] with permission from the Royal Society of Chemistry. C) Photos (left) of TTP-based HCP/polyimide films with TTP-based HCP content ranging from 0 to 60 wt.%; SEM images (right) of (1, 2) cross-section and (3) top surface of TTP-based HCP/polyimide membranes: (a) 0 wt.%; (b) 30 wt.%; (c) 40 wt.%; (d) 50 wt.%; (e) 60 wt.%. Scale bars: a-1 and d-1 (40 µm); c-1 and e-1 (30 µm); b-1, a-2, d-2, e-2 and d-3 (10 µm); b-2, c-2, a-3, b-3, c-3 and e-3 (5 µm). 31 Reprinted with permission from Zhu X, Hua Y, Tian C, Abney CW, Zhang P, Jin T, et al. Accelerating Membrane-based CO 2 Separation by Soluble Nanoporous Polymer Networks Produced by Mechanochemical Oxidative Coupling. Angew Chemie -Int Ed 2018;57:2816-21. Copyright 2018 Wiley.
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  Figure3. A) Schematic of the Suzuki cross-coupling reaction of different systems conducted in a planetary ball mill.[START_REF] Grätz | Mechanochemical Suzuki polycondensation-from linear to hyperbranched polyphenylenes[END_REF] B) Comparison of four different milling materials for the A2B2 and AB approach, including the degree of polymerisation (DP) (bar chart) and yield (dots) (A2B2: polymer based on 1,4-Dibromobenzene and 1,4-Phenyldiboronic acid; AB: polymer based on 4-Bromophenylboronic acid).[START_REF] Grätz | Mechanochemical Suzuki polycondensation-from linear to hyperbranched polyphenylenes[END_REF] Reproduced from Ref.[START_REF] Grätz | Mechanochemical Suzuki polycondensation-from linear to hyperbranched polyphenylenes[END_REF] with permission from the Royal Society of Chemistry. C) Overview of the MS procedure and the main results of the study of Casco et al.[START_REF] Casco | Mechanochemical synthesis of porous carbon at room temperature with a highly ordered sp 2 microstructure[END_REF] Reprinted from Carbon, 139, Casco ME, Badaczewski F, Grätz S, Tolosa A, Presser V, Smarsly BM, Borchardt L, Mechanochemical synthesis of porous carbon at room temperature with a highly ordered sp 2 microstructure, 325-33, Copyright (2018), with permission from Elsevier. D) Reductive dehalogenation approach for the preparation of crosslinked polymers by direct formation of C-C bonds between aromatic rings.[START_REF] Chen | Benzene Ring Knitting Achieved by Ambient-Temperature Dehalogenation via Mechanochemical Ullmann-Type Reductive Coupling[END_REF] E) Reactivity of different precursors following the MS study described in Ref.[START_REF] Chen | Benzene Ring Knitting Achieved by Ambient-Temperature Dehalogenation via Mechanochemical Ullmann-Type Reductive Coupling[END_REF] Reprinted with permission from Chen H, Fan J, Fu Y, Do-Thanh CL, Suo X,Wang T, Popovs I, Jiang D, Yuan Y, Yang Z, Dai S, Benzene Ring Knitting Achieved by Ambient-Temperature Dehalogenation via Mechanochemical Ullmann-Type Reductive Coupling. Adv Mater 2021;33:2008685. Copyright 2021 Wiley. F) Overview of the copolymerisation of lactide with 3S-(isobutyl)morpholine-2,5-dione. 36 G) Evolution of molecular weight (dots) and dispersity index (data in blue) for 5, 10 and 15 min reaction time obtained by SEC chromatography compared to theoretical (THEO) values (straight line). 36 Reprinted with permission from Burton TF, Pinaud J, Pétry N, Lamaty F, Giani O. Simple and Rapid Mechanochemical Synthesis of Lactide and 3S-(Isobutyl)morpholine-2,5-dione-Based Random Copolymers Using DBU and Thiourea. ACS Macro Lett 2021;10:1454-9. Copyright 2021 American Chemical Society.
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 4 Figure 4. A) Schematic Gilch solid-state polymerisation promoted by ball-milling. 40 B) Yield as a function of milling time. 40 C): Number-average molecular weight (Mn) and polydispersity index (PDI) as a function of milling time. 40 D) Mn as a function of milling time for the synthesis (black squares) of PMEPV-based HCPs prepared in solid-state, and for the degradation (red discs) of PMEPVbased HCPs prepared in solution. 40 Adapted with permission from Ravnsbaek JB, Swager TM. Mechanochemical Synthesis of Poly(phenylene vinylenes). ACS Macro Lett 2014;3:305-9. Copyright 2014 American Chemical Society. E) SEM image of a TSbased HCP. 41 Reproduced from Ref. 41 with permission from the Royal Society of Chemistry. F) Schematic structure of postpolymerisation modifications by MS in the study of Ohn & Kim. 42 G) Comparison of conversion between MS and solution reactions (• MS, ■ in CDCl 3 at room temperature, ♦ in CDCl 3 at 50 ºC). 42 Adapted with permission from Ohn N, Kim JG. Mechanochemical Post-Polymerization Modification: Solvent-Free Solid-State Synthesis of Functional Polymers. ACS Macro Lett 2018;7:561-5. Copyright 2018 American Chemical Society. H) Deacetylation pathway followed by Di Nardo et al. 43 I) X-ray diffraction patterns of
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 5 Figure 5. Analysis of MS, solvent-based FC (FC Sb ) and SC (SC Sb ) reaction protocols according to the twelve principles of green chemistry. Green, orange and red dots indicate good, average and poor performance against the principle.
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 6 Figure 6. Schematic illustration of the synthesis of: A) pitch-based HCPs functionalised with allyl chloride and B) immobilised acidic ionic liquid catalyst. 2 Impacts of reaction parameters on the catalysed biodiesel production: C) reaction time, D) alcohol/oleic acid ratio, E) ionic liquid (IL)/oleic acid ratio. F) Yield after several runs of the HCP-based catalyst. 2 Reprinted with permission from Pei B, Xiang X, Liu T, Li D, Zhao C, Qiu R. Preparation of Chloromethylated Pitch-Based Hyper-Crosslinked Polymers and An Immobilized Acidic Ionic Liquid as A Catalyst for the Synthesis of Biodiesel. Catalysts 2019;9:963. Copyright 2019 MDPI. G) Schematic of the photoreduction of CO 2 to CH 4 by P-, O-and N-doped HCPs. 58 H) CH 4 evolution for several 12h-cycles using the catalysts developed in: NOP-COP (catalyst containing N, O and P), NO-COP (catalyst containing N and O).[START_REF] Guo | Visible-Light-Driven Photoreduction of CO 2 to CH 4 over N,O,P-Containing Covalent Organic Polymer Submicrospheres[END_REF] Reprinted with

Figure 7 .

 7 Figure 7. Capillary column with a bonded layer of hyper-crosslinked polystyrene. 69 B) Separation of n-alkanes С6-С10 and aromatic compounds on the HCP-derived column. Solutes: 1, n-pentane; 2, n-hexane + benzene; 3, n-heptane; 4, toluene; 5, n-octane; 6, ethylbenzene + m-xylene + p-xylene; 7, o-xylene; 8, n-nonane; 9, n-decane. C) Separation of light hydrocarbons on the HCP-derived column. Solutes: 1, methane; 2, ethylene; 3, acetylene; 4, ethane; 5, propene; 6, propane + allene; 7, propine; 8, isobutene; 9, butadiene; 10, n-butane. 60 Reprinted with permission from Kanateva AY, Korolev AA, Kurganov AA. Preparation and properties of GC capillary column with hypercrosslinked stationary phase. J Sep Sci 2021;44:4395-401. Copyright 2021 Wiley. D) Schematic representation of the synthesis and CO 2 adsorption of a benzene-based HCP, with E) the effect of FDA/benzene ratio and synthesis time on the adsorption capacity at a pressure of 7 bar and a temperature of 35 °C, and F) the effect of pressure and temperature on the adsorption capacity for an FDA/benzene ratio of 3 and synthesis time of 13 h. 7 Adapted with permission from Ramezanipour Penchah H, Ghaemi A, Ganadzadeh Gilani H. Benzene-Based Hyper-Cross-Linked Polymer with Enhanced Adsorption Capacity for CO 2 Capture. Energy and Fuels 2019;33:12578-86. Copyright 2019 American Chemical Society. G) Schematic representation of a polystyrene-based HCP adsorbent, with H) CO 2 adsorption capacity as a function of pressure and time for the optimum conditions and

  selectivity and inhibition caused by other compounds coexisting in the wastewater, which is vital for the actual performance of adsorbents. Other examples with more toxic dyes, like Congo red, eriochrome black T, crystal violet, etc. have been extensively evaluated byWaheed et al. 11 

Figure 8 .

 8 Figure 8. A) Schematic fabrication of hyper-crosslinked cyclodextrin networks using a graphitic acid crosslinker with the scavenging of organic micropollutants from water, and B) sorption capacity as a function of time for several dyes (SO, Safranin O; MB, methylene blue chloride; RhoB, rhodamine B). 83 Reprinted from Chemical Engineering Journal, 419, Topuz F, Holtzl T, Szekely G, Scavenging organic micropollutants from water with nanofibrous hyper-crosslinked cyclodextrin membranes derived from green resources, 129443, Copyright (2021), with permission from Elsevier. C) Iodine adsorption curves of different HCPs at 75 °C (inset: colour of a HCP before and after iodine capture). 89 Reprinted with permission from Wu Z, Wei W, Ma J, Luo J, Zhou Y, Zhou Z, Liu S. Adsorption of Iodine on Adamantane-Based Covalent Organic Frameworks. ChemistrySelect 2021;6:10141-8. Copyright 2021 Wiley.

  

Table 1 .

 1 Experimental parameters in FC and SC synthesis, and main characteristics of the corresponding HCPs.

	Friedel Crafts approach

  [START_REF] Guo | Visible-Light-Driven Photoreduction of CO 2 to CH 4 over N,O,P-Containing Covalent Organic Polymer Submicrospheres[END_REF] Reprinted with permission from Guo S, Zhang H, Chen Y, Liu Z, Yu B, Zhao Y, et al. Visible-Light-Driven Photoreduction of CO 2 to CH 4 over N,O,P-Containing Covalent Organic Polymer Submicrospheres. ACS Catal 2018;8:4576-81. Copyright 2018 American Chemical Society. I) 3D structure of Br-based HCP. 59 Reprinted with permission from Wang L, Wang R, Zhang X, Mu J, Zhou Z, Su Z. Improved Photoreduction of CO 2 with Water by Tuning the Valence Band of Covalent Organic Frameworks. ChemSusChem 2020;13:2973-80. Copyright 2020 Wiley. J) Hydrogenation of a benzene/toluene mixture by a Ru-based HCP, with SEM image and benzene conversion under different conditions. 60 Reprinted with permission from Bykov AV, Demidenko GN, Nikoshvili LZ, Sulman MG, Kiwi-Minsker L. Hydrogenation of a Benzene-Toluene Mixture Using Metal Nanoparticles Stabilized by a Hyper-Crosslinked Aromatic Polymer. Chem Eng Technol 2021;44:1955-61. Copyright 2021 Wiley. K) N,N′-dimethyl-benzimidazolium iodide and triphenylmethane-based HCP catalyst with Pd as the active site. 61 L) Several examples of halogenation reactions promoted by a catalyst developed by Mandal et al., 61 including yields. Reprinted with permission from Mandal T, Mondal M, Choudhury J. Hypercrosslinked Polymer Platform-Anchored Single-Site Heterogeneous Pd-NHC Catalysts for Diverse C-H Functionalization. Organometallics 2021;40:2443-9. Copyright 2021 American Chemical Society.

  nitrophenol, o-nitrophenol, dimethyl phthalate, diethyl phthalate and di-n-propyl phthalate, among others. Tsyurupa et al.[START_REF] Tsyurupa | Monodisperse microbeads of hypercrosslinked polystyrene for liquid and supercritical fluid chromatography[END_REF] also used styrene-based HCPs, but based on divynilbenzene as a copolymer, to completely separate acetone, benzene, naphthalene, anthracene, toluene, p-nitrophenol and 2,6dinitrophenol. Using instead cholesteryl methacrylate together with other aromatic compounds, HCPs were successfully tested as capillary columns for the separation of alkylbenzenes, oterphenyl/triphenylene, parabens, and proteins. The overall separation efficiency was excellent and comparable to other commercial columns.[START_REF] Grzywiński | Hypercrosslinked cholesterol-based polystyrene monolithic capillary columns[END_REF] 
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