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Depletion of fresh water supplies due to environmental pollution, population and industrial growth, encouraged scientists and engineers to develop new directions in water desalination.

Modern membrane desalination methods are able to reduce energy consumption close to the level of a thermodynamic minimum. Development of novel biomimetic membranes based on natural transport proteins -Aquaporinsor its synthetic analoguesartificial water channelsaims to bring desalination methods on a new level of efficient energy consumption.

This work aims to design new types of highly efficient self-assembled artificial water channels, investigate their water permselectivity, and transport mechanism. Consequently, it follows the transition of artificial water channels from nanoscale to macroscale level by proposing a potential way of fabricating AWC-incorporated membranes. Here, the design of self-assembled artificial water channels based on two perspective platforms is presented: Pillar[5]arene and alkylureido derivatives. Both of them displayed high selective water transport ability. The attempts to incorporate Pillar[5]arene into desalination membrane led to development of enhanced desalination polyamide membranes incorporating AWC with significant high water permeability and almost complete ion rejection under reverse osmosis conditions.

The manuscript is divided into four chapters. Chapter I provides a comprehensive bibliographic study highlighting the key structural features of the natural transport protein Aquaporin, covering current developments of the field of artificial water channels. An overview of both possible strategies for water purification and desalination, the incorporation of Aquaporin, as well as artificial water channels into polymer membranes.

The following Chapters II-IV include three scientific articles, which constitute the experimental core of this thesis.

The Chapter II focused on the investigation of water/ion transport abilities and nature of the transport mechanism of self-assembled discrete tubular dimers of rim-differentiated peralkyl-carboxylate-pillar[5]arenes (PADs). The objective was the assessment of water transport and selectivity, as well as the description of the functioning and structural existence/stability of PADs as perspective artificial water channels in lipidic systems. By using advanced methods as X-Ray crystallography and MD simulation combined with water and ion transport investigation techniques as Stopped-flow methods and fluorescence spectroscopy, it was demonstrated that the channels form toroidal pores inside lipid bilayer, which selectively transport water molecules up to 5.21 ו10 7 H2O/s/channel.

Chapter III presents the successful attempt to incorporate pillar [5]arenes into polymeric matrices to obtain functional materials for water desalination experiments using in-situ aggregation-interfacial polymerization method -isAGRIP. We succeeded to incorporate homogeneously PA[5] artificial water channels, which led to a ~40 % increase in water permeance with an excellent productivity of 50 L•m -2 •h -1 under 17.5 bar applied pressure, while maintaining high selectivity of 99.4 %.

Chapter IV reported the expansion of artificial water channel family by synthesis of new hydrophobic ureido derivatives. These molecules were combined with high efficient I-quartets in order to construct novel hybrid supramolecular self-assembled water channels. Water and ion transport investigations showed that bi-component systems have a multiple times increased single channel permeability compared to single compound systems, while no significant ion transport was detected. The highest performance was shown by the system HC8/S8-8 formed by combination for imidazol and benzsulfonamine derivatives with permeability of almost 8.2 × 10 7 H2O/s/channel.

In conclusion, this work presents several AWC systems that successfully function as selective water filters both on molecular as well as macro-level.

Resume -version en français

La déplétion des sources de l'eau douce a la cause de la pollution environnementale, et la croissance de la population et de l'industrie, a encouragé les scientifiques et les ingénieurs de développer des nouvelles directions pour la désalinisation de l'eau.

Les méthodes modernes de désalinisation membranaire sont capables de réduire la consommation d'énergie proche du niveau d'un minimum thermodynamique. Le développement de nouvelles membranes biomimétiques à base de protéines de transport naturellesles aquaporinesou de ses analogues synthétiquesles canaux d'eau artificielspermet les méthodes de désalinisation d'arriver à un nouveau niveau de consommation énergétique efficace.

Le but de ce travail a été la conception de nouveaux types de canaux d'eau artificiels autoassemblés à haute efficacité, d'étudier leur permsélectivité de l'eau et leur mécanisme de transport. A la fin, l'objectif fut la transition suivante des canaux d'eau artificiels du niveau nanométrique au niveau macroscopique en montrant la possibilité de fabrication de membranes incorporées à l'AWC. Deux concepts de canaux d'eau artificiels auto-assemblés sont présentés ici, dont ont montré une capacité élevée de transport sélectif de l'eau. Les tentatives d'incorporation de Pillar [5]arene dans la membrane de désalinisation ont conduit au développement des membranes en polyamide de dessalement amélioré incorporant AWC avec une perméabilité à l'eau significativement élevée et un rejet presque complet des ions dans des conditions d'osmose inverse.

Le manuscrit est divisé en quatre chapitres. Le premier chapitre fournit une étude bibliographique complète mettant en évidence les principales caractéristiques structurelles de la protéine naturelle de transport Aquaporin, couvrant la totale connaissance actuelle du domaine des canaux d'eau artificiels avec un aperçu sur les stratégies possibles d'incorporation d'Aquaporin, ainsi que des canaux d'eau artificiels dans membranes polymères pour la purification de l'eau et la désalinisation.

Les chapitres II-IV comprennent trois articles scientifiques, qui constituent le noyau expérimental de cette thèse.

Le deuxième est concentré sur l'étude des capacités de transport de l'eau/des ions et de la nature du mécanisme de transport des dimères tubulaires discrets auto-assemblés de peralkylcarboxylate-pillar [5]arène (PAD). En utilisant des méthodes avancées telles que la cristallographie aux rayons X et la simulation MD combinées complémentairement avec les techniques d'investigation du transport des ions d'eau comme la méthode Stopped flow et la spectroscopie de fluorescence, on a montré que ces canaux sont capables de former des pores toroïdaux à l'intérieur de la bicouche lipidique, qui pourraient transporter sélectivement les molécules d'eau vers le haut. à 5,21 ו10 7 H2O/s/canal. Le troisième chapitre montre l'incorporation de Pillar [5]arène dans des matrices polymères pour obtenir des matériaux fonctionnels pour la désalinisation de l'eau. La méthode d'agrégation et de polymérisation inter faciale in situ -isAGRIP a été utilisé. Nous avons réussi d'incorporer de manière homogène des canaux d'eau artificiels en PA [5], ce qui a conduit à une augmentation de ~ 40 % de la perméance à l'eau avec une excellente productivité de 50 L•m -2 •h -1 sous 17,5 bar de pression appliquée, tout en maintenant une sélectivité élevée de 99,4 %. . Le quatrième chapitre a rapporté l'expansion de la famille des canaux d'eau artificiels par la synthèse de nouveaux dérivés uréido hydrophobes et leur mélange avec des I-quartets hautement efficaces afin de construire de nouveaux canaux d'eau supramoléculaires hybrides auto-assemblés. Les études sur le transport de l'eau et des ions ont montré que les systèmes bicomposants ont multiplié par plusieurs fois la perméabilité monocanale par rapport aux systèmes à un seul composé, alors qu'aucun transport d'ions significatif n'a été détecté. La performance la plus élevée a été montrée par le système HC8/S8-8 formé par le mélange des dérivés d'imidazole et de benzsulfonamine avec une perméabilité de près de 8,2 × 10 7 H2O/s/canal. En conclusion, ce travail présente plusieurs systèmes AWC qui fonctionnent avec succès comme filtres à eau sélectifs au niveau moléculaire ainsi qu'au niveau macro. 
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Introduction

Our planet Earth is also known as the "Blue planet", since 71% of its surface is covered by water. However, 97% is sea water, which is unsuitable for drinking and industrial use, and only 1% accounts for accessible fresh water out of 1.39 billion km 3 . In the 21 st century, humanity thus is facing three most troubling problems: water scarcity, accelerated population growth and climate changes. The last two challenges adversely affect the first one therefore immediate action is required to solve water scarcity, otherwise it threatens our survival. The problem of water sustainability could be solved by finding new purification methods and seek for alternative water resources.

Regarding the fact that seawater is dominant on our planet, water desalination of saline water is the most attractive way to provide clean drinkable water. Currently, there are many methods of desalination that are thermal processes and membrane desalination processes. The common methods of membrane desalination are reverse osmosis (RO), forward osmosis (FO), electrodialysis (ED), and nanotechnology-based processes. In the literature, methods such as humidification dehumidification, vapor compression, multi-stage flash and multi-effect distillation are also described to desalinate water. Evaporation and condensation of water are the main principles involved in thermal processes. These processes require energy that is costeffective to produce fresh water in large quantity. With the objective to lower this energy consumption, membrane technology development has risen. 1 In addition, the development of energy recovery devices, more efficient pumps and membranes, and the development of improved configurations has made it possible to significantly increase the energy efficiency of membrane desalination in recent years. [2][3] Thus, just for the desalination stage, the development of high-efficiency membranes has reduced energy consumption to a level of 1.8 kWh/m 3 , allowing 50% of freshwater recovery. 4 Nonetheless, taking into account the magnitude of the world's desalination capacity, the total cost of energy remains significant.

The discovery of aquaporins, natural water transporting proteins, has offered hope as a solution to the energy consumption issue. Due to their unique properties, such as high transport and selectivity towards water, they were found attractive for the development of new membrane desalination technologies. However, challenges related to protein production, incorporation difficulty and membrane stability due to their aggregation in unnatural polymeric matrixes, do not allow to totally solve the problem of energy efficiency. Moreover, the AQPs do not show high permeability per unity of areas necessary to develop highly performant membranes for desalination Artificial water channels (AWCs) are synthetic analogues of aquaporins, which fully or partially mimic structure and/or transport function of natural proteins. Highly efficient AWCincorporated water desalination membranes were fabricated, being characterized by a water transport efficiency one order of magnitude superior than the currently available commercial membranes. The discovery of aquaporins and the subsequent development of artificial water channels opened a new chapter in membrane desalination technologies.

The three main objectives of the PhD project described in this thesis were as follows:

I) the assessment of water transport and selectivity, description of the functioning and structural existence/stability of self-assembled discrete tubular dimers of rim-differentiated peralkyl-carboxylate-pillar [5]arenes (PADs) as perspective artificial water channels in lipidic systems;

II) incorporation of pillar [5]arene into polymeric matrices to obtain functional materials for water desalination experiments; III) expanding the artificial water channel family by exploring different design approaches by synthesizing new hydrophobic molecules and combination of them for the construction of novel supramolecular self-assembled water channels.

The manuscript is divided into four chapters. Chapter I provides a comprehensive bibliographic study highlighting the key structural features of natural transport protein Aquaporin, covering current state-of-art of the field of artificial water channels with following overview of possible strategies of incorporation of Aquaporin, as well as artificial water channels into polymer membranes for water purification and desalination.

The following Chapters II-IV include three scientific articles, which are the experimental core of this thesis.

The Chapter II focused on investigation of water/ion transport abilities and nature of transport mechanism of self-assembled discrete tubular dimers of rim-differentiated peralkylcarboxylate-pillar [5]arenes (PADs). The objective is the assessment of water transport and selectivity, description of the functioning and structural existence/stability of PADs as perspective artificial water channels in lipidic systems.

Chapter III dedicated to the incorporation of pillar [5]arene into polymeric matrices to obtain functional materials for water desalination experiments using in-situ aggregation-interfacial polymerization method -isAGRIP.

Chapter IV reported expanding of artificial water channel family by synthesis of new hydrophobic ureido derivatives and combination of them with high efficient I-quartets in order to construct a novel hybrid supramolecular self-assembled water channels.

Finally, we will conclude on the development of several AWC systems that are able to function as function as selective water filters both at molecular and macroscale levels.

Chapter I. Current State of the Art of Artificial Water Channels and Biomimetic Membranes

Water is essential for life, the main part of all human cells as well as all other plants, vertebrates, invertebrates and unicellular organisms. The cell membrane is the main barrier to the translocation of water between cells, however the mechanism of absorption/resorption of water from the cells remains unknown. For a long time, this problem has been debated by physiologists and biophysicists, and it was agreed that water transport through lipid membrane occurs by simple diffusion. 5 Nonetheless, some scientists were convinced that specific water-selective pores are needed for high water permeability as was observed in many organs as for example in red blood cells and renal tubules. 6 Furthermore, an activation energy of this process was the same as for diffusion of water in bulk solution, around 5 kcal/mol. Moreover, there was known the specific antidiuretic hormone, vasopressin, which is involved in regulation of water transport through specialized tissues such as mammalian collecting duct or amphibian bladder. However, several attempts 7 to isolate or clone water transport proteins have allowed to explain the water transport mechanism with excluding protons (H3O + , hydronium ions).

1 Natural water channels

Aquaporins discovery

The discovery of Aquaporin1-AQP1, 28 kDa integral membrane protein in red cells and renal tubules, 8 was a first structural proof about existence of molecular water channels. This protein AQP1 exists as a tetramer with organization similar to several ion channel proteins and has intracellular N-and C-termini. 9 Two tandem repeats were revealed in the primary cDNA sequence, each containing three bilayer α-helices. 10 The loops connecting the second and third transmembrane segments in each repeat contained several highly conserved residues and an asparagine-proline-alanine (NPA) signature motif.
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To confirm the water transport abilities of discovered water transport protein through the cell, AQP1 was tested on low-permeable Xenopus laevis oocytes. Those experiments showed highly remarkable increasing of water permeability after transferring laevis oocytes containing cRNA into hypoosmotic buffer, which could be reversibly inhibited by Hg 2+ . 11 Besides, isolated and purified AQP1 were incorporated into lipid vesicles mimicking natural cell membrane and tested on water permeability. The water permeability of APQ1-containing vesicles was extremely high, ∼3×10 9 water molecules per subunit per second, although the transport of ions and other solutes was insignificant [12][13] . The same experiments without incorporated proteins also showed water permeability; however, Xenopus laevis oocytes and lipid vesicles containing AQP1 had 100 times increased water transport, which suggests that both theories, simple diffusion through the cell and the existence of hypothetical water channels, are partially correct and over the debates about water transport mechanism across the cell. Nowadays, AQP1 is known as first identified natural water channel that inspired many scientists for future researches in biology and chemistry.

The hourglass form and water transport function

Water molecules could pass through the cell membrane inside or outside under different physiological conditions, thus molecular structure of water channels must explain bidirectionality. Inhibition by mercury ions indicates on the presence of a free sulfhydryl within the water channel protein, which could react with Hg 2+ , and, as result, block water transport and could be unblocked by reducing reaction. Structure analysis of primary amino acids sequence of AQP1 shows four cysteines, however only one group (C189) can be responsible of the mercury sensitivity to transport proteins, as it may be in the active part of the channel. 14 Several studies were focused on defining the protein topology 9,15 , which helped to establish that APQ1 has a pseudo bi-fold symmetric structure with six α-helices surrounding the water pore, formed by two loops containing NPA, which enter the bilayer from opposite sides and overlap at the junction of two NPA motifs, which was later called 'hourglass model'. 16 Advanced X-Ray crystal analysis and atomic force microscopy of purified AQP1 helped to confirm suggestions of existence of 'hourglass model' and found that red cell water transport protein exists as tetramer of four AQP1 monomers, each containing six tilted, bilayer-spanning α-helices surrounding the two NPA-containing loops which enter the membrane from the opposite surfaces and are juxtaposed in the center. [17][18][19][20][21][22][23][24] Molecular dynamics simulations of water transport by AQP1 by two different groups [25][26] have led to an advanced understanding of how water can be rapidly transported across membranes while protons (H3O + ) are repelled. The transport protein AQP1 mostly formed by hydrophobic residues, which concentrated on the widest inner part of 20 Å -length pore, but towards the center of the pore (∼8 Å), the channel narrows forming the selectivity filter and there is a smooth transition from hydrophobic to hydrophilic part within diameter of 2.8 Å, which is close to the Van der Waals diameter of a single water molecule and performs the function of size restriction and electrostatic repulsion. This narrowest segment is formed by several amino acids, the most important of them being arginine R195 (from one of the NPA motifs) and histidine H180, which provide a size restriction for molecules larger than water, and fixed positive charges to repel protons and other cations. Besides, the presence of phenylalanine residue F56 facilitates the passage of water due to hydrophobic effects. In addition, a string of four carbonyl oxygens of the peptide backbone (glycine G188, cysteine C189, glycine G190, and isoleucine I191) line the pore, serving as energetically favourable substitutes for hydrogen bonding (Figure 2). ). Hydrogen bonding occurs between carbonyl oxygens on the peptide backbone (G188, C189, G190, and I191) at the other surface of the pore. Image adapted from reference [27].

Artificial water channels

Despite the fact that protein transport channels such as aquaporins can be synthesized using traditional bioprocessing techniques, production of protein-based membranes could be expensive and complex, due to the difficulty of purification methods involving many steps.

These proteins can easily denature and loose functionality, hence it could affect the stability and create additional problems during membrane synthesis and use. Furthermore, biological channels are not necessarily the most optimal in terms of pore-loading efficiency and functionality for industrial processes. Synthetic, bioinspired channels could overcome the instability and poor processability of their biological analogous and provide a greater opportunity to tune performance for target applications.

Artificial Water channels-AWCs are synthetic counterparts, consisting of unimolecular or self-assembled channels presenting an inner water conducting pore and an outer hydrophobic exterior in interaction with the lipid bilayer or polymeric membranes. The artificial water channels (AWCs) can be divided into two main groups: unimolecular channels and selfassembled supramolecular channels. [28][29] Additionally, AWCs could be classified according to translocation mechanism as hydrophobic, hydrophilic and hybrid pores. In this section, it will be reviewed synthetic water channels, considering their design strategies and resultant transport properties.

Self-assembled supramolecular channels

Self-assembled supramolecular channels consist of a number of building blocks that connect themselves into a tubular structure by intermolecular forces such as hydrophobic interactions or hydrogen bonding. Early research on artificial water channels started from the development of self-assembling channels due to structural simplicity.

Dendritic dipeptide pores

The first known AWCs, dendritic dipeptide aquapores were proposed as a model water channel by Percec et al. in the 2000s. [30][31] The series of compound consists of amphiphilic dendritic dipeptides which able to self-assemble into tubular structures by H-bonds formation between dipeptide dendrons with open pores of 12.8 Å. However, this AWCs have two main disadvantages: a) the necessity of creation of specific conditions for self-assembly as nonpolarized and H-bond free media (cyclohexane, aliphatic component of lipid bilayer) and b) the thermal stability of self-assembled pores due to dynamic equilibrium states of dendron monomers between trans and gauche conformers at approximately 22 o C (Figure 3). The possibility to incorporate dendritic dipeptide pores into the lipid bilayer allowed to test proton transport by monitoring the translocation of protons across lipid bilayers via pHsensitive fluorescent dyes. These synthetic channels showed proton permeability comparable to that of the gramicidin A (gA) biological proton channel, a well-characterized membrane protein. [32][33][34] No water permeability through these channels was reported, however, in virtue of these experiments, it can also be argued that they can conduct water through the lipid membrane since proton transport is known to be accompanied by water transport. 35 The thermal stability issue was solved by replacing benzyl ether moity by naphthyl groups that were located at the periphery of helical pores to induce π-π stacking interactions so that the entire structure could be stabilized. This modification led to an increase of the thermal stability from 20 o C to 40 o C, but also affected the pore size slightly by increasing it up to 14.5 Å. Modified dendritic aquapores showed selective water and proton transports over Li + , Na + , and Cl -monovalent ions; such selectivity was attributed to a hydrophobic effect near the channel entrance rather than the steric hindrance.

Imidazole quartet channels

Barboiu et al have previously reported that alkylureido-imidazole organic molecules can be used as scaffolds for the self-assembly of imidazole quartets (I-quartets) mutually stabilized by water wires. [START_REF] Duc | Rücktitelbild: Imidazole-Quartet Water and Proton Dipolar Channels[END_REF][START_REF] Licsandru | Salt-excluding artificial water channels exhibiting enhanced dipolar water and proton translocation[END_REF][38] They are similar to Influenza A M2 proton channels, a membrane protein that facilitates water and proton diffusion through water-filled pores, which have the imidazole quartet (I-quartet) motif in the histidine quartet selectivity filter and promote the transport of protons across the membrane. [START_REF] Schnell | Structure and mechanism of the M2 proton channel of influenza A virus[END_REF][START_REF] Stouffer | Structural basis for the function and inhibition of an influenza virus proton channel[END_REF][START_REF] Phongphanphanee | Proton transport through the influenza A M2 channel: three-dimensional reference interaction site model study[END_REF][START_REF] Hu | Mechanisms of proton conduction and gating in influenza M2 proton channels from solid-state NMR[END_REF][43] As a result, it was developed ureido imidazole systems which could be self-assembled into transmembrane channels in lipid bilayer due to urea-urea, imidazole-imidazole and imidazole-water H-bonds formations and construct dipolar water wire arrays inside the tubular imidazole architectures. Those unique artificial systems have 2.6 Å inner diameter, which completely correlate with Van der Waals water molecule diameter, and, as a consequence, these channels could accommodate single water wire and enable to reject all kinds of ions except protons. Image adapted with permission from reference [43].

Currently, the family of I-quartet systems contains more than 5 compounds, which differ in terms of length and chirality of alkyl tails. Water transport abilities are improving with increasing of the alkyl chain length, which could be explained by rising of stability in lipid vesicles due to affinity to inner hydrophobic nature of lipid bilayer. Furthermore, chirality also improves the stability of the final channels and brings maximum increase in channel water permeability within ∼1.5 × 10 6 H2O molecules per second per channel for S-HC8, which is only two orders of magnitude lower than that of the classical mammalian AQP1.

The relevantly high water transport ability and incredible rejection properties are explained by H-bonding of water inside the channel with formation of tiny water arrays and the I-quartet channel's restricted pore structure, which is compatible with water molecules (which are 2.7 Å in size), suggesting that ∼3 Å is the limited pore diameter for future desalination applications of artificial channel-based membranes.

Hexa(m-phenylene ethynylene) channels

Another self-assembled platform for development of high-efficient synthetic channels is represented by columnar nanopores that are less than 2 nm in diameter, with a straightforward strategy of stacking them coaxially. Gong et al. presented a family of macrocycles based on hexa(m-phenylene ethynylene) (m-PE), which have ability to self-assemble into columnar channels in solid state and hydrophobic media, such as lipid bilayer (Figure 5). High stability of this class of channels is explained by H-bonding between amide groups present in side chains, as well as π-π stacking interactions of acetylene fragments and benzene rings. In lipid bilayer, 9 or 10 m-PE macrocycles could stack into columnar nanopore (∼3.6 nm, 3.6 Å per π-π interaction) within 6.4 Å and 3.7 nm inner and outer diameters respectively, that perfectly fit the thickness of bilayer (∼4 nm). [START_REF] Li | Water transport through a transmembrane channel formed by arylene ethynylene macrocycles[END_REF] Water transport experiments using lipid bilayer incorporation method showed approximately 4.9 x 10 7 water molecules/s/channel or ~ 22% that of Aquaporin-AQP1 and ion channel transport activities: the conductance reaches ~ 5.8 pS for K + , while no conductance is measured for Li + or Na + cations.

Another advantage of this type of AWC is the possibility of chemical modification of synthons. m-PE macrocycles have 2 sites for tuning: I) hydrogen of benzene rings (X, fig 5a) could be replaced by methyl group, which in turn reduces the inner pore diameter and brings more water/ion selectivity due to steric factor and II) external alkyl chains, which could be extended from -C4H9 to -C8H17, and, as result would increase pore stability in lipid bilayer without any conformational disruption to columnar pores.

Aquafoldamers

Zeng et al. were inspired by extraordinary features of the folding process of helical molecules as selective molecular recognition [START_REF] Ren | Five-fold-symmetric macrocyclic aromatic pentamers: high-affinity cation recognition, ion-pair-induced columnar stacking, and nanofibrillation[END_REF][47][START_REF] Shen | Size-dependent patterned recognition and extraction of metal ions by a macrocyclic aromatic pyridone pentamer[END_REF] and prompted to develop pyridine-based foldamers, which allow to stack into tubular channels and recognize H2O molecules. [START_REF] Zhao | Proton gradient-induced water transport mediated by water wires inside narrow aquapores of aquafoldamer molecules[END_REF][START_REF] Zhao | Synthesis, structural investigation and computational modelling of water-binding aquafoldamers[END_REF] Investigation of aquafoldamers structure showed that this class of foldamers had helical 3D structure with inner pore size of 2.8 Å, which is comparable with AQP's selective filter. There are 2 main driving forces of pyridine-based foldamers self-assembly into helical tubular pores: I) 'sticky-end' approach, where each synthon has 2 functional groups -one is an ester and the other one is a rigid phenyl ring, which is involved in H-bond intermolecular interaction between the oxygen of one carboxyl group and one or two hydrogens from the benzene ring, and allow to elongate the overall helical structure for spanning the lipid bilayer and II) π-π aromatic stacking interactions between pyridine fragments of synthons, which is responsible for stability of tubular structure in lipid bilayer. Additional straight of channels comes from amid-water and water-water H-bond interactions inside the pore; combination of all of those interactions is contributing to maintaining 1D columnar stacks. Recent investigation of aquafoldamers water transport ability by using stopped-flow method (shrinking mode) demonstrates incredible permeability of this class of AWC: two tested aquafoldamers 3A and 3B (Figure 6) showed single channel permeability of 3.0 × 10 9 H2O molecules per second per channel and 2.2 × 10 8 H2O molecules per second per channel, respectively, where in case of aquafoldamer 3A, it reaches 50% capacity of AQP water permeability. [START_REF] Shen | Aquafoldmer-based aquaporin-like synthetic water channel[END_REF] Fluorescence HPTS (8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt) assay was used for monitoring ion transport across lipid bilayer and compared with gramicidin-A (gA), a natural ion transport channel. This observation demonstrated that, unlike gA that can transport H + , Na + and K + ions, aquafoldamer 3A does not transport both Na + and K + ions, as well as Cl -ion. However, previous investigation of aquafoldamer transport abilities showed substantial proton conduction across the bilayer membranes when higher proton concentration was imposed at one side of the membranes (specific values were not reported), that suggests that I-quartet systems and aquafoldamers could transport water and protons with exclusion of other ions; the proton transport comes from Grotthuss mechanism, where protons can pass from one water molecule to another by analogy with the conductivity of electrons in a copper plate.

Unimolecular transmembrane channels

Unimolecular channels are single supramolecular compounds that have tubular pore structures which mimic properties of AQP. In general, this class of AWC is challenging to synthesize, however covalent-bonded framework is more favourable for future development of membrane for water treatment due to higher stability compared with self-assembled AWC.

Carbon nanotube porins

It was proven that nearly to Angstrom level, Hagen-Poiseuille flow model, classical model of Newtonian fluid flow, is not respected and the water flow through nano-or angström-scale hydrophobic cylindric pipes can be orders of magnitude faster [START_REF] Hummer | Water conduction through the hydrophobic channel of a carbon nanotube[END_REF][START_REF] Joseph | Why are carbon nanotubes fast transporters of water?[END_REF] than the one calculated from the Hagen-Poiseuille flow model due to boundary slip mechanism. Therefore, carbon nanotube porins (CNTPs) became the object of research as a new promising platform for the selective and fast transport of water. [START_REF] Holt | Fast mass transport through sub-2-nanometer carbon nanotubes[END_REF][START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF][START_REF] Secchi | Massive radiusdependent flow slippage in carbon nanotubes[END_REF][START_REF] Fornasiero | Ion exclusion by sub-2-nm carbon nanotube pores[END_REF] CNTPs are basically rolled up graphene sheets into perfect cylinders with variable diameter up to 8 Å. The water permeability of narrow CNTPs (nCNTPs) was determined as 2.3 × 10 10 H2O molecules per second per channel, which exceeds almost 6 times the value of AQP1.

Interestingly, that wide CNTPs (wCNTPs with diameter of ~16 Å) single channel permeability equals to 2 × 10 9 H2O molecules per second per channel, which is one order of magnitude less than nCNTPs. [START_REF] Tunuguntla | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF] It could be explained by the fact that water exists as 1D chain inside nCNTPs, while water flows as bulk solution through wCNTPs; since bulk-state water molecules typically have higher number of H-bonds (3.9 on average) than do single-file water molecules (1.8 on average), less confined water resulted in a higher energy barrier for water transport. Further, CNTPs do not show AQP-like salt and proton rejections, ion transport rates are strongly related to the level of ionic strength of the solutions and the hydration shell radii of the cations. However, CNTPs block anion transport, even at salinity that exceeds seawater level, and their ion selectivity can be tuned to configure them into switchable ionic diodes.

These properties make CNTPs a promising material for developing highly permeable membrane for separation technologies.

2.2.2 Pillar(n)arene-based synthetic water channels Pillar[n]arene-based systems play an important role in supramolecular chemistry, since they have well-defined electron-rich cavities, which in turn allow to accommodate different ions and molecules. [START_REF] Ogoshi | para-Bridged symmetrical pillar [5] arenes: their Lewis acid catalyzed synthesis and host-guest property[END_REF] Due to their symmetrical structure and flexibility in modification, this class of molecules has inspired supramolecular chemists to design and synthesize pore-like tubular constructions with high aspect ratios and restricted pore sizes by extending side chains on pillararene templates. This simple strategy has been showed as a promising way to design efficient single-molecular water channel systems [START_REF] Behera | Pillar [n] arenes: chemistry and their material applications[END_REF][START_REF] Ogoshi | Applications of Pillar [n] arene-Based Supramolecular Assemblies[END_REF] . The first successful unimolecular synthetic water channels was hydrazide-appended pillar [5]arenes (PAH5) that was developed by Hou et al. [START_REF] Chen | Chiral selective transmembrane transport of amino acids through artificial channels[END_REF] This class of pillararene-based compounds was obtained by synthesis of ester-substituted pillar [5]arene 4A, which has the behaviour of water channels due to formation of continuously forming single-file water wire inside the pore. [START_REF] Si | Selective artificial transmembrane channels for protons by formation of water wires[END_REF][START_REF] Si | Self-assembly and proton conductance of organic nanotubes from pillar [5] arenes[END_REF] This observation prompted the subsequent expansion of the compound library by replacing side chains of pillararene with hydrazine substitutes, where each structure was clearly defined as having intramolecular H-bonds between hydrazide side chains, forming intact tubular structures. Crystal structure analysis of 4B revealed unexpected details of water accommodation inside the channel: the water wires are cut at the middle of channels by Hbonding of water to hydrazide backbones, which might mean that PAH5 has ability to exhibit repulsion of protons due to disruption of the water wire. This structural information was confirmed experimentally, which gave the right to call these channels complete synthetic analogues of aquaporin, which showed the water transport ability with ion exclusion including the smallest cationproton. 26,[START_REF] Burykin | What really prevents proton transport through aquaporin? Charge self-energy versus proton wire proposals[END_REF] However, attempts to extend the side hydrazine chain with the aim of overlapping the lipid bilayer (the length of 4C is 5 nm, while the thickness of lipid bilayer is ∼4 nm 29 ) dramatically affected the water conductance; the single channel permeability was approximately 40 H2O molecules per second per channel for structure 4C, which explained by multiple H-bonds formation between water and repeating hydrophilic hydrazide groups or the possible denaturation of the cylindric structure of the pillars.

Hydrazide-appended pillar[5]arenes

Peptide-appended pillar[5]arene

Next generation of pillararene-based channels by Hou et al. decided to replace the hydrazide backbones with hydrophobic poly-phenylalanine peptidic substitute, leaving pillar [5]arene as the central core of the channel. [START_REF] Shen | Highly permeable artificial water channels that can selfassemble into two-dimensional arrays[END_REF] Those changes led to an increase of single water permeability up to the level of natural aquaporins: novel peptide-appended pillar [5]arene had the average single channels osmotic water permeability of 3.5 × 10 8 water molecules per second, while permeability of AQP1 is 4 × 10 9 water molecules per second (one order of magnitude more than PAP5) and AQP0 has 3.4 × 10 8 water molecules per second per channel. MD simulation highlighted the mechanism of water transport through PAP5 channels; the water conductance occurred by wetting-dewetting transitions, preventing continuous water diffusion over extended periods of time, what distinguishes these pores from other AWCs. Despite incredible water transport ability, PAP5 presents a drawback when it comes to ionic selectivity, which is attributed to the pore size of pillar [5]arene (∼5 Å), that is in excellent agreement with a previous hypothesis that 3 Å is the critical pore diameter for efficient ion rejection. [START_REF] Licsandru | Salt-excluding artificial water channels exhibiting enhanced dipolar water and proton translocation[END_REF] They allow the passage of ions with selectivity according to their hydration energy:

NH4 + > Cs + > Rb + > K + > Na + > Li + > Cl -.

Peptide-appended hybrid[4]arene

Next artificial water channel cannot be called fully pillararene-based, due to the fact that Hybrid [4]arene were used instead of Pillar[n]arene to form the backbone in the design of this channel. Previous attempts to create the perfect artificial channel performed by Hou et al.

pushed to develop peptide-appended hybrid [4]arenes (PAH4s). [START_REF] Song | Artificial water channels enable fast and selective water permeation through water-wire networks[END_REF] The difference between PAP5 and PAH4 is that hybrid [4]arene was used as the core of the channel, an arene of alternating resorcinol and catechol subunits (2 each, 4 subunits total), linked alternately at the meta and ortho positions, with keeping 8 peptide appendages. Changing of backbone from pillar [5]arene to hybrid [4]arene led to the formation of the narrowest part of the channel with dimension ~3 Å × ~5 Å, and ability to create dense clusters within amphiphilic matrices. MD simulation showed interesting water transport mechanism: the center of the channel is relevantly impermeable, however presence of dynamic voids of 2 -4 Å width allows for interconnected water-wire pathways to hop between channels. This is explaining extremely high water permeability measured by stopped-flow technique -3.7 × 10 9 water molecules per second per channel. Sodium permeability through the pores was undetectable, while chloride permeability was not significant. Based on reported chloride and water permeations, PAH [4]-incorporated pristine biomimetic membranes could theoretically achieve water-salt selectivity of at least ∼10 8 , far exceeding the current 10 4 -10 5 desalination membranes water/salt selectivity. [START_REF] Park | Maximizing the right stuff: The trade-off between membrane permeability and selectivity[END_REF] 

Artificial aquaporin

Excellent work was done by Hou et al. who developed new synthetic analogues of aquaporin using pillar [5]arene platform. [START_REF] Yan | Artificial Aquaporin That Restores Wound Healing of Impaired Cells[END_REF] They used positively-charged amino groups as side substituents connecting to pillar [5]arene backbone via alkyl chains. For this new type of synthetic channels, tryptophan (Trp) residues were introduced to enhance their membraneincorporation ability. This elegant and successful solution made it possible to completely mimic the structure and properties of natural aquaporins. The observed water permeability was determined as 2.7 × 10 9 water molecules per second for each channel, which is more than 50% capacity of AQP1.

Besides, positively-charged entrance of channel does not allowto pass protons through the artificial AQP. Crystal structure showed formation of single water-wire file inside the pore, and MD simulation established the formation of 'hourglass' structure inside the palmitoyloleoyl-phosphocholine lipid bilayer. Thus, these channels have all the key features of natural aquaporins including high water permeability and selectivity toward protons, structural features as hourglass-like cavity, ability to form single water file and critical pore size to generate steric obstruction. Remarkably, the high water permeability and selectivity enable the healing of impaired cells. With the development of industry and the rapid growth of the population, one of the main problems of humanity in the 20 th and 21 st centuries has become the lack of clean water [START_REF] Mekonnen | Four billion people facing severe water scarcity[END_REF][START_REF] Eliasson | The rising pressure of global water shortages[END_REF][START_REF] Schewe | Multimodel assessment of water scarcity under climate change[END_REF] , which prompts scientists and engineers to develop new affordable and sustainable water treatment technologies. Nowadays, membrane separation systems are the most demanded in the field of water purification due to their energy efficiency [START_REF] Geise | Water purification by membranes: the role of polymer science[END_REF] , which became possible mainly due to the development of polymer science. Combination of advanced membrane technologies with high performing and selective natural or artificial water channel contributes to the developing of a new direction -biomimetic desalination technologies, which opens a new chapter in membrane-based water filtration.

Aquaporin-assisted synthetic membranes for water purification

After a detailed study of the structures and functions of aquaporins, the idea of channels integration into synthetic membranes for water desalination was not long in coming [START_REF] Tang | Desalination by biomimetic aquaporin membranes: Review of status and prospects[END_REF][START_REF] Habel | Aquaporin-based biomimetic polymeric membranes: approaches and challenges[END_REF] , and as a result, aquaporin biomimetic membranes (ABMs) were developed. In order to achieve the goal of incorporating aquaporins, a three-component membrane system has been proposed:

-Water transport protein aquaporin itself, enhancing the water permeability across the membrane; unfortunately its role of selectivity filter was not yet proven.-amphiphilic lipides of polymers forming liposomes in which the aquaporins are embedded due to the affinity of transport proteins with a hydrophobic medium;-a polymeric support and a polyamide thin layer used for the mechanical resistance.

In general, there are two types of molecules that self-assemble to form channel-incorporating matrices (Figure 12): amphiphilic natural (chicken egg phosphatidylcholine or porcine brain Changing matrix from amphiphilic lipids to block copolymers could partially solve stability problems of AQP-incorporated membranes. Thus, Wang et al. [START_REF] Wang | Highly permeable and selective pore-spanning biomimetic membrane embedded with aquaporin Z[END_REF] demonstrated the fabrication of FO membrane with AqpZ proteins reconstituted into ABA block copolymer blends on polycarbonate track etch (PCTE) support. ABA copolymer consisted of poly-(2methyloxazoline)-block-poly-(dimethylsiloxane)-block-poly-(2-methyloxazoline) (PMOXA-PDMS-PMOXA) with acrylate or disulfide end group. This approach increased membrane mechanical resistance and showed high water flux (17.6 LMH) with moderate salt retention (91.8%) when using 6000 ppm NaCl as the feed and 0.8 M sucrose as the draw solute in the forward osmosis operation. We note that most of the time, low salinity conditions less than 8000 ppm are used for testing the AQP incorporating membranes which most probably are not resisting to harsh high salinity conditions of seawater desalination (35 000 ppm NaCl).

Notwithstanding the using polymeric vesicles for aquaporin incorporation, the stability challenge remained unsolved. Chasing a trade-off between stability and performance of aquaporin biomimetic membranes, a series of studies on using mixed matrix approach was reported. [START_REF] Zhao | Synthesis of robust and high-performance aquaporin-based biomimetic membranes by interfacial polymerization-membrane preparation and RO performance characterization[END_REF][START_REF] Li | Nature gives the best solution for desalination: Aquaporin-based hollow fiber composite membrane with superior performance[END_REF][START_REF] Qi | Aquaporin-based biomimetic reverse osmosis membranes: Stability and long term performance[END_REF] Aquaporin-incorporated vesicles were trapped into traditional polyamide thin films, which made it possible to use membranes for reverse osmosis desalination (Figure 13b).

Nielsen et al [START_REF] Zhao | Synthesis of robust and high-performance aquaporin-based biomimetic membranes by interfacial polymerization-membrane preparation and RO performance characterization[END_REF] achieved water permeability values up to 4 LMH/bar with a salt rejection of ~97% at applied pressure of 5 bar. Wang et al. [START_REF] Li | Nature gives the best solution for desalination: Aquaporin-based hollow fiber composite membrane with superior performance[END_REF] introduced the aquaporin-based hollow fiber composite membrane with water flux of ~8 LMH/bar (rejection 97%) at same pressure, and one year after they presented the thin-film composite membrane, which could work under 10 bar applied pressure with performance of ~4 LMH/bar (rejection remained at the level of 97%) [START_REF] Qi | Aquaporin-based biomimetic reverse osmosis membranes: Stability and long term performance[END_REF] .

As can be noted, despite high levels of water permeability, these membranes can only be used for low pressure reverse osmosis (LPRO) desalination due to their fragility. In addition, lipid vesicles trapping contributed to the formation of defects in the active layer, which can be seen from low rejection values.

Most modern AQP membrane designs use a polymeric matrix that can make them scalable and industrially applicable. However, a vital part of AQP membranes is not commercially available yet, as well as AQP, which are challenging for mass production. Another limitation is the surface to channel ratio of these proteins. To have one channel, the AQP protein occupies approximately 6 nm 2 on the surface. From a chemical engineering point of view, this can create limitations when trying to obtain highly functional membrane surfaces. Thus, the use of aquaporin biomimetic membranes is beneficial, but in the long term, the technology may suffer from limitations that make them less attractive options for fabrication of desalination membranes.

Biomimetic desalination membranes with incorporated AWC

In relation to the challenges of natural transport proteins incorporation, the artificial channels, reviewed in section 1.3 of the present chapter, are more appealing options for the development of novel biomimetic membranes. Indeed, some AWCs have come close to the performance and selectivity of natural aquaporins by mimicking their structure in part (aquafoldamers) or in whole (artificial AQP). Since this area is quite recent, there are only a few studies related to incorporation of AWC into membrane for water purification and desalination that were reported. PAP5 channels became one of the first AWCs embedded into synthetic membrane models at microscale level. [START_REF] Shen | Achieving high permeability and enhanced selectivity for Angstrom-scale separations using artificial water channel membranes[END_REF] Carboxylic-functionalized PAP5 channels were incorporated into flat micrometric crystalline sheets of PB-b-PEO diblock copolymers as aggregated microphases leading to hybrid membranes with a diameter of 1 cm (Figure 14a). Presence of carboxylic groups allowed to laminate micrometric-scale layers onto poly(ether sulfone) (PES) microfiltration support by a layer-by-layer (LbL) technique using polyethyleneimine. Those membranes showed high water permeability of ~65 LMH/bar with molecular weight cut-off (MWCO) of ∼450 Da but no selectivity for sub nanometric separation as requested by desalination technology.

Another method of providing multilayer for full coverage of the active layer is based on the revision of the matrix composition. [START_REF] Lang | Biomimetic separation of transport and matrix functions in lamellar block copolymer channel-based membranes[END_REF] A crosslinkable polyisoprene-b-poly-(ethylene oxide)-bpolyisoprene triblock copolymer was spin-coated onto a silicon wafer for self-assembly into well-aligned multilayer lamellas lying parallel to the surface. These lamellas were transferred onto an aluminum oxide porous substrate to afford the composite membrane (Figure 14b). In this system, the BAB pattern (i.e., hydrophobic-hydrophilic-hydrophobic) was used to stimulate and stabilize multilayer formation by stimulating the formation of polymer bridges between adjacent hydrophobic domains. Membranes with PAP5 had increased water permeability and showed again MWCO ~ 450 Da.

The above-described disadvantage of this class of artificial water channels does not allow their use for RO distillation, however, PAP5-based membranes ccould find their application in the nanofiltration (NF) area, if the scale up of the membranes will be further developped. In addition, the methods of incorporation shown on the example of PAP5 could be applied to other artificial water channels. The most successful AWC incorporation technique was presented by Barboiu et al, that was based on I-quartet systems. [START_REF] Vincenzo | Biomimetic artificial water channel membranes for enhanced desalination[END_REF][85] The ability to form a stable cluster of channels in the solid state made it possible to homogeneously incorporate highly selective pores into the polyamide membrane with formation blended mixed matrix (Figure 14c). Remarkable that there is no need to use protection for AWC as lipid vesicles or copolymers, which is a huge advantage compared to aquaporins. The mechanism of incorporation was defined as in-situ crystallization during interfacial polymerization due to the diffusion of organic solvent into a colloidal water-alcohol solution of I-quartets. Optimization of incorporation made it possible to obtain highly efficient SWRO membranes for desalination with a water permeability of 75 LMH at 65 bar applied pressure with 35000 ppm NaCl feed solution, which is two times higher than the values of commercially available membranes for water desalination, while salt rejection is up to 99.8%. This work showed successful transition from nano-scale level of high performing AWC to ultra rapid and selective macro-scale synthetic membranes for water desalination. As a conclusion, the development of biomimetic membranes based on transport proteins, as well as AWC-incorporated membranes, is still challenging, which, in general, related to water permselectivity and membrane stability trade-off. However, biomimetic membrane fabrication studies reviewed in this subchapter opens new horizons in this field. One of the perspective directions of AWC-incorporated desalination membranes fabrication is direct embedding of selective pores into PA matrix. The theoretical calculations of water flux through AWC-PA selective layer predict the value of up to 300 LMH/bar based on MD simulation 86 , while selfsupportive PA membrane has permeability 1 LMH/bar (Figure 15). [START_REF].67 (CH, pyridine ring)[END_REF] This breakthrough leads to new incomes in AWCs studies, towards the development of high-performance selective membranes for desalination.

Objectives and strategy

The aim of this PhD thesis is to develop new desalination technology by designing of new classes of artificial water channels and integration them into real RO desalination membranes.

The research development strategy was initially implemented on the basis of previously obtained results. By choosing perspective pillar[n]arene platform for artificial water channel design, first of all, we focused on investigation of water/ion transport abilities and nature of transport mechanism of self-assembled discrete tubular dimers of rim-differentiated peralkylcarboxylate-pillar [5]arenes, developed in collaboration with Prof. Tomoki Ogoshi (Department of Synthetic Chemistry and Biological Chemistry Graduate School of Engineering, Kyoto University, Japan). Originally, those pillar [5]arene-modified dimers were designed as capsules for host-guest chemistry. 88 However, having discovered such unique structure, we anticipated that they will be able to form supramolecular self-assembled pores inside lipid bilayer membranes fitting perfectly for water or/and ion translocation. As so, the option to study the PAD derivatives inside vesicular systems by stopped-flow and fluorescence assays was chosen, as it offers the possibility to determine whether or not the compounds are capable of water transport across the lipid bilayer of the vesicles. The next step was to obtain and analyse solid state structural information through X-ray crystallography of PAD with different alkyl substitutes. It followed to describe the water channels transport abilities and structure/performance relationship of water transport across lipid bilayers.

After determining that the PAD derivatives are indeed able to water transport, we started to investigate the mechanism of water movement through the formed pores inside lipid bilayers.

To achieve this goal, we started a collaboration with Marc Baaden (Institut de Biologie Physico-Chimique de Paris), an expert in molecular dynamics. We proposed to study through molecular dynamics simulations the structural behavior of the initial solid state like structures of the channels when placed in a lipid environment.

In the meanwhile, the second significant objective was to verify the possibility of upscaling from molecular level studies and try to transfer the artificial water channels onto the macroscopic level. As objective for future research, it was selected a non-modified pillar [5]arene. The main reasons of choosing this compound were: ability formation of selfassembled tubular structures in solid state with pore size close to critical value for water/ion selectivity (~3 Å), mentioned in present Chapter; relevant simplicity and low cost of nonmodified pillar [5]arene synthesis. Thus, the design and optimisation of fabrication of membrane materials containing pillar[n]arene artificial water channels for water desalination was proposed.

Last but not least objective of this PhD thesis was to propose the design and synthesis of functional organic molecules that could self-assemble into functional hydrophobic channels in a same way as or in a mixture with the imidazole compounds. We proposed the synthesis of new synthons mainly through the modification of the functional head of the ureido derivative compounds to obtain similar small organic compounds capable of self-assembling into water channels. The compounds were studied for their ability to form water channels in solid state and tested for water and ion transport capabilities in the same fashion as for the I-quartet channels. After that it was decided to combine obtained hydrophobic alkylureido derivatives with highly effective hydrophilic I-quartet channels in order to achieve hybrid hydrophobic/hydrophilic pores.

The experimental part of the PhD thesis is organized in 3 chapters: Chapter II. Biomimetic Approach for Highly Selective Artificial Water Channels Based on Tubular Pillar [5] arene Dimers Chapter III. Enhanced desalination polyamide membranes incorporating Pillar [5] construction and transport performances, the novel PAD channels described here are critical to accelerate the systematic discovery for artificial water channels for water desalting.

Keywords: Artificial water channels, pillar [5]arene, aquaporins, bilayer membranes Natural channels allow ion/water translocation across biological membranes. 1 The transport is regulated by proteins, converting the ion-water interactions into ion-selectivity filter ones. 2 Because of the high significance of the related processes, the design of synthetic unimolecular or self-assembled channels with water-ion 3 or ion-ion selectivity have become areas of expanding interest. Very attractive strategies have been developed based on the self-assembly, towards supramolecular capsules presenting conductance states in bilayer membranes. Barboiu et al., 6 Fyles et al., 7 Kim et al., 8 Gokel et al. 9 and Furkawa et al. 10 demonstrated the efficiency of integrated capsules as selectivity ion filters across lipid bilayers.

The easily accessible Pillar[n]arenes-PA play an important role in supramolecular chemistry, towards the generation of light-harvesting or drug delivery systems, transmembrane channels, separation and storage materials, etc. 11,12 Hou et al. firstly realized that PAs, with their unique hollow pillar-shape and tuneable size cavities with fine-tuneable rims, could be suitable platforms to construct artificial channels. [13][14][15][16][17][18][19][20][21][22][23][24] Most of them, are positioning the PA scaffolding relay in the middle of the membrane, whereas functional groups attached to aromatic rings form unimolecular pillared channels. Significant progress has been obtained in a very short time, as the single-channel osmotic water permeability for peptide-PAPs, 25,26 is close to natural aquaporins and superior to other synthetic water channel analogues. 27 Their drawback it relates to their low ion-water selectivity.

Innovative design approaches for the construction of PA-boxes 28 or PA-tubular dimers 29 were proposed. We recently described the dimerization of rim-differentiated pillar [5]arene via hydrogen bonding (Figure 1), producing expanded length-controlled tubular superstructures, 29 reminiscent to calixarenecapsules. 30 Pursuing our endeavors to design original supramolecular channels with efficient and selective transport properties, we recently got interested in the possibility to make use of a directional structuring of such tubular PA platforms, towards the generation of directional channels within lipid bilayer membranes. We anticipated they are able to form supramolecular self-assembled pores inside lipid bilayer membranes. As observed for alkyl-pyrogallol-arenes, the pore formation is strongly depending on the nature of grafted alkyl chains and probably more than on type of aggregates form efficient ion channels. 9 We know that a pore with a diameter of 3 Å is a critical prerequisite to selectively accommodate and transport water-wires. 27 Pillar [5]arene platform presents a hydrophobic cavity of 5 Å diameter, which in turn is much bigger to selectively accommodate single waterwires. 12,29 Having an inner pore size of ~5 Å, they allow the passage of cations according to their hydration energy. [23][24][25] Herein we concentrate our efforts on investigation of water/ion transport abilities of selfassembled discrete tubular dimers of rim-differentiated peralkyl-carboxylatepillar [5]arenes PAD4, PAD8 and PAD12 (Figure 1a) through bilayer lipid membrane.

Interestingly, the analysis of x-ray single structure of PAD4 show that two dimeric tubular architectures. It results in the formation of tubular carboxylic dimers pS-pS and pR-pR and of bilayer dimers form via two different H-bonding vs hydrophobic binding modes, respectively (Figure 1b, red). The 15 hydrogen bonds between the carboxyl groups and water molecules and adopts closely spaced carboxy-phenyl groups with a fivefold helical conformation, 29 which in turn superpose the pillar [5]arene relay of 5 Å diameter with a narrowest twisted hydrophobic pore of 2.8 Å diameter (Figure 1c). This affords a size restricted control of translocation along tubular channels at narrowest selectivity filter level, offering size restriction. The biological KscA 2a or Aquaporin 2b channels, have hydrophobic conical pores with variable diameter with the selectivity filter in the middle of the channel, affording closely spaced binding sites for temporarily coordinating the partly dehydrated cations or water molecules, respectively. We anticipated, PAD4, PAD8 and PAD12 dimers, with a variable pore diameter would allow to control of the transport activity as for natural proteins, within the selectivity filter. A reverse bilayer dimer of PADs may form (Figure 1b, red), allowing phospholipid polar head-groups of the membrane to be in contact with the carboxylic rims in the polar region of the bilayer and of the butyl chains hydrophobic interactions inside the bilayer (Figure 1b, blue). Longer alkyl chains in PAD12 might stabilize the bilayer conformation, while shorter alkyl chains in PAD4 should strongly stabilize the tubular dimers in the bilayer. It is important to note that the thickness of the insulating bilayer membrane (30-35 Å) 1 is quite similar to the length of the dimeric PAD4 (Figure 1), while the hydrophobic interactions between the longer alkyl chains in PAD8 and PAD12 and the bilayer stabilize their positionings.

PAD4, PAD8 and PAD12 assemble into functional water-permeable channels in liposomes and increase the overall water permeability relative to the background lipid permeability. 31 Their water transport rates are strongly dependent on the nature of hydrophobic alkyl tails grafted onto pillar [5]arene platform. PAD4, PAD8 and PAD12 channels were reconstituted into phosphatidylcholine (PC) lipid vesicles (100 nm in diameter) with different molar ratios of compound to lipids (0.33%, 0.66%, 1.33%, 2.26% and 2.99% mCLRs) in which channels were added by simple addition of the dimethylsulfoxide DMSO solutions of the PADs derivatives to pre-formed vesicle suspensions. Then the vesicles were exposed to outwardly directed osmotic pressure gradients (shrinking mode of the vesicles). Under hypertonic conditions driven by outwardly 10 mM HEPES buffer solution 100, 200 mM KCl osmolate, the shrinkage of the liposomes under osmotic gradients of 100, 200 mOsm increased the lightscattering signal (Figure 2a). The net permeabilities increase when mCLRs ratios increase and with increasing osmolarity. The permeabilities present a maximum of 9.00 μm/s at high mCLR=3.00 for PAD4 which is the most permeable toward water in the dimeric tubular configuration in the series, whereas for PAD8, and PAD12, the maxima values are lower: 3.66 μm/s and 2.23 μm/s respectively and they can be detected at mCLR=1.33% (Figure 2b-d). We further estimated the single-channel permeability, Ps of each channel 27 (see Supporting information for details). In the shrinking mode, PAD4, PAD8 and PAD12 show a tendency of Ps increasing with osmolarity as it was with net permeability. For example permeabilities of 1.54•10 7 , 5.21•10 7 and 7.95•10 6 water molecules/s/channel, are obtained for PAD4 (mCLR=1.33), PAD8, (mCLR=0.33) and PAD12 (mCLR=0.33) respectively, which are only one orders of magnitude lower than that of AQPs (~10 8 -10 9 water molecules/s/channel). 2b It can be noticed that with increasing of mCLR the single channel permeability is decreasing, but remains on the same level of magnitude. Thus, the tendency for dropping of single channel permeability can be explained by progressive higher aggregation or lower solubility of PAD channels at high concentration, while using low concentration for incorporation into lipid bilayer prevents its aggregation. Water transport activities decrease substantially as the grafted alkyl chain length increases (PAD4>>PAD8>PAD12), implying the formation variable architectures of permeable tubular dimers for PAD4 and less permeable bilayer configuration for PAD12, whereas PAD8 present an intermediate situation. An unfavorable hindering wrapping of the hydrophobic tails inside the selective pore of the PADs or around at the interface with the bilayers, can be presumed for longer chains. Indeed, the tail length seemed to be optimal for butyl chains while longer chains led to aggregation when mixed with lipids.

In order to have more precise structural support for the in-membrane contentions we further prepared the carboxylate Na + or Li + salts of PAD4. 32 Oppositely to carboxyl functionalized PAD4, for the carboxylate salt of PAD4 the hydrogen-bonding driven dimerization would not be possible. PAD4Na or PADLi salts could dimerize only through the interdigitation of the alkyl chains, having the carboxylate groups interacting with the polar heads of the phospholipids. Their net and single channel permeabilities at 1.33% mCLRs are 13.00 μm/s and 2.83•10 7 water molecules/s/channel, respectively, which is almost double to that observed for PAD4 counterpart, providing clear evidence two distinguish both models. For the carboxylate appended bilayer dimers the average fraction of channels filled with water is increasing due the presence of hydrophilic carboxylate groups, remaining accessible to water from both sides of the membrane.

Ion (Na + and K + ) transport activities across the bilayer membranes incorporating PAD4, PAD8 and PAD12 channels reconstituted into phosphatidylcholine (PC) lipid vesicles (100 nm) at the same mCRLs as used for water transport, were assessed using standard HPTS fluorescence assays. 33 Indeed, when tested with NaCl or KCl on external buffer, the PAD4, PAD8 and PAD12 channels had an unexpected behaviour: after the compound injection at t=20 s, the internal pH remains stable and only the creation of a pH gradient, applied at t=40 s, induce an abrupt increase of the internal pH, reminiscent with a low H + efflux (Amax = 0.06 for PAD4, 0.10 for PAD8 and 0.03 for PAD12 at 300 s) (Figure S7) and then the internal pH remains quasi-stable, independent on the nature of the channel or transported cation.

Accordingly, the addition of base in the extravesicular solution induces a rapid deprotonation of carboxyl groups of the channel in the bilayer membrane, which synergistically induce HPTS deprotonation and generate the observed abrupt increase in fluorescence. After pH equilibration, dose-response experiments show the constant absorbance behaviors. It is noteworthy that, K + and Na + cations are not transported and channel structuration is no effective to induce Na + or K + /H + antiport conductance states along the assembled channel.

Single channel planar lipid bilayer experiments confirm the complete inactivity for K + transport under applied potential in range of 50 -200 mV for tested solutions of PAD4 (Figure S8). The transport activity is rather impossible to initiate, both in terms of length of operating periods and the concentration of PAD4 in the membrane.

Overall, the PAD4, PAD8 and PAD12 dimers, obtained using simple chemistry, can be assembled into highly selective artificial water channels and remain stable in lipid membranes.

Previously, the seminal discovery of pillar [5]arene PAP unimolecular channels by Hou et al. 15 are at long last beginning to meet encouraging signs for high water permeability (10 6 -10 8 water molecules/second/channel), while most of these channels present ionic transport activity,

thus not yet selectivity. Natural AQP channels present an hourglass structure offering size SF restriction of ~3 Å and selectivity against cations, reinforced through electrostatic repulsion in the region known as the aromatic arginine (ar/R) constriction. 2b In this study a simple modification of rims of pillar [5]arene backbone of 5 Å diameter led to the construction of a supplementary narrowest hydrophobic pore of 2.6-2.8 Å diameter within the same structure, affording a size restriction control of translocation along tubular dimers at this selectivity filter level. The water permeability of PAD4, PAD8 and PAD12 channels (~ 10 7 water molecules/s/channel) is only one orders of magnitude lower than that of AQPs, and more important they are rejecting alkali cations. Differently to previous selective I-quartets where water molecules are interacting along the whole structure of the channel of ~2.8 Å, herein the narrowest pore structure of PAD4, PAD8 and PAD12 channels in precisely located at the two narrowest regions of the pore, which remains larger along the resting length of the pore. The narrowest diameter of the pore itself is large enough for the water molecules to pass having themselves a diameter of ~2.8 Å, but restrictive enough to block the passage of hydrated Na + or K + cations.

We set up computer simulations to probe the behavior of PAD4 dimers in an explicit lipid bilayer environment. Simulation results are summarized in Figure 3. As a first test we inserted a single H-bonding carboxylate or hydrophobic butyl dimers. Neither isolated dimer was stable in the membrane, leading either to a tilted but stable membrane-embedded structure for carboxylate (Figure 3a) or to a shifted side-by-side aggregated for butyl dimer losing its butyl connections (Figure 3b). In the latter case we hypothesize the competition with the lipid molecules to weaken the hydrophobic interactions between the butyls. Next, we tested whether larger assemblies provide increased stabilization within the membrane environment, which was indeed the case. For this purpose, we built a honeycomb arrangement where a central dimer is surrounded by a hexagon of 6 others, as schematically depicted in Figure 3c. Both dimer assemblies form water pathways through the bilayer. At the beginning of the simulation, the carboxylate dimer honeycomb shows water wetting-dewetting forming water wires through the tubular dimers as selective pores (Figure 1d). Over time, a significant shift of the upper vs. lower layer of monomers occurs, which brings water penetration and accumulation to a halt in the region of where the carboxylic groups are present. The carboxylate dimer honeycomb does experience a tilt that is not quite as pronounced as the one observed for the monomer, but most importantly initiates water permeation events. Initially these water paths are through the dimeric pathways (Figure 1e), whereas later on alternative pathways, leading to the formation of a toroidal pore through the bilayer are observed as well (Figure 1f). The permeation rate is at its maximum around 250 ns, when the tilted structure allows a continuous water pathway around carboxylate groups. The permeation time duration varies from 2 ns to 175 ns. ethers. The inner walls of the pore would be lined with carboxylate groups and with the external butyl tails projecting into the lipid hydrocarbon region, maximizing favorable interactions with the environment for both polar and lipophilic moieties. The relatively large number of the polar carboxyl groups relative to the hydrocarbon tail would stabilize the positive curvature required on the inside of the torus (Figure 1b). Based on their physico-chemical properties, one may hypothesize that a toroidal pore would stabilize clusters of water which probably is favored by more hydrophilic ones as proved by increased permeation rates of PADLi or PADNa. The honeycomb assembly we probed is likely not the optimal. Longer and different simulations setups will be required to investigate novel toroidal complex assemblies and are beyond the scope of the present contribution.

The present results show that, using a rationally designed pillar [5]arene platform and a simple restriction mechanism, it becomes possible to control the selectivity of water translocation in a manner reminiscent of that of proteins capable of selectively transport Å scale species. This is a very intriguing system. It is very tempting to equate the two types of structures in the solid state (hydrogen bonded and hydrophobic dimers) and the two types of channels in the bilayer membrane (dimeric H-bonded PA and a discrete large toroidal pore). The unifying assumption is that an H-bonding dimer would form preferentially and is stable in the membrane. Stacks of these dimers would lead to the dominant toroidal structure in a membrane environment providing hybrid pathways for water translocation through the dimeric waterwires and on alternative pathways encapsulating self-protective water clusters through a toroidal pore. I -quartet-embedded water sponges were the first example in literature taking into account the formation of 3D water sponges/clusters displaying high water/ion selectivity. 35 They make the intrinsic features of water sponges 35 or clusters 3d particularly self-protective against ions.

The water translocation events lead to the change in shape of the channel conduits in bilayer membranes from a single water-wires to fully aggregated toroidal water clusters, which confer to these channels the self-adaptive behaviours.

The PAD channels showed no transport of Na + and K + cations, making them a viable option for desalination. The observed ionic-exclusion of these channels suggests that the channel selectivity performance is of outmost importance in translating molecular transport properties to performant membranes optimized by using chemical engineering approaches. PAD channels described here, hold significant promise for the incipient development of the innovative materials based on artificial synthetic scaffolds mimicking the functions of natural water channels. On the other hand, precise-triggered shape changes of aggregated channels also amount to coupling and transduction between geometric water clusters and selective translocation events, a feature of much interest for supramolecular translocation of water in membranes used for desalination. 

Biomimetic approach for highly selective artificial water channels based on tubular Pillar[5]Arene dimer s

Di-substituted dihydroxybenzyl alcohol 2. To a mixture of 1 (2.50 g, 10 mmol) and methyl 4-(bromomethyl) benzoate (2.75 g, 12 mmol) in acetone (100 mL) was added potassium carbonate (1.66 g, 12 mmol). The reaction mixture was stirred under reflux for 2 h. The solid was filtered off, and the filtrate was concentrated under reduced pressure. The residue was suspended in methanol (30 mL) and cooled down to 0 ℃ with an ice bath. Sodium borohydride (456 mg, 312 mmol) was then carefully added. The ice bath was removed, and the mixture was stirred at room temperature for 1 h. Brine (50 mL) was added to quench the reaction. The organic solvent was removed under reduced pressure, and the residue was extracted with dichloromethane (2 × 50 mL).The combined organic phase was washed with water (50 mL) and brine (50 mL), dried over anhydrous sodium sulfate and filtered. After removal of the solvent, the residue was chromatographed on a silica gel column using a mixture of n-hexane and acetone (from 10:1 to 5:1, v/v) as the mobile phase to get the titled compound as white solid (3.66 g, 91%). 1 

Rim-different pillar[5]arene ester 3.

To a stirred solution of 2 (2.00g, 5 mmol) in 1,2dichloroethane (500 mL) was added anhydrous iron (III) chloride (82 mg, 0.5 mmol). The mixture was stirred at room temperature for 16 h before methanol (50 mL) was added to quench the reaction. The solution was washed by water (100 mL) and brine (100 mL), dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The residue was chromatographed on a silica gel column using a mixture of n-hexane and acetone (from 10:1 to 5:1, v/v) as the mobile phase to obtain the titled compound as white solid (245 mg, 13%). 1 13 

PAD8.

To the solution of 3 (96 mg, 0.05 mmol) in tetrahydrofuran (3 mL), sodium hydroxide (60 mg, 61.5 mmol) in water (3 mL) was added dropwise. The mixture was refluxed for 24 h. After the organic solvent was removed under reduced pressure, the solution was treated with aqueous HCl solution (1 M) until pH 1. The precipitate was collected by filtration, and washed with water (500 mL). After drying in vacuum, the product was obtained as white solid (87 mg, 94%). 1 (m, 20H), 0.89-0.77 (t, 15H). 13 

Methods

Water transport experiments

LUV preparation: Preparation of unilamellar lipid vesiscles: Egg yolk L-αphosphatidylcholine (EYPC) in CHCl3 (25 mg/mL, 0.8 mL) was diluted with CHCl3 (10 mL).

The solution was evaporated under reduced pressure and the resulting thin film was further dried under high vacuum for 3 h. The lipid film was hydrated under vortex with HEPES buffer (2 mL, 10 mM HEPES buffer, pH = 7.0) at 25 o C for 5 min to give a milky suspension. The resulting suspension was subjected to six freeze-thaw cycles by using liquid N2 to freeze and warm water bath to thaw. The suspension was extruded through polyethersulfone membrane (Whatman, UK, 0.1 μm) for nine times and then diluted with the same buffer into 40 mL. The final lipid concentration was 0.65 mM. LUV preparation for HPTS experiments: The large unilamellar vesicles (LUVs) were formed using egg yolk L-α-phosphatidylcholine (EYPC chloroform solution, 95%, 4 mL, 100 mg). To this solution was added 4 mL of MeOH and the solvent was slowly removed by evaporation under vacuum and dried overnight under high vacuum. The resulting thin film was hydrated with 2 mL of PBS buffer (10 mM sodium phosphate, pH 6.4, 100 mM NaCl) containing 10 μM HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt). After hydrated for at least 30 minutes, the suspension was subject to 10 freeze-thaw cycles (liquid nitrogen and water at room temperature). The obtained white suspension was extruded 21 times through a 0.1 μm polycarbonate membrane in order to transform the large multilamellar liposome suspension (LMVs) into large unilamellar vesicles (LUVs) with an average diameter of 100 nm. The LUVs suspension was separated from extravesicular HPTS dye by using size exclusion chromatography (SEC, stationary phase Sephadex G-50, mobile phase: sodium phosphate buffer with 100 mM NaCl) and diluted with mobile phase to give 14 mL of 9.3 mM lipid stock solution (considering all the lipids have been incorporated). 

Stopped-flow water transport experiment:

HPTS assays for Ion

MD simulations

All molecular dynamics simulations were performed under periodic boundary conditions with constant pressure. The CHARMM-36 force field [S2] was used for lipid molecules and the TIP3P model was chosen for water. To represent PAD4 molecules and generate their topologies, we used the CHARMM General Force Field [S3] together with the ParamChem web service. [S4] The GROMACS 2019.4 software was used to run the simulations with all atoms, with an integration time step of 2fs. All bonds were constrained using the LINear Constraint Solver algorithm. Particle mesh Ewald electrostatics was used with a 12 Å cutoff with the Verlet buffer scheme for nonbonded interactions; the neighbor list was updated every 20 steps.

Three baths (compounds, lipids, and water and ions) were coupled to a temperature of 310 K using the NoséHoover thermostat with a time constant t = 1 ps and a chain lengh of 4. Pressure in the x/y dimensions was scaled isotropically with Parrinello-Rahman barostat at 1 bar, and the z dimension was coupled independently to a reference pressure of 1 bar, t = 5.0 ps, and compressibility of 4.5 10 -5 bar -1 . All systems were minimized for 5000 steps with a steepest descent algorithm and equilibrated for 3,5 ns, using decreasing position restraints of 1000, 400, 200, 100 and 40 kJ mol -1 nm -2 on heavy atoms, with the initial configuration as a reference.

Production runs were finally computed for 500ns without any position restraints.

The molecular structures of dimers were extracted from X-ray single crystal structure data for PAD4. The initial configurations composed by seven dimers forming a hexagonal 2D packing were interactively assembled using the Unitymol software [S5] in virtual reality. The lipid composition is pure POPC and molecular ratio of compound to lipid was arbitrary set to mCLR=5 %, larger than the experimental value in order to limit the computational cost. All systems have been hydrated with a constant molar ratio of lipid : water equal to 28. Na + and Cl -ions have been inserted using a Monte-Carlo scheme to neutralize the system and to obtain a concentration of solute equal to 0.15 M. All setups were assembled using the CHARMM-GUI web interface [S6] and format files were adapted to the Gromacs software using the online tool services [S7].

The molecular dynamics trajectories were visually inspected and analysed using the VMD software [S8] . Analysis of the trajectories and permeation calculations were performed using custom scripts for the MDAnalysis library [S9, S10] . Fast computation and accuracy were accessed both using 0.1 ns as a sampling time for the analysis of water permeations.

Chapter III. Enhanced desalination polyamide membranes incorporating Pillar[5]arene via in-situ aggregation-interfacial polymerization-isAGRIP

Contribution to Publication

The contribution of thePh.D. candidate to the manuscript "Enhanced desalination polyamide membranes incorporating Pillar [5]arene via in-situ aggregation-interfacial polymerization-isAGRIP" is related to the identification of empirical strategies toward the obtainment of the objective of the research project for which he performed most of the experimental work, including (i) membrane fabrication and optimization procedures, (ii) evaluation of optimal ratios for the casting solutions, (iii) observation of the nucleation process, (iv) elementary and nanostructural characterization of the bioinspired active layers (EDX, SEM, IR, XRD), and (v) BWRO filtration experiments.

Water purification and desalination are important technologies to regulate the problems of freshwater scarcity. [1] Reverse osmosis (RO) membranes fabricated as supported polyamide-PA layers via interfacial polymerization-IP between diamine and acyl-chloride monomers (Figure 1), perform with exceptional performances in selective water desalination. [2] The effective transporting pathways dissolving and diffusing water versus ions with Å-scale selectivity are controlled by the PA layer structure and pores. It leads to a permeabilityselectivity trade-off behaviour, reporting improved water permeability at the expense of lower selectivity, or vice-versa. [3,4] Numerous strategies have been tested to overcome the limitations of PA structure, including homogeneous fabrication via improved phase transfer of the monomers or via functional grafting on the PA. Efficient polymer spacing by the insertion of rigid molecular fillers, [5] or supramolecular macrocycles [6][7][8][9] and cages [10] were used to increase the free-volume of the composite membranes (Figure 1a) or porous polymeric powders. [11][12][13][14][15] Filtration performances are controlled by the presence of defects at the boundaries between PA and nanoparticulate supramolecular fillers, limiting their selectivity to large molecular compounds (i.e. dyes, solvents, etc.). When fabricating a RO membrane for desalination, the inclusion of high density artificial water channels AWCs per unit area is directly impacting the membrane productivity and selectivity. The performance is related to important challenges in translating AWC self-assembly within PA matrix with the absence of defects. We postulated that one of the creative strategies for addressing such scale-up challenges and improving performances is the in-situ generation of aggregated AWCs colloidal soft particles that may be gently combined within the PA during the interfacial polymerization (IP) (Figure 1b). They generate multichannel continuous homogeneous architectures avoiding the formation of defects at the interfaces. [16] Within this context, water/ions separation with Å-level selectivity is an important endeavor for desalination. Precise tuning of the pore size and distribution within PA matrix via nanoscale self--assembly (Figure 1b) represent an alternative to the molecular grafting (Figure 1a) and an important premise to promote high selectivity control. We have previously shown that self-assembled aggregated AWCs I-quartets [20][21][22][23] are active when embedded in PA, overcoming current RO-membrane limitations. [16] Due to their unique functional design, the functionalized pillararenes with proven high-water permeability when embedded as unimolecular channels in lipid bilayers, [20][21][22][23][24] may inspire their incorporation as active artificial water channels in real desalination membranes. We know that permanent and uniform porosity of pillararene crystalline materials enable effective tunable fine molecular separations. [17][18][19] The crystal packing of PA [5] is revealing parallel sheets of self-assembled lamellar phases of tubular channels (Figure 2). The goal of the present study is to bridge the gap between unimolecular PA [5] channels and multichannel PA [5] solids, by introducing them with an optimal density distribution in functional polymeric layers, while retaining some of the desirable properties of porous PA [5] AWCs frameworks. In the present report, we describe an upscaling approach exploiting the self-assembled pillar [5]arene PA [5] channel aggregates, in-situ generated and embedded within PA layers during a streamlined IP procedure. The simple PA [5] platform has been chosen in order: a) to avoid complex synthetic steps used for the construction of its functionalized unimolecular channel counterparts [25][26][27][28] and b) to take advantage of its self-assembly properties, generating H-bonded multichannel architectures in the solid state. [29][30][31][32] This work demonstrates the possibility to fabricate homogeneous hybrid PA [5]-PA thin-layer membranes of different morphologies and to tune their performances under real brackish water BWRO desalination filtration conditions. To increase the diversity, the synergistic self-assembly of various fabrication recipes with different compositions of PA [5] and former monomers is optimized to fabricate hybrid PA membranes via in-situ aggregation-interfacial polymerization isAGRIP method. The technological novelty here is related to the use of pre-aggregated PA [5] colloidal nanoparticles with nascent PA formation during the IP. It is resulting in a gentle defect-free incorporation of colloidal soft superstructures of PA [5] within PA host-matrix, going beyond those observed for solid nanoparticle (zeolite, ZIF8, graphene, etc.) incorporation in other literature reports.

Fabrication of hybrid PA[5]-PA membranes.

The easy accessible pillar [5]arenes PA [5] discovered by Ogoshi et al. play an important role in supramolecular chemistry. [17][18][19] Hou et al.

firstly discovered that the unique hollow pillar-shape cavities with fine-tuneable rims, could be used to construct artificial water channels. [24][25][26][27][28] They are positioning the PA as a scaffolding relay in the middle, whereas functional arms attached to aromatic rings form unimolecular pillared channels via self-assembly. Nonetheless, non-modified pillar[n]arenes could form lowdense, solid-state self-assembled structures via strong O-H

•••O, C-H•••O, C-H•••π, π•••π
interactions. [29][30][31][32] Pillar [5]arene-based supramolecular organic framework (PA [5]-SOF) shows great performance in CO2/H2 gas separation due to high porosity with Å-scale pore size and specific H-bonding between gas molecules and pillar [5]arene. Thus, those advantages of Ppillar [5]arene can be applicable for developing highly permeable and selective TFC membranes for water desalination.

The reference TFC membranes were prepared by interfacial polymerization (IP) of mphenylenediamine (MPD) and trimesoyl chloride (TMC), resulting in the formation of polyamide (PA) layers onto a commercial polysulfone (PSf) support layer.

Table 1. Concentrations of PA [5] and MPD in the aqueous phase and TMC in the organic phase for the preparation of different membranes by interfacial polymerization.

[a] "H" and "L" stands for high and low PA [5], MPD and TMC concentrations Figure 2. X-ray single-crystal structure and crystalline packing of PA [5]. [29][30][31][32] Synthetic procedure for the hybrid PA/AWC membrane preparation: impregnation of PSf support with an ethanolic aqueous solution of PA [5], followed by IP with an aqueous MPD solution and with a hexane solution of TMC, resulting in the formation of hybrid PA [5]-PA layers via in-situ aggregation-interfacial polymerization-isAGRIP.

In this study, hybrid PA [5]-PA membranes have been prepared via the conventional IP procedure, preceded by the in-situ aggregation of self-assembled colloidal nanoparticles of PA [5] in ethanol/water solutions. Colloidal aggregates of Dh = 500 nm were observed at t= 0 h by dynamic light scattering (DLS) when variable amounts of water were added to ethanolic solutions of 0.3%-0.7% PA [5], resulting in the formation of clear solutions without any visible precipitation. Then DLS analysis shows that higher aggregates (Dh =800-2500 nm) were obtained in time (t = 1-12 h) at low volume fraction of water, while smaller aggregates (Dh =200 nm) were constantly obtained for increasing amounts of water (Figure S1). It results in the formation of variable colloidal particles at different water contents, reminiscent of important H-bonding interactions between colloidal PA [5] aggregates at low water content, which are reduced in the presence of increasing amounts of water molecules. Solid particles of porous PA [5] may be further generated via dilution of these solutions with water, which is the most probable situation when a solution of MPD is added. Regarding the IP procedure, ethanolic aqueous solutions of PA [5] (EtOH:H2O = 1:2 by weight) was thoroughly sonicated before being poured onto the PSf support and allowed to sit for 60 s to induce a partial evaporation of solutions, without the formation of solid crystallites at the surface of the membrane. Based on this information, high and low PA [5] or MPD/TMC concentrations were investigated to explore the effect of the composition on the resulting PA [5]-PA membrane layers (Table 1).

The PSf support containing the PA [5] colloidal solution was first immersed for 2 min in an aqueous solution at 1.5 w/w % (H) or 1.2 w/w% (L) of MPD. Then, the excess of solution was removed from the surface with an air gun. Finaly, the PA [5]-MPD-saturated support was immersed into a 0.15% w/w (H) or 0.10% w/w (L) TMC solution for 1 min to form the PA layer. In this step, the PA [5] colloidal aggregates migrate together with the MPD to the organic phase, favoring the IP reactions, while they synergistically might interact with the growing PA segments via H-bonding. The results of the in-situ crystallization process in the formation of homogeneous cross-linked PA [5]-PA regions of highly interpenetrated networks of PA [5] and PA hybrid components. Following the IP procedure, both the control and the hybrid membranes S3). Vibration bands at 1504 cm -1 (amide-II, N-H in-plane bending) and 1656 cm -1 (amide-I, C=O stretching vibration) are associated with amide bonds of the PA. Evidence of PA [5] incorporation within hybrid PA is obtained from the presence of the vibration shifts at 1650-1700 cm -1 assigned to the C=C stretching of aromatic groups, as well as the -CH2,as and -CH2,sym stretches visible in the range 2850 and 2965 cm -1 , respectively. The large band in the range of 3700-3200 cm -1 with the peak at 3325 cm -1 is attributed to the O-H stretching vibration of strongly self-H-bonded within PA [5] crystals or H-bonded to water molecules present in the PA [5]-PA.

The elemental analysis obtained from Energy dispersive X-ray spectroscopy (EDX) analysis of hybrid membranes prepared with 0.025 % and 0.050 % PA [5] has been compared to the control TFC membranes presenting a content of C of 84 w %, N of 1.2 w % and O of 12 w %.

For the hybrid PA [5]-PA layers the content of C of 86-87 w % was significantly higher, while the contents of N of 0.54 w % and Oof 10 w %, were significantly lower (Table S1). This result is expected because the C% of PA [5] is significantly high, providing evidence of its incorporation in PA [5]-PA layers of hybrid membranes.

The Scanning Electronic Microscopy-SEM micrographs (Figures S3-S12) suggest that all the hybrid PA [5]-PA layers are continuous and defect-free, consistent with the high salt rejections observed in the filtration tests described below. The nanostructure and micromorphology of the layer are strongly dependent on the density and distribution of PA [5] crystals within the PA matrix, that can be modified by increasing the PA [5] amount deposited at the surface of the membrane before the IP procedure. In general, with an increasing content of PA [5], the top polyamide surface evolved from a typical "ridge-and-valley" morphology typical of the reference conventional PA layers in the reference TFC membrane, to a multilayer large voids structures with apparently lower density in PA [5]-PA hybrid membranes (Figure 3). The overall effect of the presence of increased PA [5] amounts during IP process, is related to an increased diffusion of the PA [5] into the organic phase, resulting in the formation of PA [5]-PA hybrid layers with a higher cross-linking degree. In addition to a change of the surface roughness, the hybrid PA [5]-PA membranes with medium PA [5] loads (0.025 -0.05 % w/w) displayed a distinct, denser and more homogeneous nanoparticulate structure than the one observed for lower (0.01 % w/w) or higher (0.10 % w/w) PA [5] loads for which the morphology of the multilayers start to be inhomogeneous.

Importantly, all the layers prepared in the presence of PA [5] show a diffuse distribution of crystalline nanoparticles that are embedded with different densities within the whole active PA layer (Figure 3 f andg). Comparison of reference membrane surfaces prepared using 2 different application methods for PA [5] shows that membranes prepared using water-ethanol solution of MPD presents a more developed surface with smaller leaf-like formations (Figures S4 andS14), which could be explained by an improvement of the amine monomer diffusion in presence of ethanol. Moreover, membranes prepared with water-ethanol solution of PA [5] (0.5 w/w %) and MPD (1.2 w/w %) have a more inhomogeneous morphology compared to membranes prepared by sequential application of PA [5] and MPD (Figures S14-18). The best productivity and selectivity in experimental brackish water reverse osmosis tests were obtained for the hybrid layers with medium PA [5] contents. The dimensions of embedded nanoparticles as well as their distribution density, appeared to increase as expected, with increasing the PA [5] loads.

Oppositely to homogeneous low content PA [5]% layers, bigger nanoparticles can be observed in a multi-layer structure of hybrid membrane prepared with high content of PA [5], while the micro-structure becomes more heterogeneous.

Performances of the membranes in BWRO filtration. The filtration performances (i.e., water permeability, water flux and NaCl rejection of saline solution) of reference and hybrid membranes prepared by varying the PA [5] loading from 0% (control TFC) to 0.1 % w/w (Series L) and then from 0.1 % to 0.5% (Series H), were measured for brackish water reverse osmosis (BWRO) desalination. [33] The MPD concentration in aqueous solution controls its diffusion into the organic phase and influences the self-assembly of PA [5] via H-bonding. For a series of high concentration membranes (Series H, 1.5 % w/w MPD and 0.15 % w/w TMC), increasing the PA [5] loading from 0.1 % w/w to 0.5% w/w led to a progressive lower water permeability (from 1.5 to 0.9 L m -2 h -1 bar -1 ). This also impacts negatively the salt fluxes (decreasing from 24 to 14 L m -2 h -1 ) and salt rejections (from 99% to 91%) with respect to the control TFC membrane. These results are rationalized with the high concentration of MPD and TMC and the high loading content of PA [5], which results in the formation of highly cross-linked hybrids PA [5]-PA with respect to the control TFC membrane and the formation of defects at high PA [5] loading (Figure S20 and Table S2). In order to reduce the unfavourable cross-linking effects, lower concentrations of 1.2 % w/w MPD and 0.1 % w/w TMC, together with lower loadings of PA [5] from 0.01 to 0.1% w/w% were further used. Under the BWRO conditions, the water permeability increased significantly and reached a peak at ~2.76 L m -2 h -1 bar -1 for the PA [5] concentration of 0.025% w/w, while maintaining higher observed NaCl rejection of 99.4 % (Figure 4 and Table S3). This result represents an exceptional ~40 % increase in water permeability at equivalent rejection, with respect to the reference TFC membrane and a similar water permeability compared to one of the best commercial BW30 membrane (permeability of ~3.0 L m -2 h -1 bar -1 and 99.5% NaCl rejection). The filtration performances are lower for higher concentrations 0.05 and 0.1 % w/w of PA [5], confirming SEM observations that multilayer active structures are highly cross linked.

We noted that the membrane performances dropped rapidly by using high concentrations of PA [5] leading to high aggregation of PA [5] within the hybrid layers, that clearly shows that final layer morphology and transport performances are strongly correlated. Further experiments aimed at investigating the method of PA [5] implantation into a polyamide matrix by dissolving PA [5] in ethanol/water solution of MPD or adding PA [5] after soaking in the membrane with MPD solution. Both experiments led to a ~30-40 % decrease in water permeability and lower salt rejection (Table S4). The data suggest that an optimal PA[5] loading of 0.025 % w/w is needed to generate its optimal aggregation that can construct a homogeneous hybrid PA [5] -PA matrix and at the same time prevent the formation of defects in the selective layer. Also, it is a clear that adding the PA [5] dissolved in aqueous solution is not optimal since it results in the formation of molecularly dispersed and highly cross-linked materials with lower performances with respect to the reference TFC membrane. [5]-PA membranes prepared with 0.01 %, 0.025%, 0;05% and 0,01% w/w PA [5] solutions; MPD and TMC concentrations in the casting solutions were 1.2 w/w % and 0.1 w/w %, respectively.

The present study confirms that in-situ aggregation-interfacial polymerization-isAGRIP mechanistic strategy allows the homogeneous incorporation of PA [5] artificial water channels starting from their in-situ colloidal self-assembled superstructures. The formation of the hybrid PA [5]-PA layers may be further generated via the interaction of the PA [5] aggregates with nascent PA oligomers via H-bonding. It is leading to the formation of nanoparticles for which the distribution within hybrid PA [5] -PA is strongly depending on the PA [5] content. Under optimal conditions, they promote the synergistic incorporation of colloidal soft aggregates of PA [5] during the PA formation, whereby preventing the formation of defects, that is mostly observed when solid state nanoparticles are directly incorporated within PA. [16] A significant loss in the performances was observed for the membranes fabricated with too low or too high PA [5] loadings. Membranes fabricated using complex solution of PA [5] and MPD, resulted in the formation of homogeneous grafting of non-aggregated PA [5] molecules, exhibiting thus a low permeability. The pre-formation of PA [5] colloidal aggregates at the surface of the membrane led to distributed nanostructures into the PA layer. Such membranes provided the best performances in terms of water transport and selectivity, and the porous structure did not affect the mechanical resistance or the membrane properties under RO filtration. It can be concluded that the improved transport performances arise from a combination of higher porosity of the pre-organized PA [5] with less cross-linked PA-layer. However, overly high loadings of PA [5], bigger nanoaggregates led to the formation of highly crosslinked PA and to defects, resulting in poorest performances. The PA [5] concentration had an important effect during membrane fabrication and performant hybrid layers were synthetized by adjusting this parameter to an optimal PA[5] concentration of 0.025 %w/w. In particular, the membranes provided a ~40 % increase in water permeability with an excellent productivity of 50 L m -2 h -1 under 17.5 bar applied pressure, while maintaining a high selectivity of 99.4 %.

Ultimately, we demonstrated that in-situ aggregation-interfacial polymerization-isAGRIP previously used to fabricate bioinspired membranes incorporating I-quartet AWCs [16] owns its enormous potential by using hydrophobic PA [5] superstructures, that can be incorporated in homogeneous hybrid polyamides to target continuous flow applications by improving real reverse osmosis materials Chemicals. Commercial flat-sheet polysulfone (PSf) ultrafiltration membranes, PS35-GPP (Solecta, USA), were used as support layers for the fabrication of all the polyamide-based membranes. Trimesoyl chloride (TMC, 98%), m-phenylenediamine (MPD, flakes 99%), sodium chloride (NaCl) (≥99.5%), sodium metabisulfite (Na 2 S 2 O 5 , 98%), were purchased from Sigma-Aldrich, France. Pillar [5]arene has been synthesized as previously reported. [29] All solvents used in this study were HPLC grade. Unless specified, all chemicals were dissolved in DI water obtained from a Milli-Q ultrapure water purification system (Millipore, France). All the reagents and solvents were used without any further purification.

Fabrication of Reference polyamide-based membranes (TFC):

Reference polyamide active layers were cast on top of the commercial PSf ultrafiltration support. The support was taped onto a stainless-steel plate to leave only the topmost surface available for reaction and then contacting them with ethanol/water solution with ratio 1:2 (by volume). It was then placed in an amine aqueous solution (MPD: 1.2 w/w %) for 120 s. An air gun was used to remove the excess solution from the membrane surface. The membrane was then immersed in a hexane solution of TMC (0.1 w/w %) for 60 s. During this step, the ultrathin polyamide layer was formed. The composite membrane was then cured in DI water at 95 °C for 120 s, rinsed with a 200 ppm NaOCl aqueous solution for 120 s, followed by soaking in a 1000 ppm Na2S2O5 aqueous solution for 30 s and a final wet curing step at 95 °C for 120 s in DI water. The TFC membranes were stored in DI water at 4 °C until their use.

Fabrication of the polyamide-based membranes incorporating pillar[5]arene (PA5).

We used 3 methods of PA [5] incorporation into the PA membrane during the interfacial polymerization:

1. A certain amount of pillar [5]arene was dissolved in ethanol followed by the addition of ultrapure water and ultrasonication to obtain 1:2 ethanol/water homogeneous solution with PA5 concentrations 0.01%, 0.025%, 0.05% and 0.1% (w/w). Further, PA5 solution was sprayed on PSf ultrafiltration support fixed on a stainless-steel plate. The following steps were done in the same way as it was for the reference TFC membrane including soaking in the MPD solution (1.2 w/w % in water), IP reaction in TMC solution and 2-step curing in the hot water. [5]arene PA [5] was also incorporated as dissolved in the aqueous MPD/PA5 solution: the support was taped onto a stainless-steel plate to leave only the topmost surface available for reaction.

Pillar

The fixed PSf support was soaked in the ethanol/water solution (MPD: 1.2 w/w %; PA5: 0.5 w/w %) and excess of solution was removed after 120 s by using an airgun. Interfacial polymerization reaction and 2 steps curing in the hot water were applied as well as it was done for the reference polyamide-based membranes.

3. PA5 deposition have been applied after soaking in MPD solution: the support was taped onto a stainless-steel plate to leave only the topmost surface available for reaction. It was then placed in an amine aqueous solution (MPD: 1.2 w/w %) for 120 s. An airgun was used to remove the excess of MPD solution from the membrane surface. Fixed PSf support was contacted with PA5 ethanol/water solution with ratio 1:2 (by volume) for 15 s and the excess was removed with the airgun. The following steps of polyamide IF polymerization and curing procedure were done in the same way as for the reference polyamide-based membranes.

Membrane morphological and physio-chemical characterization.

Dynamic light scattering (DLS) measurements were performed using a Malvern Zetasizer with a 173° backscatter measurement angle and a quartz cuvette with a square aperture. The samples were prepared by dissolving the PA [5] in ethanol to achieve 0.3%, 0.5 % and 0.7% w/w. In order to investigate the formation of colloidal aggregates, different amounts of water were added to the PA [5]/ethanol solution under various conditions. The size distribution of hydrodynamic diameter (Dh) at t=0h, 1h and 12h after the addition under sonication of variable amounts of pure water to a) 0.3%, b) 0.5 % and c) 0.7% w/w PA [5] solution in 0.8 mL ethanol.

FTIR-ATR spectroscopy

ATR-FTIR spectra were recorded on a NEXUS spectrometer. The ATR accessory contained a monolithic diamond crystal at a nominal angle of incidence of 45°, yielding about 1 internal reflection at the sample surface. All spectra were recorded at 25 °C in the region 625 -4000 cm -1 .

Figure S2

. FTIR-ATR spectras of L-series TFC membranes (Reference TFC and L-0.5) and PA [5] powder (Membrane composition MPD 1.2 w/w %, TMC 0.1w/w %) [5] membrane with 0.5% PA [5] and the reference TFC membrane (membrane composition MPD 1.2 w/w % and TMC 0.1w/w %).

Energy Dispersive X-ray spectroscopy (EDX)

EDX was conducted with an AZTEC System, Oxford Instruments, UK, at an accelerating voltage of 10 kV and a working distance of 8.5 mm. At least three spectra were captured at different positions to calculate an average atomic percentage of %C, %N, and %O.

Measurements of the atomic composition for PA [5] membranes are listed in Table S1. Table S1. Atomic content of TFC and PA-PA [5] 

Scanning electron microscopy (SEM):

The incorporation of PA [5] aggregates in polyamide layers was verified by a high-resolution scanning electron microscope (SEM, HITACHI S-4800), at an accelerating voltage of 2 kV. For cross-sectional studies, membrane coupons were prepared by freeze-fracturing in liquid nitrogen and then dried in dry air for at least 24h. A 5 nm thick coating of chromium was sputtered (SC7620 Mini Sputter Coater, 

Chapter IV. Synergistic self-assembly of bi-component alkylureido systems into artificial water channels

Contribution to Publication

The contribution of the Ph.D. candidate to the manuscript "Synergistic self-assembly of bicomponent alkylureido systems into artificial water channels" is related to the identification of empirical strategies toward the obtainment of the objective of the research project for which he performed most of the experimental work, including (i) synthesis and characterization of hydrophobic alkylureido derivatives, (ii) defining the strategy of obtaining hybrid combination of alkylureido derivatives, (iii) performing water transport evaluation by using Stopped-flow method and analysing obtained results, (iv) investigation of ion transport by using fluorescence HPTS assay.

INTRODUCTION

Water plays an important role for living organisms. [1][2][3] In cells, the transport of water molecules is carried out through natural aquaporins (AQPs), that are cell water-transporting proteins discovered by Agre et al. 4 , allowing the transfer of H2O molecules over the physical barrier of cell membranes at significantly high rates of water permeation (> 10 9 H2O molecules per second per channel) with selectivity for water toward ions to sustain homeostasis in the cell, which is demanding condition for the maintenance of life. [5][6] Due to AQPs' ideal water / salt selectivity and spontaneous insertion in the cell membrane, the incorporation of this class of proteins into membranes is of great interest for desalination purposes. [7][8] Several scientific groups have successfully incorporated Aquaporins into desalination membranes. 9 However, the main challenge that limits the development of these proteins in membrane systems remains the integrity and translation of protein channel function that need to be conserved at a large scale 10 . One alternative to biological water channels could be bioinspired Artificial Water Channels (AWCs), constructed as self-assembled or as unimolecular synthetic nanoscale architectures, which mimic the AQP functions. [11][12][13][14][15][16] AWCs have quickly appeared as a perspective platform for next generation desalination membranes. Based on structure and water transport studies of AQPs, it was proposed several molecular features as design criteria for AWCs, which include Angström-scale pore size, selective filter with specific H-bonding of water molecules and hydrophobic pore media. 14,17 Stability and high pore packing density are the main advantages of AWC-incorporated membranes over membranes containing AQP, which make it more attractive for development of new type of selective polymer membranes. However, achieving both AQP-like single channel water permeability and selectivity remains a challenge that limits the development of AWC-incorporated desalination membranes. [18][19][20] At the moment, numerous architectures were reported that fully or partially addressed the criteria mentioned above, among which are carbon nanotubes porins (CNTPs) 19,21 , m-PE macrocycles 22 , pillar [5]arene (PAP5) [23][24] , pillar [4]arene (PAH [4]) clusters 25 , pillar [5]arene dimers 26 , aquafoldamers 27 , porous organic cages (POCs) 28 , pillar [5]arene hydrazones (PAH5) 29 , pillar [5]arene-AQPs 30 , OH-channels 31 and Imidazole-quartet system (I-quartet) 18,32 (Figure 1). Those channels can be separated in 3 groups according to their type of interaction with water as well as their transport mechanism (Figure 1 Imidazole-quartet systems are already very well-known AWCs with channels pores within 2.6

Å formed from the supramolecular organization of alkylureido ethylimidazole compounds that suits requirements to observe water permeability and ion rejection. 18,32 On the other hand, AWCs based on carbon nanotubes showed incredibly high permeability values comparable or even exceeding those of natural channels without any selectivity though that may be explained by the repulsion of water molecules from the walls due to the high hydrophobicity of the channels. 19,21 The selective binding of water molecules can be obtained through the synergistic combination of donor-acceptor H-bonding components, while the permeability is determined by the frictionless translocation. 14 This work describes novel synthetic routes to obtain new hybrid artificial water channels taking advantage of a synergistic combination of alkyl ureido derivatives that induce the selective transport of water against ions. We also decided to combine I-quartet channel with hydrophobic alkylureido derivatives, with the objective to gain in selectivity in hydrophilic pores and to enhance water permeability via hydrophobic pores.

Design of Bi-component Self-assembled Channels. Detailed investigation of AQP1 structure made by Agre 4 postulates that AQP1 consists of five inter-helical loop regions (Figure 2-A -E) that form the extracellular and cytoplasmic vestibules. 33 Loops B and E are hydrophobic loops that contain the asparagine-proline-alanine (NPA) motif, forming a 'hourglass' structure by overlapping the middle of lipid bilayer of cell membrane. 34 This overlap forms the narrow channel constriction site in the peptide, known as 'selectivity filter' or ar/R (aromatic/arginine) selectivity filter. The ar/R selectivity filter is a cluster of amino acids that helps transporting the increasing of HC6/S5-6 system permeability was 9.5 times higher compared with HC6 alone and 2 times higher compared with S5-6 alone, giving a net water permeability of final system HC6/S5-6 of 21.8 µm/s (Figure 6b). Compound S5-6 is also an imidazole derivative as HC6, despite the fact that S5-6 has a benzene ring attached to the imidazole cycle, that brings hydrophobicity to the inner walls of the final system and, as a result, increases the water permeability through the lipid bilayer.

The system HC8/S8-8 showed the highest value of net water permeability from all series of tested systems, 33.2 µm/s, which is 33 times more than the HC8 net permeability (1.00 µm/s) and 1.33 times more than S8-8 (25 µm/s) (Figure 6c). Moreover, transition from compound with hexyl chain to compound having octyl chain improved the water transport ability of the system, which is clearly seen in the examples of systems HC6/S8-6 and HC8/S8-8: net water permeability of HC6/S8-6 (hexyl derivatives system) was 4.83 µm/s and system HC8/S8-8 (octyl derivative system) showed 33.2 µm/s, 6.9 times more than for hexyl derivative. These results confirm the influence of the alkyl tails length on both the channel stability and transport properties. 

Single channel permeability

Keeping in mind that Imidazole quartet plays the roles of frame and selective filter for bicomponent combinations, we calculated the single channel permeability for each system. Two systems showed remarkable results for water transport per channel ( were assessed in water transport using standard 8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) fluorescence assay (Figure 8). Applying a gradient of pH between the inner and the outer media of vesicles initiates migration of ions through the channels. No transport activity was observed for combinations, which indicated that those channels were able to efficiently exclude alkali cations, which represents an ideal case for AWCs. 

CONCLUSION

This work describes novel synthetic routes for obtaining a combination of hybrid artificial water channels by synergistic combination of alkyl ureido derivatives that induce the selective transport of water against ions. Water permeability (net permeability and single channel permeability) for selected bi-component systems are multiplying times higher compared to 13 C NMR (bottom) spectra of S1-8
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Conclusions

Billions of years of evolution have contributed to the creation of ideal transport systems for living organisms. Discovered in 1992, Aquaporin-1 became the ancestor of the Aquaporin family of water transport proteins. This discovery contributed to the development of a new branch in water purification systems -Biomimetic membranes for desalination technologies. However, the complexity of the production of transport proteins at an industrial level, challenges with incorporation into synthetic membranes for desalination of water, as well as problems with membrane stability, prompted scientists to design systems that mimic the structure or/and properties of aquaporinsartificial water channels. As described in the first chapter, some systems have come close to achieving the goal of development of channels that have both extremely high water permeability and the ability to reject all kinds of ions, including the smallest one -the proton, nonetheless, this has been obtained through complex chemical syntheses, which makes large-scale production of these channels difficult. At the same time, there is no elegant, simple and effective solution, there is always a trade-off between water permeability, selectivity and system complexity, which is the main challenge for the design of new artificial water channels.

The PhD work described here contains results that include both fundamental and applicative researches towards the design of artificial water transport systems. From a fundamental point of view, the second chapter presents detailed work towards investigation of water transport mechanism of novel Pillar [5]arene-based artificial water channels. The pillar [5]arene platform was not chosen by chance; this relatively simple molecule has a number of advantages, such as a rather small pore size (~4.7 Å) and easy modification due to the presence of numerous functional groups on both sides of the ring. The discrete tubular dimers of rim-differentiated peralkylcarboxylate-pillar [5]arenes -PAD systemsis a compromise solution between self-assembled and unimolecular AWCs, since these channels are formed due to the self-assembly of two large functionalized macrocycles. Investigation of the crystal structure showed that these systems can form 2 types of pores via two different H-bonding vs hydrophobic binding modes. In addition, it was established that the narrowest part is formed via 15 hydrogen bonds between the carboxyl groups and water molecules together with closely spaced carboxy-phenyl groups with a fivefold helical conformation, which allows to reduce pore size from the characteristic for pillar [5]arene platform of 4.7 Å-pore diameter up to 2.8 Å, which in turn completely coincides with Aquaporin's ar/R selectivity filter. These observations correlated with ion transport results were obtained using fluorescence HPTS assay and single channel planar bilayer experiments. Thus, PAD channels did not show K + and Na + transport through lipid bilayer. High water transport ability of PAD channels (5.21 ×10 7 water molecules per second per channel for PAD8, one order of magnitude less than natural AQP) obtained by stopped-flow experiments could be explained due to that fact, that PAD channels have hybrid hydrophobic/hydrophilic nature in presence of alkyl chains (hydrophobic part) and numerous H-bonding sites from carboxylic groups (hydrophilic part) in the structure.

MD simulation opened the door to understanding water transport through PAD channels. It was found that a H-bonding dimer formation is preferentially obtained and more stable in the membrane. The water translocation events led to the change in shape of the channel conduits in bilayer membranes from a single water-wirs to fully aggregated toroidal water clusters, which confers to these channels the self-adaptive behaviours and make it particularly self-protective against ions.

The third chapter of this thesis work was more directed towards the applicative side. Inspired by the results from chapter II, as object of research we chose non-modified pillar [5]arene, ancestor of the pillar [5]arene family of AWC. The ability of this macrocycles to form nanometric porous structure make it attractive to use as AWC for incorporation into well-developed PA matrix. We used in-situ aggregation-interfacial polymerization method of incorporation -isAGRIPpreviously reported by our group, due to that fact that this method had already shown excellent results for I-quartet systems. By modification and optimisation of this method for pillar [5]arene, we succeeded in homogeneously incorporating PA [5] artificial water channels starting from their in-situ colloidal self-assembled superstructures into PA thin film composite membranes. It was noticed, that concentration of PA [5] in ethanol-aqueous solution, as well as ethanol/water ratio of embedding colloidal solution impacted the performance of hybrid PA [5]-PA membranes, that may be related to a different distribution of PA5 nanoparticles in the PA layer due to different colloidal PA5 particles in the embedding solution. Thus, formation of large nanocrystals during IP process led to defects in the resulting PA layer, which is confirmed by experiments on incorporation using solid-state PA5 particles. This was proved by SEM imaging, Energy dispersive X-ray spectroscopy, as well as through ATR-FTIR analysis. Optimized hybrid PA5/PA TFC membranes with using 0.025% (w/w) of PA5 showed a ~40 % increase in water permeability with an excellent productivity of 50 L m -2 h -1 under 17.5 bar applied pressure, while maintaining a high selectivity of 99.4 % during BWRO experiments.

In the fourth chapter, we have presented alternative design of self-assembled artificial water channels by using ideas of I-quartet systems. Inspired by natural transport proteins, it was decided to use hydrophobic heads instead of imidazole. Thus, a library of hydrophobic ureido derivatives was synthesized. Next step was focused on combining synthesized hydrophobic ureido derivatives with I-quartets in order to obtain synergistic combined hybrid AWC. I-quartet system was used as platform for new AWC due to its unique features, as narrow pore size (2.6 Å), relevantly high water permeability and selectivity. Besides, similarity of structures of both kinds of AWCs could form sequences of I-quartets and hydrophobic derivatives maintaining or even exceeding the original properties of imidazole-quartet systems. Water transport investigation performed by stopped-flow experiments showed that bi-component systems had multiplying times increased single channel permeability compared to single compound systems. Thus, the system HC8/S8-8 formed by combination for imidazole and benzosulfonamine derivatives had permeability of almost 8.2 ו10 7 water molecules per second, which is 16.7 times more than HC8 channels itself. Ion transport experiments did not show significant Na + and K + transport through lipid bilayer for selected systems.
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Figure 1 .

 1 Figure 1. AQP1 subunit structure and water transport scheme. Left: strip model of AQP1 monomer showing six oblique bilayer domains and two pore-forming loops. Right: The overflow of water from the extracellular chambers into the intracellular ones occurs through a narrow column. Proton conduction (hydronium ion, H3O + ) is prevented by size limitation and electrostatic repulsion (H180 and R195), as well as in the center of the channel, where partial positive dipoles are introduced by short α-helices lining the pores and two highly conserved asparagines (N76 and N192) in the signature motif NPA cause a temporary dipole reorientation of an isolated water molecule. Image adapted from reference [27].

Figure 2 .

 2 Figure 2. Horizontal cross-section representation of narrowest segment of AQP1. A single water molecule at the narrowest segment of the channel surrounded by functionally important residues (F56, R195, H180, and C189). Hydrogen bonding occurs between carbonyl oxygens on the peptide backbone (G188, C189, G190, and I191) at the other surface of the pore. Image adapted from reference [27].

Figure 3 .

 3 Figure 3. Dendritic dipeptide pores. (a) Chemical structures (1A and 1B, modified) of dendritic dipeptides with different dendritic periphery arms. (b) top and (c) cross-sectional views of simulation model of dendritic hydrophobic pores. Image adapted with permission from reference [31].

Figure 4 .

 4 Figure 4. Imidazole quartet (I-quartet) channels. (a) Chemical structures of ureido imidazole compounds with various alkyl chain tails in terms of chain length and chirality. (b) I-quartet channel-embedded vesicular membrane water permeabilities. (c) Columnar assembly of imidazole moieties inside hydrophobic environments. (d-g) Hydrated crystal structures of (d) HC6, (e) HC8, (f) S-HC8, and (g) R-HC8, which contain dipolar water wires.Image adapted with permission from reference[43].
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Figure 5 .

 5 Figure 5. Hexa(m-phenylene ethynylene) (m-PE) channels. (a) Chemical structures of m-PE-based planar macrocycles. (b) A snapshot of quantum molecular dynamic simulations for the stacked columnar pore structure 2A. (c,d ) Atomic force microscopy images of the assembled pillar structures (c) 2A and (d ) 2B on a mica substrate in CCl4. Image adapted from reference [44].

Figure 6 .

 6 Figure 6. Chemical structure of synthons and crystal structures of aquafoldamer-based synthetic water channels. a) A "sticky end"-mediated molecular strategy for creating selfassembled 1D nanotubes for water transport. b) Chemical structure of 3A. c) Chemical and d) crystal structures of 3B, encapsulating 1D chain of water molecules. Image adapted from reference [51].

Figure 7 .

 7 Figure 7. Carbon nanotube porins (CNTPs). (a) Illustration of CNTP-incorporated vesicles and transport of water through lipid membrane. Representation of (b) bulk water inside wCNTPs and (c) single file water inside the nCNTP from MD simulation. Image adapted from reference [57].

Figure 8 .

 8 Figure 8. Hydrazide-appended pillar[5]arenes (PAH5). a) Crystal structure of pillar[5]arene. b) A series of PAH5. c) Chemical structure of 4B. d) Schematic tubular conformation of 4C. Image adapted from reference [61].

Figure 9 .

 9 Figure 9. a) Structure of the peptide-appended pillar[5]arene (PAP) channel. b) Molecular modeling of the PAP[5] channel. c) Wetting/dewetting observation of a PAP channel from MD simulation of water transport in a POPC bilayer. Image adapted from reference [66].

Figure 10 .

 10 Figure 10. a) Molecular model of the peptide-pillar[4]arene, PAH[4]. b) Proposed water permeation conduits (blue arrows) between PAH[4] (left) and traditional AWC (right) configuration. Image adapted from reference [67].

Figure 11 .

 11 Figure 11. Artificial aquaporin used in medical applications. a) Chemical structure of artificial AQP. b) MD simulation of artificial AQP in a palmitoyloleoyl-phosphocholine (POPC) lipid bilayer. c) Molecular structure and interactions of synthetic channel with waterwire file. Image adapted from reference [69].

76 Figure 12 .

 7612 Figure 12. Biomimetic compositions for the amphiphilic channel insertion matrix. Image

Figure 13 .

 13 Figure 13. Design considerations for common biomimetic membrane formation strategies. (a) Pore-spanning planar layer format. (b) Vesicle-encapsulated mixed-matrix formats. Image adapted from reference [76].

Figure 14 .

 14 Figure 14. Alternative biomimetic membrane formats. (a) Laminated crystalline sheets, where sheets of up to ∼1 μm in side-length are layered for full coverage. (b) Co-assembly of multilayer lamellar block copolymer. Biological membranes follow an ABA (hydrophilichydrophobic-hydrophilic) pattern, whereas, here, a BAB (hydrophobic-hydrophilichydrophobic) block copolymer is used to promote multilayered self-assembly. (c) Blended mixed matrix, where channels are blended into a polymer solution before interfacial polymerization of polyamide. Random alignment of nanochannels occurs. Image adapted from reference -

Figure 15 .

 15 Figure 15. Theoretical comparison of water permeability through PA layer and synthetic nanochannel. Image adapted from reference[84] 

Figure 1 .Figure 2 .

 12 Figure 1. a) Structures of peralkylcarboxylate-pillar[5]arenes PAD4, PAD8 and PAD12 and b) X-ray single crystal structure of PAD4.29 Crystal packing along c-axis emphasizing self-assembled tubular carboxylate H-bonding (b, red) and bilayer hydrophobic (b, blue) dimers in stick and CPK representations Crystalline solid state structures show dimeric structures of 34 Å length and c) a variable pore geometry composed of Pillar[5]arene platform (blue) of 5 Å diameter and of narrowest twisted carboxy-phenyl pore of 2.8 Å diameter (red). Green CHCl3 molecules in CPK representation are perfectly positioning a Cl atom fitting the narrowest carboxy-phenyl pore, while the other atoms are disordered in the larger junction formed via hydrogen bonding of the carboxylate groups.

Figure 3 .

 3 Figure 3. a) Carboxylic H-bonding dimer in a 100 ns molecular dynamics simulation in the lipid bilayer. b) Lipophilic bilayer dimer shifts side-to-side. c) Top view of honeycomb hexametric arrangement around a central dimer. d) Wetting-dewetting events in the first 50 ns of the carboxylic dimer. e) Water-wire pathway in the beginning 1 ns after releasing constraints on the system. through the carboxyli dimer channel (around 130 ns) in the central region and the exit in a lateral exposed lipid area. f), two water pathways are shown around 400ns after equilibration. The blue pathway accounts for a permeation event through the toroidal COOH pore (during around 10 ns) and the red pathway accounts for a permeation event in the lipid area. g) ideal schematic representation of a toroidal pore in the bilayer membrane

Distinguishing Pillar[ 5 ]

 5 arene dimer s with variable diameter SF interiors get inserted lipid spontaneously into bilayers, showing selective water conductance activity. The transport via the narrow pore gates ~2.8 Å, acting as selectivity filters, is perfectly sized for the water molecules to pass having themselves a diameter of ~2.8 Å, but restrictive enough to block the passage of hydrated Na + or K + cations Dmytro Strilets, Shixin Fa, Arthur Hardiagon, Marc Baaden, Tomoki Ogoshi,* Mihail Barboiu * Page No. -Page No.

  H NMR (400 MHz, CDCl3): δ 7.96 (d, J = 8.2 Hz, 10H), 7.33 (d, J = 8.2 Hz, 10H), 6.86 (s, 5H), 6.79 (s, 5H), 4.57-4.44 (m, 5H), 3.94-3.74 (m, 40H), 1.93-1.70 (m, 10H), 1.54-1.46 (m, 10H), 1.36-1.29 (m, 10H), 1.27-1.21 (m, 30H), 0.84-0.80 (m, 15H).

  H NMR (400 MHz, CDCl3): δ 8.00 (d, J = 7.8 Hz, 10H), 7.29 (d, J = 7.9 Hz, 10H), 6.89 (s, 5H), 6.87 (s, 5H), 4.77 (d, J = 13.7 Hz, 5H), 4.49 (d, J = 13.8 Hz, 5H), 4.04-3.79 (m, 20H), 1.94-1.75 (m, 10H), 1.62-1.49 (m, 10H), 1.42-1.35 (m, 10H), 1.34-1.25 (m, 10H), 1.24-1.09

  Water permeability of channels was measured with the stopped-flow instrument (SFM3000+MOS450, Bio-Logic SAS, Claix, France) by using stopped-flow light scattering experiments. Generally, the DMSO solution of PAD4, PAD8 or PAD12 (20 μL with required concentration) was added to the vesicle suspension (1.980 mL) to incorporate the channel molecules into the lipid bilayers. Then the vesicle sample and the hypertonic solutions (2.0 mL, 100 mM / 200 mM KCl, 10 mM HEPES buffer, pH 7.0) were loaded into two syringes. The size change of the vesicles was monitored through the light scattering intensity change with light of 365 nm wavelength and detection angle of 90°. The osmotic permeability (Pf) was calculated as following: 𝑤 × ∆𝑂𝑠𝑚 where k is the exponential coefficient of the change in the light scattering; S and V0 are the initial surface area and volume of the vesicles, respectively; Vw is the molar volume of water, and Δosm is the osmolarity difference.

Figure S1 .

 S1 Figure S1. The stopped-flow traces from experiments on liposomes of PAD4 with different mCLR and with 100 and 200 mOSM osmolarity gradients.

Figure S2 .

 S2 Figure S2. The stopped-flow traces from experiments on liposomes of PAD8 with different mCLR and with 100 and 200 mOSM osmolarity gradients.

Figure S3 .

 S3 Figure S3. The stopped-flow traces from experiments on liposomes of PAD12 with different mCLR and with 100 and 200 mOSM osmolarity gradients.

Figure S5 .

 S5 Figure S5. Net permeability versus Single channel permeability of PAD4, PAD8, PAD12 channels at 100 mOsm osmolarity gradient

  Transport experiments: Here a fluorescent ratio data collection method was applied. 100 μL of stock vesicle solution was suspended in 1.85 mL of the corresponding buffer (10 mM sodium phosphate, pH 6.4, 100 mM of the analyzed cation KCl or NaCl) and placed into a quartz fluorimetric cell. The emission of HPTS at 510 nm was monitored at two excitation wavelengths (403 and 460 nm) simultaneously. An experiment involved two main events: injection of 20 μL of analysed sample (at 20 s after the start of experiment), then 29 μL of aqueous NaOH (0.5 M) (at 40 s) was added, resulting in a pH increase of about one unit in the extravesicular media. Finally, the vesicles were lysed with detergent (40 μL of 5% aqueous Triton X-100), in order to equilibrate the intravehicular and extravesicular solution.

Figure S7 .

 S7 Figure S7. Normalized fluorescence intensity of HPTS as function of time associated with Na + and K + transport in the presence of PAD4, PAD8, PAD12 channels.

Figure S8 .

 S8 Figure S8. Single channel planar bilayer experiments. Cis/trans 1M KCl, diphytanoyl phosphatidylcholine (diPhyPC), a) 250 µM solution of PAD4 in DMSO, b) 2.5 mM PAD4 in THF, under applied potential in range of 50 -200 mV.

Figure 1 .

 1 Figure 1. Interfacial polymerization (IP) between m-phenylene-diamine (MPD) and trimesoylchloride (TMC) monomers resulting in the formation of polyamide PA layers on the top of a polysulfone membrane support. Functional a) chemical grafting or b) in-situ supramolecular aggregation result in the formation of hybrid PA membrane materials.

  were cured in DI water at 95 °C for 2 min, dipped in a 200 ppm NaOCl aqueous solution for 2 min, and then dipped in a 1000 ppm Na2S2O5 aqueous solution for 30 s. The membranes were finally rinsed and stored in DI water at 4 °C before testing. Morphological / structural characterization of the hybrid membranes. The formation of the hybrid PA[5]-PA layers was confirmed by Fourier Transform Infrared FTIR spectroscopy (Figures S2-

Figure 3 .

 3 Figure 3. Representative surface SEM micrographs of (a) reference TFC; (b) 0.01 w/w % (c) 0.025 w/w % (d) 0.05 % w/w and (e) 0.1 % w/w PA[5] PA[5]-PA hybrid layers. High magnification details of (f) 0.01 w/w % and (g) 0.01 w/w % PA[5]-PA hybrids. MPD and TMC concentrations in the casting solutions were 1.2 w/w % and 0.1 w/w %, respectively.In addition to a change of the surface roughness, the hybrid PA[5]-PA membranes with

Figure 4 .

 4 Figure 4. BWRO desalination performances at 15.5 bar with a 2000 ppm NaCl as feed solution: a) water permeability, b) flux of the saline solution and salt rejection for reference TFC and PA[5]-PA membranes prepared with 0.01 %, 0.025%, 0;05% and 0,01% w/w PA[5] solutions; MPD and TMC concentrations in the casting solutions were 1.2 w/w % and 0.1 w/w %, respectively.

Figure S1 .

 S1 Figure S1. The size distribution of colloidal aggregates obtained by DLS measurements.

Figure S3 .

 S3 Figure S3. Comparison of FTIR-ATR spectra of PA[5] membrane with 0.5% PA[5] and the reference TFC membrane (membrane composition MPD 1.2 w/w % and TMC 0.1w/w %).

Figure S6 .

 S6 Figure S6. Surface SEM micrographs of PA-PA[5] membrane prepared using PA[5] 0.01% solution (membrane composition MPD 1.2 w/w % and TMC 0.1w/w %).

Figure S7 .Figure S8 .

 S7S8 Figure S7. Cross-section SEM micrographs of PA-PA[5] membrane prepared using PA[5] 0.01% solution (membrane composition MPD 1.2 w/w % and TMC 0.1w/w %)

Figure S9 .

 S9 Figure S9. Cross-section SEM micrographs of PA-PA[5] membrane prepared using PA[5] 0.025% solution (membrane composition MPD 1.2 w/w % and TMC 0.1w/w %).

Figure S10 .

 S10 Figure S10. Surface SEM micrographs of PA-PA[5] membrane prepared using PA[5] 0.05% solution (Membrane composition MPD 1.2 w/w %, TMC 0.1w/w %)

Figure S19 .

 S19 Figure S19. X-Ray diffraction comparison of PA5 powder, Reference TFC membrane, L-0.1 and L-0.5 membranes prepared using 0.1 w/w % and 0.5 w/w % PA5 solutions respectively.

  Intrinsic transport properties of control TFC and hybrid membranes were evaluated using a laboratory-scale cross-flow unit, comprising a highpressure pump, a feed vessel, and a flat membrane housing cell. The housing cell consists of a 7.6 cm long, 2.8 cm wide, and 0.3 cm high rectangular channel. The effective membrane active area was 22 cm 2 , the crossflow velocity was fixed at 0.9 m/s, and the temperature was constant at 25 ± 0.5 °C. Prior to each experiment, the membrane was immersed in water overnight. The filtration tests were conducted, referred to as "brackish water" tests. The membranes were compacted with DI water as feed at 17.5 bar (261 psi) of applied pressure, ΔP, until the permeate flux reached a steady-state. The pressure was then lowered to 15.5 bar (217 psi). The pure water flux, Jw,0, was calculated by dividing the volumetric permeate rate, obtained at steady-state, by the membrane active area. The pure water permeability was determined by dividing the water flux, Jw,0, by the applied pressure, 𝑃 = 𝐽 𝑤,0 𝛥𝑃 ⁄ . Subsequently, for brackish water tests, NaCl was added from a 5 M stock solution to reach a final concentration of 100 mM (2000 ppm) and salt concentrations in the feed and permeate streams were measured using a calibrated conductivity meter (pHenomenal® CO 3100 H, VWR Instruments). Upon reaching steadystate, the permeate flux, Jw, was calculated by dividing the volumetric permeate rate by the membrane area. Observed rejection, R, was then computed from the concentrations determined in bulk feed, cf, and in the permeate stream, cp, for each ionic species or for global salinity (using conductivity as a proxy for salinity): 𝑅 = 1 -𝑐 𝑝 𝑐 𝑓 ⁄ . The rejection values reported for each sample are the average of three filtration measurements of NaCl solution (V = 4L).

Figure S20 .

 S20 Figure S20. Water permeability, flux and salt rejection for the reference membrane REF and PA5 membranes prepared with 0.1%, 0.3% and 0;5% Pillar[5]arene solutions (w/w); membrane composition MPD 1,5 w/w % and TCM 0,15 w/w %.

Figure 1 .

 1 Figure 1. Classification of AWC by water translocation mechanism: Hydrophobic pores: a) Carbon nanotubes porins (CNTP), b) Hexa(m-phenylene ethynylene) (m-PE) macrocycles; hydrophilic pores: c) Porous organic cages (POC), d) Aquafoldamers, e) I-quartet systems, f)OH-Channels and OH-pores; Hybrid pores: g) Peptide-appended hybrid[4]arene (PAH[4]), h) peptide-appended pillar[5]arene (PAP), i) Pillar[5]arene-AQP, j) Pillar[5]arene dimers.

  Figure 1a, m-PE macrocycles Figure 1b), in which no H-bonding are occurring between the

  water molecules by binding and excludes other molecules. Usually, this cluster consists of combination of Histidine (His), Arginine (Arg), Asparagine (Asn), Phenylalanine (Phe), Tryptophane (Try), etc.

Figure 2 .

 2 Figure 2. Hourglass model for the membrane topology of the AQP1 subunit. Top: Schematic representation of the folding of loops B and E; the loops overlap within the lipid bilayer to form a single aqueous pathway. Bottom: Ribbon model of the three-dimensional structure of the AQP1 subunit. Image adapted from reference [4].

Figure 3 .

 3 Figure 3. Side (a) and top (b) views of I-quartet water/proton channels that self-assemble into tetrameric tubular architectures confining dipolar oriented water wires. Top view (c) of water molecules confining I-quartet channel in stick representations consisting of S-Octylureidoethylimidazole. Structure (d) of alkylureido-ethylimidazole compound by example of S-Octylureido-ethylimidazole: blue -Histamine fragment; purplemono-urea linkage and black -alkyl substituents. Image adapted from reference [18].

Figure 4 .Scheme 1 .

 41 Figure 4. Design of bi-component self-assembled systems. I-quartet plays the role of selective filter and frame of channel, while hydrophobic alkylureido derivative is responsible for friction-less translocation of water molecules.

Figure 5 .

 5 Figure 5. Comparison of net water permeability of individual compounds and combinations through lipid bilayer by using stopped-flow method (shrinking mode).

Figure 6 .

 6 Figure 6. a) Schematic representation of principle of stopped-flow method (shrinking mode); stopped-flow light scattering traces of liposomes containing individual compounds and combination of HC6/S5-6 (b) and HC8/S8-8 (c), respectively.

Figure 7 .

 7 The channel formed by the combination of HC6 and S5-6 compounds (imidazole and benzimidazole derivatives, respectively) is able to transport 52 million molecules per second, which is 4.8 times more compared with HC6 itself, and system HC8/S8-8 (combination for imidazole and benzosulfonamine derivatives) has a permeability of almost 82 million molecules per second or 16.7 times more than HC8 channel itself.

Figure 7 .

 7 Figure 7. Comparison of single-channel permeability of synergistic combined channels

Figure 8 .

 8 Figure 8. Schematic representation of antiport M + /H + mechanisms (a) together with comparison of Na + and K + transport activities expressed as normalized fluorescence intensity of 5 mM of individual compounds or 5mM / 5mM for combined systems HC6/S5-6 (b) and HC8/S8-8 (c) in the extra-vesicular media containing 100 mM NaCl or KCl.

Figure S19 . 6 Figure

 S196 Figure S19. Stopped-flow traces of individual compounds and combined systems.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Overview of the features of current reported water channels. This table is adapted from reference[84] 

	Channel	Pore size	Type according structure	Type according transport mechanism	Water permeability	Selectivity
	AQP 70	2.8 Å	Unimolecular natural protein	Hybrid hydrophobic/hydrophilic	4 × 10 9 H2O/s/channel	Rejection all ions including proton
	Dendritic dipeptides 30-31	14.5 Å		Hydrophobic	N/A	Water ions/ selectivity (except protons)
	I-quartets 28, 37-38	2.6 Å	Self-	Hydrophilic	1.5 × 10 6 H2O/s/channel	Rejection all ions excluding proton
	m-PE 44	6.4 Å	assembled	Hydrophobic	4.7 × 10 7 H2O/s/channel	No selectivity for water; high conduction for K+ and protons
	Aquafoldamers 51	2.8 Å		Hydrophilic	3.0 × 10 9 H2O/s/channel	Rejection of all ions excluding proton
	CNTP 58	nCNTP -6.8 Å wCNTP -13.5 Å		Hydrophobic	nCNTP -2.3 × 10 10 H2O/s/channel wCNTP -1.9× 10 9 H2O/s/channel	nCNTP -concentration depending selectivity, ion rejection for diluted solution; wCNTP -no water selectivity
	PAH5 62	4.7 Å		Hybrid hydrophobic/hydrophilic	40 H2O/s/channel	no selectivity for water; good conduction for alkali cations
			Unimolecular		3.5 × 10 8 H2O/s/channel	
	PAP5 66	4.7 Å		Hydrophobic	(Swelling mode) 3.7 × 10 6 H2O/s/channel	Low ion rejection
					(Shrinking mode)	
	PAH4 67	~3 Å × ~5 Å		Hydrophobic	3.7 × 10 9 H2O/s/channel	~10 8 water/salt selectivity
	Artificial AQP 69	~4.7 Å		Hybrid hydrophobic/hydrophilic	2.7 × 10 9 H2O/s/channel	Rejecting all ions including proton

Biomimetic approach for highly selective artificial water channels based on tubular Pillar[5]Arene dimers Contribution to Publication

  Nature provides answers for efficient transport of water by using Aquaporins AQPs as the translocation relays. Artificial Water Channels biomimicking natural AQPs, can be used for both selective and fast transport of water. Here, we use complementary synthetic methods, X-ray structural data, transport assays to quantify the transport performances of peralkyl-carboxylate-pillar[5]arenes dimers in bilayer membranes. They are able to transport ~107 water molecules/channel/second, within one order of magnitude of AQPs' rates, rejecting Na+ and K+ cations. The dimers have an tubular structure, superposing larger pillar[5]arene pores of 5 Å diameter with narrowest twisted carboxy-phenyl pores of 2.8 Å diameter. This exceptional channel biomimetic platform, with variable pore dimensions within
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Chapter II.

This chapter is adapted with permission from D. Strilets, S. Fa, A. Hardiagon, M. Baaden T.

Ogoshi*, M. Barboiu * , Biomimetic approach for highly selective artificial water channels based on tubular Pillar

[5]

Arene dimers" Very Important Paper. Angew. Chem. 2020 DOI: 10.1002/ange.202009219; Angew. Chem. Int. Ed. 2020, 59(51), 23213-23219. DOI: 10.1002/anie.202009219. Copyright © 2020, Wiley Abstract: the same structure, offers size restriction reminiscent to natural proteins. It allows water molecules to selectively transit and prevent bigger hydrated cations to pass through the 2.8 Å pore. Molecular simulations probe that dimeric or multimeric honeycomb aggregates are stable in the membrane and form water pathways through the bilayer. Over time, a significant shift of the upper vs. lower layer of occurs initiating new unexpected water permeation events through novel toroidal pores. Altogether, uncovering the interplay between supramolecular

  H NMR (400 MHz, CDCl3): δ 8.05 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.0

	Hz, 2H), 6.95 (d, J = 2.3 Hz, 1H), 6.82 (dd, J = 8.8, 2.8 Hz, 1H), 6.78 (d, J = 8.9 Hz, 1H), 5.08
	(s, 2H), 4.66 (d, J = 6.6 Hz, 2H), 3.96 (t, J = 6.1 Hz, 2H) 3.92 (s, 3H), 2.45-2.36 (m, 1H),
	1.831.73 (m, 2H), 1.49-1.41 (m, 2H), 1.39-1.22 (m, 8H), 0.93-0.85 (m, 3H). 13 C NMR (101
	MHz, CDCl3): δ 167.0, 152.4, 151.5, 142.6, 130.5, 130.0, 129.7, 127.0, 115.9, 114.2, 112.1,
	70.1,
	68.6, 62.4, 52.2, 31.9, 29.5, 29.4, 29.3, 26.3, 22.7, 14.2. ESI-HRMS. Calcd for C24H32O5
	(m/z):
	[M + Na] + , 423.2142. Found: 423.2145.

  C NMR (101 MHz, CDCl3):

	δ 166.8, 150.4, 149.2, 143.2, 129.8, 129.5, 128.5, 128.2, 127.0, 115.0, 69.6, 68.4, 52.2, 31.8,
	31.7, 29.9, 29.6, 29.3, 26.4, 22.7, 14.2. ESI-HRMS. Calcd for C120H150O20 (m/z): [M + Na] + ,
	1934.0613. Found: 1934.0644.

Table S1 .

 S1 Stopped-flow transport results for PAD4 with 100 and 200 mOsm osmolality gradients

	∆O, mOsm	CLR, %	ki	1	Pf (1), µm•s -	Increase, %	Net permeability, µm•s -1
		BLANK	7.543		69.84		
		0.33	7.382		68.35	-2.14	-1.49
	100	0.66	7.724		71.52	2.40	1.68
		1.33	8.307		76.92	10.13	7.07
		2.26	8.382		77.61	11.12	7.76
		2.99	8.515		78.85	12.89	9.00
		BLANK	9.129		42.26		
		0.33	9.397		43.51	2.94	1.24
	200	0.66 1.33	9.446 9.557		43.73 44.25	3.47 4.69	1.47 1.98
		2.26	10.091		46.72	10.53	4.45
		2.99	9.542		44.18	4.53	1.91

Table S2 .

 S2 Stopped-flow transport results for PAD8 with 100 and 200 mOsm osmolality gradients

	∆O, mOsm	CLR, %	ki	1	Pf (1), µm•s -	Increase, %	Net permeability, µm•s -1
		BLANK	7.474		69.20	-	-
		0.33	7.573		70.12	1.33	0.92
	100	0.66	7.647		70.80	2.31	1.60
		1.33	7.715		71.43	3.23	2.23
		2.26	7.572		70.11	1.31	0.91
		2.99	7.786		72.09	4.18	2.89
		BLANK	12.797		59.24	-	-
		0.33	11.603		53.72	-9.33	-5.53
	200	0.66 1.33	11.138 10.593		51.56 49.04	-12.96 -17.22	-7.68 -10.20
		2.26	12.863		59.55	0.52	0.31
		2.99	12.007		55.59	-6.17	-3.66

Table S3 .

 S3 Stopped-flow transport results for PAD12 with 100 and 200 mOsm osmolality gradients

	ΔO, mOsm	CLR, %	ki	1	Pf (1), µm•s -	Increase, %	Net permeability, µm•s -1
		BLANK	7.474		69.20	-	-
		0.33	7.573		70.12	1.33	0.92
	100	0.66	7.647		70.80	2.31	1.60
		1.33	7.715		71.43	3.23	2.23
		2.26	7.572		70.11	1.31	0.91
		2.99	7.786		72.09	4.18	2.89
		BLANK	12.797		59.24	-	-
		0.33	11.603		53.72	-9.33	-5.53
	200	0.66 1.33	11.138 10.593		51.56 49.04	-12.96 -17.22	-7.68 -10.20
		2.26	12.863		59.55	0.52	0.31
		2.99	12.007		55.59	-6.17	-3.66
	Single channel water permeability: The single channel permeability was calculated based
	on compound concentration and channel configuration in lipids. Take one sample of C4 with

mCLR = 1.33% as an example. The vesicles had diameter 100 nm in average after extrusion, the sum of outer and inner surface areas is 4π•r+4π•(r-5) = 55,522 nm 2 , assuming that the bilayer

Table S4 .

 S4 Single channel permeability of PAD dimers at 100 mOsm osmolarity gradient

	Compound	CLR, %	Net permeability, µm•s -1	PSINGLE, cm 3 /s	PSINGLE, molecules H2O/s
		0.33	-1.49	-	-
		0.66	1.68	2.19•10 -16 7.29•10
	PAD4	1.33	7.07	4.62•10 -16 1.54•10
		2.26	7.76	3.01•10 -16 1.01•10
		2.99	9.00	2.66•10 -16 8.88•10
		0.33	6.02	1.56•10 -15 5.21•10
		0.66	2.51	3.27•10 -16 1.09•10
	PAD8	1.33	3.67	2.40•10 -16 8.00•10
		2.26	2.95	1.15•10 -16 3.83•10
		2.99	1.85	5.46•10 -17 1.82•10
		0.33	0.92	2.38•10 -16 7.95•10
		0.66	1.60	2.09•10 -16 6.96•10
	PAD12	1.33	2.23	1.46•10 -16 4.86•10
		2.26	0.91	3.53•10 -17 1.18•10
		2.99	2.89	8.54•10 -17 2.85•10

Table S5 .

 S5 Single channel permeability of PAD dimers at 200 mOsm osmolarity gradient

	Compound	CLR, %	Net permeability, µm•s -1	PSINGLE, cm 3 /s	PSINGLE, molecules H2O/s
		0.33	1.24	3.22•10 -16 1.08•10
		0.66	1.47	1.91•10 -16 6.38•10
	PAD4	1.33	1.98	1.30•10 -16 4.32•10
		2.26	4.45	1.73•10 -16 5.76•10
		2.99	1.91	5.65•10 -17 1.89•10
		0.33	1.53	3.96•10 -16 1.32•10
		0.66	4.33	5.65•10 -16 1.88•10
	PAD8	1.33	8.27	5.41•10 -16 1.80•10
		2.26	4.74	1.84•10 -16 6.13•10
		2.99	3.21	9.48•10 -17 3.16•10
		0.33	-2.05	-	-
		0.66	0.38	4.90•10 -17 1.63•10
	PAD12	1.33 2.26	0.65 1.75	4.24•10 -17 1.42•10 6.78•10 -17 2.26•10
		2.99	0.82	2.43•10 -17 8.12•10

  membranes by EDX

	Membrane	C, %	N, %	O, %
	TFC	83.95	1.21	12.02
	PA-PA5 0.025%	86.13	0.54	10.62
	PA-PA5 0.05%	86.9	0.54	10.16

Table S2 .

 S2 Filtration tests for REF and PA5 membranes (MPD 1,5 w/w %, TCM 0,15 w/w %)

	Name	MPD, %	TMC, %	CPD, %	EtOH:H2O	Pressure, bar	Flux (w/o NaCl), LMH	Permeability, LMH/bar	Flux (with NaCl), LMH	T, °C	Rejection Test 1 Test 2	Average permeability, LMH/bar	Average salt rejection, %
	REF 1 13/10	1.5	0.15	0	1:2	15.5	24.97	1.611	23.82	25	99.26	99.26	
	REF 3 13/10	1.5	0.15	0	1:2	15.5	21.55	1.39	20.46	25	99.2	99.21	
	REF 4 13/10	1.5	0.15	0	1:2	15.5	25.15	1.623	24.37	25	99.25	99.25	
	REF 5 13/10	1.5	0.15	0	1:2	15.5	25.24	1.628	23.61	25	99.46	99.46	1.54 ± 0.10 99.23 ± 0.13
	REF 2 12/10	1.5	0.15	0	1:2	15.5	23.74	1.532	22.82	25	99.5	99.51	
	REF 3 12/10	1.5	0.15	0	1:2	15.5	21.76	1.404	20.04	25	99.18	99.18	
	REF 4 12/10	1.5	0.15	0	1:2	15.5	25.18	1.625	23.53	25	98.77	98.75	
	PA5-01-1	1.5	0.15	0.1	1:2	15.5	25.06	1.617	24.5	25	98.94	98.95	
	PA5-01-2	1.5	0.15	0.1	1:2	15.5	22.269	1.437	21.51	25	94.73	95.08	
	PA5-01-3 PA5-01-4	1.5 1.5	0.15 0.15	0.1 0.1	1:2 1:2	15.5 15.5	25.45 20.918	1.642 1.35	24.37 19.71	25 25	97.95 99.03	97.92 99.01	1.43 ± 0.20 97.15 ± 1.85
	PA5-01-5	1.5	0.15	0.1	1:2	15.5	21.909	1.413	20.76	25	98.43	98.37	
	PA5-01-6	1.5	0.15	0.1	1:2	15.5	17.257	1.113	15.67	25	90.2	-	
	PA5-03-1	1.5	0.15	0.3	1:2	15.5	12.845	0.829	12.31	25	84.57	-	
	PA5-03-2 PA5-03-3	1.5 1.5	0.15 0.15	0.3 0.3	1:2 1:2	15.5 15.5	13.175 15.876	0.85 1.024	12.82 14.58	25 25	91.38 91.47	91.35 89.53	0.92 ± 0.15 91.10 ± 3.19
	PA5-03-4	1.5	0.15	0.3	1:2	15.5	15.246	0.984	14.71	25	94.68	94.72	
	PA5-05-1	1.5	0.15	0.5	1:2	15.5	20.468	1.321	19.37	25	99.18	99.17	
	PA5-05-2	1.5	0.15	0.5	1:2	15.5	15.036	0.97	14.58	25	98.88	98.85	
	PA5-05-3	1.5	0.15	0.5	1:2	15.5	23.019	1.485	21.43	25	98.97	98.99	1.27 ± 0.30 97.40 ± 1.65
	PA5-05-4	1.5	0.15	0.5	1:2	15.5	16.327	1.053	15.63	25	96.49	96.55	
	PA5-05-5	1.5	0.15	0.5	1:2	15.5	23.199	1.497	20.88	25	93.31	93.63	

Table S3 .

 S3 Filtration tests for REF and PA5 membranes (MPD 1,2 w/w %, TCM 0,1 w/w %)

	Table S4. Filtration tests for REF, PA5-MPD and MPD-PA5 membranes (MPD 1,2 w/w %, TCM 0,1 w/w %)
	Name	MPD, %	TMC, % Name	CPD, % MPD, EtOH:H 2O % TMC, %	Pressure, bar PA5, % EtOH:H2O Flux (w/o NaCl), LMH	Permeability, LMH/bar Flux Pressure, bar (w/o NaCl), NaCl), Flux (with LMH LMH/bar T, °C P,	Rejection (with Flux NaCl), T, °C	Average Rejection permeability, LMH/bar Test 1 Test 2	Average salt rejection, %
												LMH			Test 1 Test 2 LMH
	REF	1.2 1.2	0.1 0.1 REF 1 MPD/PA5		--	1.2	1:2 1:2	0.1	15.5 15.5 0	29.89 26.11 1:2	1.929 1.685 15.5	17.01	25.87 22.43 1.098	25 25	99.33 99.33 99.66 99.64 16.68 25	2.00 ± 0.50 99.54 ± 0.17 99.62 99.61
		1.2	0.1 REF 2 MPD/PA5		-	1.2	1:2	0.1	15.5 0	36.89 1:2	2.380 15.5	33.36 21.3385 1.377	25	99.63 99.63 20.84 25	99.44	99.47
	PA5 0,01%	1.2 1.2 1.2 1.2	0.1 PA5/MPD 0.1 PA5/MPD 0.1 0.1 MPD-PA5-TMC	0.01 0.01 0.01 0.01	1.2 1.2 1.2	1:2 1:2 1:2 1:2	0.1 0.1 0.1	15.5 0.5 15.5 0.5 15.5 15.5 0.3	35.02 1:2 28.27 1:2 37.25 43.58 1:2	2.260 15.5 1.824 15.5 2.403 2.811 15.5	10.53 12.065 17.857	31.89 0.68 25.63 0.778 33.78 39.50 1.152	25 25 25 25	-99.14 99.14 25 11.26 25 99.23 99.24 99.26 99.27 99.30 99.29 -25	99.15 98.92 2.32 ± 0.65 99.23 ± 0.05 99.16 98.96 93.5 93.78
		1.2	0.1 MPD-PA5-0.025 TMC	1.2	1:2	0.1	15.5 0.5	50.57 1:2	3.263 15.5	9.1236	44.71 0.589	25	99.47 99.51 -25	-	-
	0,025% PA5	1.2 1.2 1.2 1.2	0.1 0.1 0.1 0.1 MPD-PA5-0.025 0.025 0.025 0.025 TMC	1.2	1:2 1:2 1:2 1:2	0.1	15.5 15.5 15.5 15.5 0.5	32.89 37.82 54.47 46.22 1:2	2.122 2.440 3.514 2.982 15.5	45.498	28.63 33.45 48.78 41.64 2.935	25 25 25 25	99.40 99.37 99.31 99.30 99.15 99.14 99.22 99.23 42.23 25	2.76 ± 0.49 99.34 ± 0.07 75.12 75.28
		1.2	0.1	0.025		1:2		15.5	43.76	2.823		40.95	25	99.33 99.35
		1.2	0.1	0.025		1:2		15.5	34.18	2.205		30.54	25	99.51 99.51
		1.2	0.1		0.05		1:2		15.5	26.32	1.698		23.49	25	99.69 99.69
		1.2	0.1		0.05		1:2		15.5	34.54	2.229		31.60	25	99.06 99.03
	PA5 0,05%	1.2 1.2	0.1 0.1		0.05 0.05		1:2 1:2		15.5 15.5	55.40 40.34	3.574 2.602		49.08 36.68	25 25	99.51 99.51 99.56 99.56	2.60 ± 0.72 99.42 ± 0.14
		1.2	0.1		0.05		1:2		15.5	49.70	3.206		43.66	25	99.44 99.44
		1.2	0.1		0.05		1:2		15.5	35.44	2.287		32.64	25	99.24 99.25
		1.2	0.1		0.1		1:2		15.5	35.11	2.265		32.31	25	99.12 99.13
	PA5 0,1%	1.2	0.1		0.1		1:2		15.5	30.16	1.946		25.52	25	99.27 99.29	2.30 ± 0.52 98.99 ± 0.21
		1.2	0.1		0.1		1:2		15.5	42.47	2.740		38.61	25	98.90 98.91

  S8-8 (4-(2-(3-octylureido)ethyl)benzenesulfonamide) 1 H-RMN (DMSO-d6, 400 MHz) δ (ppm) = 0,86 (t, 3H, CH3CH2); 1,25-1.37 (m, 12H, CH3(CH2)6CH2); 2,75 (t, 2H, NHCH2CH2) ; 2,95 (q, 2H, CH2CH2NH) ; 3,23 (q, 2H, CH2CH2NH) 5,79 (t, 1H, NHCH2) ;5.83 (t, 1H, NHCH2) ; 7.29 (s, 2H, H2N-SO2-Ph); 7,38 (d, 2 H, CH benzene ring); 7,74 (d,1H, CH benzene ring) 13 C NMR (DMSO-d6, 100 MHz) δ (ppm)= 14.42 (CH3), 22.54, 26.79, 29.13, 29.18, 30.33, 31.68 (6xCH2), 36.25 (CH2NH), 40.20 ( CH2-Ph, among DMSO pick), 41.00 (CH2NH), 126.11 (2xCH Benzene ring), 129.66 (2xCH Benzene ring) 142.19 (C-CH2, Benzene ring), 144.58 (C-SO2, Benzene ring) 158.71 (C=O).

Figure S 1. 1 H NMR (top) and

Table S2 .

 S2 Calculation of water transport for combinations of I-quartet and hydrophobic Net permeabilities of synthesized compounds and their combinations.Figure S18. Comparison of single channel permeabilities of combined systems.

	Net permeabilies of synthesized compounds and their compounds combinations, µm/s	33.20
										25.00
	Compound/System	C, mM 21.30		ki	Pf (1), µm•s -1	Net permeability, µm•s -1	PSINGLE, cm 3 /s	PSINGLE, H2O/Channel/s molecules
	Control				0		3.620	33.52	
	HC6 S3-6 8.79	10.76		5 5	3.862 4.295 10.20 9.22	35.76 39.77 10.36 11.80		2.24 6.25	3.26•10 -16	1.09•10
	HC6/S3-6 6.25				10		4.569	42.31		8.79 4.83	6.45•10 -16 5.51 5.02 6.05 6.16 2.15•10
	S5-6 HC6/S5-6 S6-6 HC6/S6-6 S7-6 HC6/S7-6 S8-6 2.24 HC6/S3-6 HC6/S5-6 Figure S17. 2.24	5 10 5 10 5 10 5 2.24 HC6/S6-6 4.783 5.921 4.616 4.722 4.739 4.115 3.619 2.24 HC6/S7-6 44.28 54.82 42.74 43.72 43.88 38.11 33.51 Compound 1 Compound 2 2.24 -0.02 10.76 21.30 9.22 10.20 10.36 11.80 -0.02 HC6/S8-6 Bi-component system 1.56•10 -15 7.48•10 -16 3.37•10 -16 1.00 1.00 HC8/S6-8 HC8/S7-8	5.22•10 2.50•10 1.12•10 1.00 HC8/S8-8
	HC6/S8-6				10		4.142	38.35		4.83	3.55•10 -16	1.18•10
	Control HC8			3.337 Single Channel Permeability, H 2 O/Channel/s 30.90 3.623 33.55 1.00 1.46•10 -16	4.88•10 8.14 •10 7
	S6-8						3.933	36.42		5.51
	HC8/S6-8						3.991	36.95		6.05	4.44•10 -16	1.48•10
	S7-8	5.22	•10 7		3.880	35.92		5.02
	HC8/S7-8						4.002	37.06		6.16	4.52•10 -16	1.51•10
	S8-8						6.038	55.90	25.00
	HC8/S8-8 2.15 •10 7					2.50	6.923 •10 7	64.10 2.79 •10 7	33.20	1.48	2.44•10 -15 1.51 •10 7	•10 7	8.14•10
									1.18	•10 7
	HC6/S3-6	HC6/S5-6		HC6/S6-6	HC6/S7-6	HC6/S8-6	HC8/S6-8	HC8/S7-8	HC8/S8-8
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Enhanced desalination polyamide membranes incorporating Pillar[5]arene via in-situ aggregation-interfacial polymerization-isAGRIP
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General

All commercially available reagents and solvents were used as received. 1 H NMR and 13 C NMR spectra were recorded on JEOL JNM-ECS400 and JNM-ECZ500R spectrometers.

Chemical shifts were reported in ppm versus tetramethylsilane. High-resolution ESI-MS was recorded on Thermo Fisher Scientific Exactive Plus mass spectrometer equipped with UltiMate 3000 HPLC.

Syntheses

Syntheses of compounds PAD4 and PAD12 have been reported, S1 and the synthesis of PAD8 followed this reported procedure.

Scheme S1. Synthesis of PAD8.

Mono-substituted dihydroxybenzaldehyde 1. To a mixture of 2,5-dihydroxybenzaldehyde (5.0 g, 36.2 mmol) and 1-bromooctane (6.3 mL, 36.2 mmol) in dry DMF (50 mL) under 0 ℃ was added potassium carbonate (7.0 g, 50.7 mmol). The mixture was stirred in ice bath for 1 h, and then stirred at room temperature for 12 h. The solid was filtered off, and the filtrate was concentrated under reduce pressure. The residue was dissolved in ethyl acetate (100 mL) and washed with water (3 × 25 mL) and brine (25 mL), dried over anhydrous sodium sulfate and filtered. After removal of the solvent, the residue was chromatographed on a silica gel column using a mixture of n-hexane and ethyl acetate (from 10:1 to 5:1, v/v) as the mobile phase. The titled compound was obtained as white solid (3.05 g, 34%). 1 13 thickness was 5 nm. The average cross-sectional area of a lipid in average was ~0.35 nm 2 , and that of the was estimated as 0.786 nm 2 . Taking on account that PAD4 forms the channel from 2 molecules by self-assembling via Hydrogen bonds of carboxylic groups, the molar lipids to channel ratio was calculated as 150.94. The insertion number of the channel was ~810 per vesicle. If the overall net permeability by channels in liposomes was 7.07 μm/s, the singlechannel permeability was 4.62•10 -16 cm 3 /s and 1.54•10 7 water molecules/s. Figure S4. Crystal structure of Pillar [5]arene core. [S1] The cross-sectional surface of this molecule was calculated as 0.786 nm 2 based on its diameter. The value of cross-sectional surface was used for calculation of single channel permeability of Pillar [5]arenes dimers since pillar [5]arene is the core of these channels. Whilst the size restriction is still necessary, the specific water recognition is also needed to reach high level of selectivity. The selective binding of water can be obtained through the synergistic combination of donor-acceptor H-bonding binding components, while the permeability is determined by the friction-less translocation.

This work describes novel hydrophobic alkylureido AWCs and their bi-component optimal self-assembly containing I-quartets that induce the selective transport of water molecules against ions. A series of ureido derivatives was prepared by reacting aromatic amines containing donor and/or acceptor H-bonding fragments with alkyl isocyanates. The activity of the obtained derivatives and their combinations were evaluated in water and ion transports by using the stopped-flow method and fluorescent 8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) assay, respectively. We noticed that water permeability for some bicomponent systems is most of the time the sum of permeability of the individual compound systems, in particular two systems showed remarkable synergistic results. Indeed, a channel formed by imidazole and benzimidazole derivatives showed a water permeability of almost 10 times superior than the I-quartet itself being furthermore able to selectively transport 52 million water molecules per second. The second one is the combination of imidazole and benzosulfonamine derivatives that leads to the formation of a channel 33 times more efficient in terms of water permeability than I-quartet itself and able to transport 82 million molecules per second.

KEYWORDS:

ARTIFICIAL WATER CHANNELS, ION TRANSPORT, FLUORESCENCE, SELF-ASSEMBLY, STOPPED-FLOW METOD, WATER PERMEABILITY single compound systems. Despite the fact that some compounds exhibit ionic activity individually, the systems of two compounds do not show any ion transport. The new class of hybrid Artificial Water Channels synthesized and presented in this work could be used to prepare novel biomimetic RO membranes that might form the basis for next-generation water purification technology with less energy consumption and better performances.

Supporting Information for SYNERGETIC SELF-ASSEMBLY OF BI-COMPONENT ALKYLUREIDO SYSTEMS INTO ARTIFICIAL WATER CHANNELS
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General

Reagents were purchased from Sigma Aldrich and used as received. 1H NMR spectra were recorded on an ARX 300 MHz Bruker. Chemical shifts are reported as δ values (ppm) with DMSO-d6 1H NMR δ 2.50, solvent peak as an internal standard.

Synthesis

Scheme S1. General synthesis of alkylureido derivatives.

All compounds have been synthesized following the general scheme shown above in S1.

1.5 mmol of corresponding arylethyleneamine was dissolved in 20 mL of DMF, then equimolar amount of hexyl or octyl isocyanate was added dropwise to reaction solution. Reaction was left overnight at room temperature. 30 mL of DI water was added to quench the reaction. Obtained precipitate was filtrated, washed with DI water and dried under vacuum. Obtained alkylureido derivatives were purified by recrystallization from Dichloromethane (DMC) Table S1. Chemical structure, formulas and molar mass of synthesized compounds. 

Chemical

; 2,97 (q, 2H, CH2CH2NH) ; 3,24 (q, 2H, CH2CH2NH) 5 S1. 1 H NMR (top) and 13 C NMR (bottom) spectra of S1-6 S1-6 1 H NMR S1-6 13 C NMR Figure S4. 1 H NMR (top) and 13 C NMR (bottom) spectra of S2-8 S2-8 1 H NMR S2-8 13 C NMR

Methods

Water transport experiments

LUV preparation: Liposomes were prepared using the film rehydration method. A Phosphatidylcholine/Phosphatidylserine/Cholesterol mixture with a molar ratio of 4/1/5 was dissolved in chloroform/methanol mixture (CHCl3/MeOH, v/v: 1/1). The solution was dried on a rotary evaporator and subsequently under high vacuum to remove residual solvent. After rehydration with 1 mL buffer containing 200 mM sucrose and 10 mM PBS (pH=6.4), the suspension was extruded through 0.1 μm track-etched filters for 21 times (Whatman, UK) to obtain monodisperse unilamellar vesicles. 

Stopped-flow water transport experiment:

where k is the exponential coefficient of the change in the light scattering; S and V0 are the initial surface area and volume of the vesicles, respectively; Vw is the molar volume of water, and Δosm is the osmolarity difference.

Single channel water permeability:

The single channel permeability was calculated based on compound concentration and channel configuration in lipid bilayer. Take one sample of HC6/S5-6 with concentrations 5mM/5mM (HC6 and S5-6 respectively) as an example. The vesicles had diameter of 100 nm in average after extrusion, the sum of outer and inner surface areas is 4π•r+4π•(r-5) = 55,522 nm 2 , assuming that the bilayer thickness was 5 nm. The average cross-sectional area of a lipid in average was 0.287 nm 2 (PC/PS/Chl lipids with a molar ratio of 4/1/5: the cross-sectional areas of PC and PS were ~0.35 nm 2 and that of cholesterol was 0.223 nm 2 ), and that of the I-quartet (not including the alkyl chain) was estimated at 0.7 nm 2

(taking into account that I-quartets play role of channel frame). The average molecular weight of lipid is 484 Da and the molecular weight of the channel quartet is 11964 Da (24 HC6 and 24 S5-6 molecules assembled as a channel). The lipids to channel molar ratio is 207.36. The insertion number of the channel was ~ 428 per vesicle. If the overall net permeability by channels in liposomes was 21.8 μm/s, the single-channel permeability was 1.56•10 -15 cm 3 /s and 5.22•10 6 water molecules/s.

Ion transport experiments

LUV preparation for HPTS experiments:

The large unilamellar vesicles (LUVs) were formed using egg yolk L-α-phosphatidylcholine (EYPC chloroform solution, 95%, 4 mL, 100 mg). To this solution was added 4 mL of MeOH and the solvent was slowly removed by evaporation under vacuum and dried overnight under high vacuum. The resulting thin film was hydrated with 2 mL of PBS buffer (10 mM sodium phosphate, pH 6.4, 100 mM NaCl) containing 10 μM HPTS (8hydroxypyrene-1,3,6-trisulfonic acid trisodium salt). After hydrated for at least 30 minutes, the suspension was subject to 10 freeze-thaw cycles (liquid nitrogen and water at room temperature).

The obtained white suspension was extruded 21 times through a 0.1 μm polycarbonate membrane in order to transform the large multi-lamellar liposome suspension (LMVs) into large unilamellar vesicles (LUVs) with an average diameter of 100 nm. The LUVs suspension was separated from extra-vesicular HPTS dye by using size exclusion chromatography (SEC, stationary phase Sephadex G-50, mobile phase: sodium phosphate buffer with 100 mM NaCl) and diluted with mobile phase to give 14 mL of 9.3 mM lipid stock solution (considering all the lipids have been incorporated). The work done here opens up perspectives for future development in the field of artificial water channels. Despite the obtained results for pillar [5]arene-based channels, additional studies of the transport mechanism, as well as proton transport experiments are still necessary. Besides, the ability of rim-differentiated peralkyl-carboxylate-pillar [5]arenes to form a trimer with peralkylamino pillar [5]arene that could improve water permselectivity of those pillar [5]arenebased AWCs. Considering bi-component alkylureido AWC systems, crystal structures of hybrid channels were not investigated yet, as well as water transport mechanism. Future MD simulation of hybrid ureido derivative AWCs behaviour in lipid bilayer could solve this problem. For the fabrication of efficient membrane materials based on pillar [5]arene, other advanced physicochemical characterization techniques as TEM and AFM could be used for additional confirmation of the presence of PA5 nanoparticles in the PA matrix and to examine the nanostructural features of the new membranes. In addition, performance and stability under SWRO conditions of hybrid PA5/PA TFC membranes should be done before the start of upscaling attempts in order to commercialize these membranes.

HPTS assays for Ion

Here, we have described several AWC systems that successfully function as selective water filters both at molecular and macro levels. Further development of self-assembled AWC based on pillar [5]arene or ureido derivatives could lead to even more efficient and stable water channels.

Thus, research in this area is essential if we have an aim to expand our knowledge of biomimetic systems.

List of Publications

This thesis is based on three scientific articles, represented in Chapter II-IV:

Chapter II Biomimetic approach for highly selective artificial water channels based on tubular Pillar [5] 

Abstract

The objective of this work is the design new types of highly efficient self-assembled artificial water channels (AWC) and the investigation of their water permselectivity and transport mechanism aiming for the transition from nanoscale to macroscale by showing of possibility of AWC-incorporated membrane fabrication.

The starting point focused on the investigation of water/ion transport abilities and nature of transport mechanism of self-assembled discrete tubular dimers of rim-differentiated peralkyl-carboxylatepillar [5]arenes (PADs). The objective was the assessment of water transport and selectivity of the transport, by describing the functioning and structural existence/stability of PADs in lipidic systems as perspective artificial water channels. By using advanced methods as X-Ray crystallography and MD simulation combined with water and ion transport investigation techniques such as Stopped-flow methods and fluorescence spectroscopy, it was proven that those channels able to form toroidal pores inside lipide bilayer, which could selectively transport water molecules up to 5.21 ו10 7 H2O/s/channel. Inspired by those results, an attempt was made to incorporate pillar [5]arenes into polymeric matrices to obtain functional materials for water desalination experiments using in-situ aggregation-interfacial polymerization method -isAGRIP. We succeeded to incorporate homogeneously PA [5] artificial water channels, which led to a ~40 % increase in water permeance with an excellent productivity of 50 L m -2 h -1 under 17.5 bar of applied pressure, while maintaining high selectivity of 99.4 %.

Finally, this work focused on expanding the artificial water channel family by synthesising new hydrophobic ureido derivative. These were combined with highly efficient I-quartets in order to construct novel hybrid supramolecular self-assembled water channels. Water and ion transport investigations showed that bi-component systems presents a multiple time increase single channel permeability compared to single compound systems, while no significant ion transport was detected. The highest performance was shown by the system HC8/S8-8 formed by combination of imidazol and benzsulfonamine derivatives with a permeability of almost 8.2 ו10 7 H2O/s/channel. In conclusion, this work has described several AWC systems that function as selective water filters both on a molecular as well as on macro-level. Keywords: artificial water channels; biomimetic membranes; reverse osmosis; water purification; thin-film composite, Pillar [5]arene, I-quartets, water permeability