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Resume- version en francais

La d®pl ®t i on des sources de | 6eau douce a
croissance de | a population et de | 6industr
d®vel opper des nouvelles di.rections pour | a

Les nethodes modernes d#ésalinisationmembranairesont capables de réduire la
consommation d'énergie proche du niveau d'un minimum thermodynamique. Le
développement de nouvelles membranes biomimétiques a base de protéines de transport
naturelles les aquaporinesou de ses analogues synthétiguéss canax d'eau artificiel§
permet les méthodes diesalinisationd 6 a r & urvr®uveau niveau de consommation
énergétique efficace.

Le but de ce travail a été la conceptiomdaveaux types de canaux d'eau artificiels-auto
assemblés a haute efficawit étudiéy leur permsélectivité de I'eat leur mécanisme de
transport. A llaarans$itiomsuivahted ded garawex td'eafl artffiaiets du niveau
nanométrique au niveau macroscopique en montrant la possibilité de fabrication de
membranes incorporéesI’AWC. Deux conceptsle canaux d'eau artificiels atdgsemblés
sont présentés ici, domint montré une capacité élevée de transport sélectif de l'eau. Les
tentatives d'incorporation de Pillar[5]arene dans la membradésadinisatioront conduit au
développement demembranes en polyamide de dessalement amélioré incorporant AWC avec
une perméabilité a I'eau significativement élevée et un rejet presque complet des ions dans des
conditions d'osmose inverse.

Le manuscrit est divisé en quatre chapities. premier chapitrefournit une étude
bibliographique compléte mettant en évidence les principales caractéristiques structurelles de
la protéine naturelle de transport Aquaporin, couviantotale connaissancactuelle du
domaine des canaux d'eau artifisialec un apercur lesstratégies possibles d'incorporation
d'Aquaporin, ainsi que des canaux d'eau artificiels dans membranes polyméres pour la

purification de I'eau et la désalinisation.



Les chapitres HV comprennent trois articles scientifiques, quinstituent le noyau
expérimental de cette these.

Le deuxiémeest concentré sur |'étude des capacités de transport de I'eau/des ions et de la
nature du mécanisme de transport des dimeres tubulaires discreassarttolés de peralkyl
carboxylatepillar[5]arene (PAD). En utilisant des méthodes avancées telles que la
cristallographie aux rayons & la simulation MD combinées complémentairement aesc
techniques d'investigation du transport des ions d'eau comme la m&topged flonet la
spectroscopiée fluorescenceyn amontré que ces canasrntcapables de former des pores
toroidaux a l'intérieur de la bicouche lipidique, qui pourraient transporter sélectivement les
mol ®cul es d' eau ViO/s/catae haut. ~ 5,21 T1TA10

Le troisieme chapitrenontrel'incorporation déillar[5]arénedans des matrices polymeres
pour obtenir des matériaux fonctionnels pdar désalinisationde l'eau La méthode
d'agrégation et de polymérisation inter faciale inisiBAGRIPa été utiliséNous avons réussi
d idcorporer de maniére homogene des canaux d'eau artificiels en PA[5], ce qui a conduit &
une augmentation de ~ 40 % de la perméance a I'eau avec une excellente productivité de 50
LAn' 2! sous 17,5 bar de pression appliquée, tout en maintenant une sélectivité élevée de
99,4 %. .

Le quatrieme chapitra rapporté I'expansion de la famille des canaux d'eau artificiels par
la synthese de nouveaux dérivégido hydrophobes et leunélangeavecdes tquartets
hautement efficaces afin de construire de nouveaux canaux d'eau supramoléculaires hybrides
autoassemblés. Les études sur le transport de I'eau et des ions ont montré que les systemes bi
composants ont multiplig@ar plusieursfois la perméhilité monacanale par rapport aux
systéemes a un seul composé, alors qu'aucun transport d'ions significatif n'a été détecté. La
performance la plus élevée a été montrée par le systéme HE&88¢é pale mélangales
dérivés d'imidazole et de benzsulfonamiavec une perméabilité de prés de 8,20%
H2O/s/canal.

En conclusion, ce travail présemisieurs systemes AWC qui fonctionnent avec succes

comme filtresaeau sélectdisu ni veau mol ®culmacro.e ai nsi guoa



Summary - English version

Depletion of fresh water supplies due to eanmental pollution, populatioand indusital
growth, encouragescientistsand engineert develop new directions in water desalination

Modern membrane desalination methadsable toreduce energgonsumptioncloseto
the level of a thermodynamic minimuBevelopmenbf novelbiomimetic membranes based
on natural transport proteiris Aquaporinsi or its synthetic analogesi artificial water
channel§ aims tobring desalination methods a new leel of efficient energy consumption.

This work aimsto design new types of highefficient selfassembled artificial water
channels, investigate their water permselectiatyd transport mechanism. Consequently, it
follows the transition of artificial watker channeldrom nanoscale to macroscdkvel by
proposing gotentialway of fabricating AWGincorporated membranedere, the design of
selfassembled artificial water channels based on two perspective platforms is presented:
Pillar[5]arene and alkylurdo derivatives. Both of them displayed high selective water
transport ability. The attempts to incorporate Pillar[5]arene into desalination membrane led to
development of mhanced desalination polyamide membranes incorporaNM with
significant high weer permeability and almost complete ion rejection under reverse 0smosis
conditions.

The manuscript idivided into four chapters Chapter| provides a comprehensive
bibliographic studyhighlighting 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 incorporatio
of Aquaporin, as well as artificial water channels into polymer membranes.

The following Chapters HIV include three scientific articles, whichconstitute the
experimental core of this thesis.

TheChapter lifocused ortheinvestigation of water/ion tresport abilities and nature thfe

transport mechanism of selfsembled discrete tubular dimers of-difierentiated peralkyl



carboxylatepillar[5]arenes (PADs). The objective was the assessment of water transport and
selectivity,as well as thelescripion of the functioning and structural existence/stability of
PADs as perspective artificial water channels in lipidic systems. By using advanced methods
as XRay crystallography and MD simulation combined with waaed ion transport
investigation techniggs as Stoppeffow method and fluorescence spectroscopy, it was
demonstrated that the chann&sm toroidal pores inside lipid bilayer, which selectively
transport water mdOsskchaings up to 5.21 1 A10

Chapter 1l presents the successdttemp to incorporag pillar[5]arenes into polymeric
matrices to obtain functional materials for water desalination experiments ussig in
aggregationinterfacial polymerization method iSAGRIP. We succeeded to incorporate
homogeneously PA[5] artificial wat channels, which led to a ~40 % increase in water
permeance with an excellent productivity of 58nl2A'! under 17.5 bar applied pressure,
while maintaining high selectivity of 99.4 %.

Chapter IV reportedhe exparsion of artificial water channel family by synthesis of new
hydrophobic ureido derivative§hese molecules were combingith high efficient tquartets
in order to construct novel hybrid supramolecular-asffembled water channéf§ater and
ion transport investigations showed thatbmponent systems haaenultipletimes increased
single channel permeability compared to single compound systdriie,no significant ion
transport was detected. The highest performance was shown by the system-8i €€8/s&d
by combination for imidazol and benzsulfonamine derivatives with permeability of almost 8.2
x 10" H2O/s/channel.

In conclusion this work presentsseveral AWC systems that successfully function as

selective water filters botbn molecular as well as mactevel.



Abstract

The objective of this work ishe design new types of highly efficient safsembled
artificial water channels (AWCand the investigation of their water permselectivity and
transport mechanism aiming for the transition from nanoscale to macroscale by showing of
possibility of AWGincorporated membrane fabrication.

The starting point focused dineinvestigation of watéion transport abilities and nature of
transport mechanism of selssembled discrete tubular dimers of-differentiated peralkyl
carboxylatepillar[5]arenegPADs). The objective wahe assessment of water transport and
selectivityof the transportby descibing the functioning and structural existence/stability of
PADs in lipidic systems as perspective artificial water chanBgisising advanced methods
as XRay crystallography and MD simulation combined with water and ion transport
investigation telsniques such as Stopp#dw methods and fluorescence spectroscopy, it was
proven that those channels able to form toroidal pores inside lipide bilayer, which could
selectively transport water molecules upto 2 1 7 HiOfsicttannel.

Inspired by those redts, an attemptvas madéo incorporae pillar[5]arenesinto polymeric
matrices to obtain functional materials for water desalination experinusmg in-situ
aggregatiorinterfacial polymerization method iSAGRIP. We succeeded to incorporate
homogeneoushPA[5] artificial water channelswhich led toa ~40 % increase in water
permeance with an excellent productivity of 50 [2m! under 17.5 baof applied pressure,
while maintaining high selectivity of 99.4.%

Finally, this work focused orxpanding thartificial water channel family bgynthesising
new hydrophobic ureido derivative. These wesenbired with highly efficient quartetsn
order toconstructnovel hybrid supramolecular sedissembled water channélgaterand ion
transport inestigatiors showed that bcomponent systen@esents a multiple timiecrease
single channel permeability compared to single compound systemie no significant ion
transport was detectedhd@ highest performance was shown by the system HEBfS@neal
by combinationof imidazol and benzsulfonamine derivativggh a permeability of almost
8 . 2 "HB/$/¢hannel.

In conclusion this work hasdescribed several AWC systems that function as selective

water filters botlon amolecular as well asn macrclevel.

Keywords: artificial water channeldjiomimetic membranes; reverse osmosis; water

purification; thinfilm composite Pillar[5]arene, dquartets, water permeability
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ABMs Aquaporin biomimetic membranes

AFM Atomic force microscope

AQP Aquaporin

ar/R Aromatic arginine constriction

AWC Artificial water channel

BWRO Brackish water reverse osmosis

CNTP Carbon nanotube porins

DCM Dichloromethane

DI Deionized water

DLS Dynamic light scattering

DMF Dimethylformamide

DMPC 1,2-dimyristoylsnglycere3-phosphocholine
DMSO Dimethyl sulfoxide
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DOTAP 1,2-dioleoy}3-trimethylammoniurpropane
ED Electrodialysis

EDX Energy dispersive Xay spectroscopy
EYPC Egg yolk L-U-phosphatidylcholine

FO Forward osmosis

FTIR Fourier Transforninfrared spectroscopy

gA GramicidinA

HEPES 4-(2-hydroxyethyl}1-piperazineethanesulfonic acid
HPTS 8-Hydroxypyrenel,3,6trisulfonic acid trisodium salt
P Interfacial polymerization

iISAGRIP In-situ aggregatiofnterfacial polymerization
KscA K channel ofstreptomyce®A

LbL Layerby-layer

LMV Large multilamellar liposome

LPRO Low pressure reverse 0Smosis

LUV Large unilamellar vesicles

MCLRs Molar Channelto-lipid ratio

MD Molecular dynamic simulation

MPD M-phenylenediamine
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Introduction

Our planet Eartls also known atheit B1 u e  pifcey I¥eof it3 surface is covered by
water. However, 97% iseawater, which is umsuitable for drinking and industrial ysend
only 1% accounts for accessible fresh watat of 1.39 billion km. In the 2% century,
humanitythusis facing three most troubling problems: water scarcity, accelerated population
growth and climate changeThe last two challenges adversely affit firstone 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 methodseakd

for alternativewater resources.

Regardingthe fact that seawaté dominant on our planetyater desalination afaline
water is the most attractive way to provide clean diocwater. Currently, there aranany
methods of desalinatiadhat arethermal processes and membrane desalinptioresseslhe
common methodsf membrane desalination are reverse osmosis (RO), forward osmosis (FO),
electrodialysis (ED), and nanotechnoldggsed processds the literaturemethods such as
humidification dehumidification, vapor compression, matige flash and muléffect
digtillation are also described to desalinate waaporation and condensation of water are
the main principlegvolved inthermal processe$hese processes require energy that is cost
effective to produce fresh water in large quantity. With the objedtviower this energy
consumption, membrane technoladgvelopmenhas risert.In addition, he development of
energy recovery devices, more efficient pumps and membraneghewdgvelopment of
improved configurations has made it possible to significantly increase the energy efficiency of
membranelesalination in recent yearé Thus, just for the desalination stage, the development
of high-efficiency membranes has reduced energy consumption to aoete® kWh/n7,
allowing 50% of freshwater recover§Nonetheless, taking into account the magnitude of the

world's desalination capacity, the total cost of eneegyainssignificant.

16



The discovery of aquaposnnaturalwatertranspating proteirs, hasoffered hopeas a
solution to the energy consumptissue Due to theé unique properties, such as high transport
and selectivity towards water, theyere found attractive for thedevelopmentof new
membrane desalination technologiétowever, challenges related to protein production,
incorporation difficulty and membrane stabiligue to their aggregation in unnatural
polymeric matrixesdo not allow to totally solve the problem of energycefhcy.Moreover,
the AQPs do not show high permeability per unity afeasnecessary to develop highly

performant membranes for desalination

Artificial water channel{AWCSs) are synthetic analogues of aquaporins, which fully or
partially mimic structure and/dransporfunction of natural protein#ighly efficient AWC-
incorporatedvater desalinatiomembranesvere fabricated, being characterized by a water
transport efficiencyne order of magnitude superitlianthe currently available commercial
membranes. The discovery of aguaporins and the subsequent development of artificial water

channels opened a new chapter in membrane desalination technologies.

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

) the assessment of water transport and selectivity, description of the functioning and
structural existence/stability of seltsembled discrete tubular dimers of-differentiated
peralkytcarboxylatepillar[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;

[Il) expanding theartificial water channel family by exploring different design approaches
by synthesizing new hydrophobic molecules and combination of them for the construction of

novel supramolecular sedfssembled water channels.

17



The manuscript is divided into four chiaps. Chapter | provides a comprehensive
bibliographic study highlighting the key structural features of natural transport protein
Aquaporin, covering current statdé-art of the field of artificial water channels with following
overview of possible stragees of incorporation of Aquaporin, as well as artificial water

channels into polymer membranes for water purification and desalination.

The following Chapters IV include three scientific articles, which are the experimental

core of this thesis.

The Chapter Il focused on investigation of water/ion transport abilities and nature of
transport mechanism of selssembled discrete tubular dimers of-differentiated peralkyl
carboxylatepillar[5]arenes (PADs). The objective the assessment of wateansport and
selectivity, description of the functioning and structural existence/stability of PADs as

perspective artificial water channels in lipidic systems.

Chapter llidedicated tohe incorporation of pillar[S]arene into polymeric matrices toiobta
functional materials for water desalination experiments usirgitinaggregatiomnterfacial

polymerization method isAGRIP.

Chapter IV reported expanding of artificial water channel family by synthesis of new
hydrophobic ureido derivatives and comdgion of them with high efficientduartets in order

to construct a novel hybrid supramolecular-ssi$embled water channels.

Finally, we will conclude on the developmentsdveral AWC systems thate able to

function as function as selective watdtefs both at molecular and macrosdaieels

18






Chapter I. Current State ofthe Art of Artificial Water

Channels and BiomimeticMembranes
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Water is essential for life, the main part of all human cells as well astradl plants,
vertebrates, invertebrates and unicellular organi3ims.cell membrane is the main barrier to

the translocation of water between cells, however the mechanism of absorption/resorption of
water from the cellsemainsunknown. For a long timehis problemhas beerdebated by
physiologists and biophysicists, and it was agreed that water transport through lipid membrane

occurs by simple diffusiop.

Nonetheless, some sciensistere convinced that specific wateglective pores are needed
for high water permeabilitgs wasobserved irmany organs as for examplergd blood cells
and renal tubule% Furthermorean 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, whislinvolved in rgulation of water transport thrgh
specialized tissues such as mammalian collecting duct or amphibian bladder. Heexerai,
attempt$ to isolate or clone water transport proteins haltewed to explain the water

transport mechanism wieisxcluding protons (kD*, hydronium ions)

1 Natural water channels

1.1 Aquaporingliscovery

The discoveryof AquaporintAQP1, 28 kDa integral membrane protein in red cells and
renaltubules & was a first structural pro@fout existence of molecular water channels. This
protein AQPL1 exists as a tetramer with organization similar to several ion channel proteins and
has intracellular Nand Gtermini® Two tandem repeats were revealedhia primary cDNA
sequence, each c ohelicesi’Tfhe lnogs conhectmgethelsdécdnadandetiird U
transmembrane segments in each repeat contained several highly conserved residues and an

agaragineproline-alanine (NPA) signature motif.
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To confirm the water transport abilities of discovered water transport protein through the
cell, AQP1wastested on lowpermeable Xenopus laevis oocytes. Those experiments showed
highly remarkable increasiraf water permeability after transferring laevis oocytes containing
cRNA into hypoosmotic buffer, which could be reversibly inhibited byt Besides,
isolated and purified AQPWere incorporated into lipid vesicles mimicking natural cell
membrane and tested on water permeability. The watengability of APQI-containing
vesicles was extremely higD3x1® water molecules per subunit per secoalthough the
transport of ions and other solutes was insignificdit The same experiments without
incorporated proteins also showed water permeapiildyever, 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 correahd ove the debates about water transport mechanism across
the cell. Nowadays, AQP1 is known as first identified natural water chératglspired many

scientists for future researches in biology and chemistry.

1.2 The hourglass form and water transport fucti

Watermoleculescould pass through the cell membrane insideutsideunder different
physiological conditiog thus molecular structure of water channels must explain bi
directionality. Inhibition by mercury ions indicates e presence of a free sulfhydryl within
the water channel protein, which could react wittf'Hgnd, as resulblock water transport
and could be unblocked by reducing reacti@tructure analysis of primary amino acids
sequence of AQP1 shows four cysteines, however only one group (C18%) mesponsible
of themercury sensitivityo transport proteins, as it may be in the active patt@thannet?
Several studiesverefocused on defininghe protein topolog$'® which helped to establish
that APQL has apseudofbio |l d sy mmet r i c -hslites sucoundingethe water h s |
pore, formed by two loops containing NPA, which enter the bilayer from opidésand
overlap at the junction of two NPA motifsvhic h was | at er calfed 6h

Advanced XRay crystal analysis and atomic force microscopy of purified AQP1 hétped
23



confirm suggestions of existence of o6hourgl
protein exists as tetramer of four AQP1 monomers, each containing sixlilea/erspanning

U-helices surrounding the two NPgontaining loops which enter the membrane from the
opposite surfaces and are juxtaposed in the cérteMolecular dynamics simulations of

water transport by AQP1 by two different groti#§ hawe led to an advanced understanding

of how water can be rapidly transported across membranes while prot@i$ ére repelled.
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Water Dipole __,:.-. yo
Reorientation

intracellular

intracellular

Figure 1. AQP1 subunit structure and water transport scheme. Left: strip model of AQP1
monomer showing six obliqubilayer domains and two poeferming loops. Right: The
overflow of water from the extracellular chambers into the intracellular ones occurs through a
narrow column. Proton conduction (hydronium ionOF) is prevented by size limitation and
electrostaticepulsion (H180 and R195), as well as in the center of the channel, where partial
positive dipol es -adlices liningthe poces ane tdo higly censeovedt U
asparagines (N76 and N192) in the signature motif NPA cause a temporary dipetgagon
of an isolated water moleculeage adapted from referen@].

The transport protein AQP1 mostly formed by hydrophobic residues, which concentrated
on the widest inner part of 20 Alengthpore, but towards the centefrthe pre (D8 A), the
channel narrowsforming the selectivity filterand there is a smooth transition from
hydrophobic to hydrophilipart within diameter of 2.8 A, whidk close to tha/an der Waals
diameter of a single water molecule and performs ftimetion of size restriction and
electrostatic repulsion. This narrowest segment is formed by several aminctlaeidsyst

important of thenbeingarginine R195 (from one dhe NPA motifs) and histidine H180,
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which provide a size restriction for molecsilarger than water, and fixed positive charges to
repel protons and other cations. Besides, the presence of phenylalanine resicicdifabés

the passage of watdue to hydrophobieffects In addition, a string of four carbonyl oxygens

of the pepti@ backbone (glycine G188, cysteine C189, glycine G190, and isoleucine 1191)

line the pore, serving as energeticdflyourablesubstitutes for hydrogen bondingigure?2).

AQPO:
Congenital
Cataracts
Glu - Gly

Diabetes
Insipidus

Mercurial
Inhibition
Cys - Hg*

Figure 2. Horizontal crosssectionrepresentation of narrowest segment of AQR$ingle
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 backber{G188, C189, G190, and 1191) at the other surface of thelpage
adapted from referenc@].
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2 Artificial water channels

Despite the fact that protein transport channels such as aquaporins can be synthesized using
traditional bioprocessing techniques, production pobteinbased membranes could be
expensive and compledue to the difficultyof purification methods involvingnany steps.
Theseproteins can easily denature andse functionality henceit could affectthe stability
and create additional problems during membrane synthesis anBuudeermore, biological
channels are not necessarily the most optimal in terms oflgadeng efficiency and
functionality for industrial processes. Synthetic, bioinspired channels could overcome the
instability and poor processability of their biologicanalogousand provide a greater

opportunity to tune performance for target applications.

Artificial Water channelsAWCs are synthetic counterparts, consistingiofmolecular or
selfassembled channels presentamginner water conductirpre and an der hydrophobic
exterior in interaction with the lipid bilayer or polymeric membraddge artificial water
channels(AWCs) can bedivided into two maingroups unimolecular channels argkelf
assembled supramoleculerannels?®2® Additionally, AWCs could be classified according
to translocation mechanism as hydrophobic, hydrophilic and hybrid poréss sectionjt
will be reviewed synthetic water channels, considering their design strategies and resultant

transport properties.

2.1 Selfasseml#d supramoleculachannels

Selfassembled supramoleculahannels consist of a number of building blocks that
connectthemselves into #@ubular structure by intermolecular forces such as hydrophobic
interactions or hydrogen bondingarly research on artificial water channels started from the

development of seldissembling channethie to structural simplicity

2.1.1 Dendritic dipeptide pores
The first known AWG, dendritic dipeptide aquapores were proposeda model water
channelby Percecet al.in the 2000s3%3! The series of compound consistf amphiphilic

26



dendrtic dipeptides which able to selssemble into tubular structurestybond formation
between dipeptide dendrons with open pores of 12.8 A. However, this AWCs have two main
disadvantagesa) the necessity of creatioof specific conditions for selissembly as nen
polarizedandH-bond free media (cyclohexane, aliphatic component of lipid bijametb)

the thermalstability of selfassembled pores due to dynamic equilibrium states of dendron

monomers between trans and gauche conformers at approximat€lyRgure3).

a b 1A:128+1.2A C
%7 » 1B:145+15A
(0] /_R ".'HA.O,H’ Cations,anions.,-"
>:o o] % N TR 3
HN o
\_
0 0 B
NH — g
H,C o) A
Ag=o 0] /R N‘
H5CO o)

o}
1A:R= —OO(CHZ),ZH g
18:R=

O(CHy)y,H

Figure 3. Dendritic dipeptide pores. (a) Chemical structures (1A andm&dlified of
dendritic dipeptides with different dendritic periphery arms.t@ip)and (c) crossectional
views of simulation model of dendritic hydrophobic porlesage adapteavith permission
from referencedl].

Thepossibilityto incorporatelendriticdipeptide poresto the lipid bilayerallowedto test
proton transportby monitoring the translocation of protons across lipid bilayers via pH
sensitive fluorescent dyes. These synthetic channels showed proton permeability comparable
to that of the gramicidin A (gA) biological proton channel, a wbkracterized membrane
proten. 3234 No waterpermedility throughthesechannelsvas reported, howevein virtue
of these experiments, it can also be argued ttieyt can conduct water through the lipid

membrane since proton transport is known to be accompanied by water trafisport.

The thermal stability issue was solved by replacinglesther moity bynaphthyl groups

that were located at the periphery of bed | pores’ totankiurcge i'nterac
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the entire structure could be stabilized. This modification leantmcreag of the thermal
stability from 20°C to 40°C, but also affeetdthe pore size slightligy increasing it up to 14.5

A. Modified dendritic aquapores showed selective water and proton trasepertLit, Na',

and Cl monovalent ions; such selectivity was attributed to a hydrophobic effect near the

channel entrance rather thioe steric hindrance.

2.1.2 Imidazole quartethannels

Barboiu et al have previously reported that alkyluregrdaazole organic molecules can be
used as scaffolds for the saésembly of imidazole quartetsqliartes) mutually stabilized
by water wires3¢38 Theyare similar tdnfluenza A M2 proton channels, a membrane protein
that facilitates water and proton diffusion through wafédted pores, which have the imidazole
guartet (Yquartet) motif in the histidine quartet selectivity filter and promote the transport of
protons across the membraité® As a result it was developed ureido imidazole systems
which could be selassembled into transmembrane channels in lipid bilayer due tateaa
imidazoleimidazole and imidazotevater Hbonds formations and construct dipolar water
wire arrays inside the tubular idazole architectures. Those unique artificial systems have 2.6
A inner diameter, which completely eetate with VanderWaals water molecule diameter,
and, as a consequence, these channels could accommodate single water &npdlanid

reject all king of ions except protons.
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Figure 4. Imidazole quartet {fjuartet) channels(a) Chemical structures of ureido
imidazole compounds with various alkyl chain tails in terms of chain length and chirality. (b)
I-quartet channéembedded vesiculamembrane water permeabilities. (c) Columnar
assembly of imidazole moieties inside hydrophobic environmeritg) (dydrated crystal
structures of (JHCB6, (e) HCS, (f) SHC8, and (g) RHCS8, which contain dipolar water wires.
Image adaptedith permissiorfrom reference43].

Currently, the family of-quartet systesxcontains more than 5 compounds, which differ in
terms oflength and chiralit of alkyl tails. Water transport abilities are improving with
increasing othe alkyl chain length, which could be explained by rising of stability in lipid
vesiclegddue to affinity to inner hydrophobic nature of lipid bilayer. Furthermore, chirality also
improvesthe stability of the final channels and brings maximum increase in channel water
permeability withinD1.5 x 16 HO molecules per second per channel fd4@8, which is

only two ordersof magnituddower than that of the classical mammalian AQP1.

The relevantly high water transport ability and incredible rejection propertieg@aeened
by H-bonding of water inside the channel with formation of tiny water arraythandjuartet
c h anneltédypore strigcture, which is compatible with water molecules (which are 2.7
A'in size), suggesting thB3 A is thelimited pore diameter for future desalination applications

of artificial channédlbased membranes.
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2.13 Hexa(mphenylene ethynylene) chansel

Another selfassembleglatform for development of higéfficient synthetic channels
represented bgolumnar nanopores that are less than 2 nm in diameter, with a straightforward
strategy of stacking them coaxjaliGong et al. presented a family of macrocycles based on
hexa(mphenylene ethynylene) @RE), which have ability to seissemble into colunam

channels in solid state and hydrophobic media, such as lipid bfFigere5). 44

Figure 5. Hexa(mphenylene ethynylene) @RE) channels. (a) Chemical structures ef m
PE-based planar macrocycles. (b) A snapshafuaintum 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 substrateini@&je adapted from
reference44].

High stability ofthis class of channels explained by Hoonding between amédyroups
present in sidé& shathkBbsng astyléndragments and beszere f
rings. In lipid bilayer9 or 10 mPE macrocycles could stack into columnar nanopDBg
nm, 3.6 ji pteerr action) within 6.4 and 3.7
thatperfectly fit the thickness of bilayeb@ nm) 4° Water transport experiments using lipid
bilayer incorporation method showed approximate§/x 10 watermolecules/s/channek ~
22% that of AquaporiAQP1 and ion channel transpautivities: the conductance reaches ~

5.8 pS for K, while no conductance is measured fordri Na' cations.
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Another advantage of this type of AWC tise possibility of chemicalmodification of
synthonsm-PE macrocycles have 2 sites for tuning: 1) hgdnmo of benzene ringX( fig 5a)
could be replaced by methyl group, which in turn reddice inner pore diametand bring
more water/ion selectivity due to steric factordll) external alkyl chains, which could be
extended from CsHg to 1 CgH17, and, as result would increase pore stability in lipid bilayer

without any conformational disruption to columnar pores.

2.1.4 Aquafoldamers

Zeng et al. were inspired bgxtraordinaryfeatures ofthe folding process of helical
moleculesas selective moleculaecognitiort®*® and prompted to develop pyridibased
foldamers, whichallow to stack into tubular channels anetognizeH.O molecules4%%°
Investigation ofaquafoldamerstructure showed thdhis class of foldamerkad helical 3D
structr e with inner pore size of sdect®wefiter. Therbi c h i
are 2 main driving forces of pyridideased foldamers sedfssembly intdvelicaltubularpores:
| ) 06-6 h d 6 k g, whereeaahcsynthon has 2 functional grouse is an ester and the
otheroneis a rigid phenyl ring, whichs involved in Hbond intermoleculainteraction
betweerthe oxygerof onecarboxyl group andne or twohydrogens from theenzeneing,
and allow toelongate the overall helical structure for spanninglipiel bilayerand! | ¥
aromatic stacking interactions between pyridine fragments of synthons, iwihédponsible
for stability of tubular structure in lipid bilayer. Additional straight of chagreime from
amidwaterandwaterwaterH-bond interactiosinside thepore; combination of all of those

interactions is contributinp maintaining 1D columnar stacks
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Figure 6. Chemical structure of synthons and crystal structures of aquafoldesed
synt hetic water c hanediated molecular)stratdgy foscreatiogksglf e n d «
assembled 1D nanotubes for water transport. b) Cheastrcatureof 3A. c) Chemical and)
crystal structures o8B, encapsulating 1D chain of water moleculesage adapted from
reference$1].

Recentinvestigation ofaquafoldamersvater transport abilityby using stoppeélow
method (shrinking modejemonstrateincredible permeability of this class of AW@&vo
testedaquafoldamer8A and3B (Figure6) showedsingle channel permeabilityf 3.0 x 16
H-O molecules per second per channel anck2L2 H,O molecules per second per channel
respectively where in case oéquafoldamei3A, it reactes 50% capacity of AQP water

permeability >

Fluorescence HPTS {8ydroxypyrenel,3,6trisulfonic acid trisodium salt) assay was
used for monitoring ion transport across lipid bilayer and comparedgvathicidinA (gA),
a natural ion transport channel. This observatiemonstratedhat, unlike gA hat can
transport H, Na" and K’ ions,aquafoldameBA does not transport both NandK™ ions, as

well as Clion. However, previous investigation afjuafoldametransport abilitieshowed
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substantial proton conduction across the bilayembranes when higher proton concentration

was imposed at one side of the membranes (specific values were not reported), that suggests
that Fquartet systems aratjuafoldamersould transport water and protons with exclusion of
other ions; the proton trapsrt comes from Grotthuss mechanism, where protons can pass
from one water molecule to anoth®r analogy with the conductivity of electrons in a copper

plate.

2.2 Unimoleculatransmembrane 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 covalembnded framework is more favourable for future develagme

of membrane for water treatment due to higher stability compared withsselmbled AWC.

2.2.1 Carbon nanotube porins

It was proven that nearly to Angstrom level, Hadraiseuille flow model, classical model
of Newtonian fluid flow, is not respected and the water flow through-marangstbm-scale
hydrophobic cylindric pipes can be orders of magnitude f&St¢hanthe onecalculated from
the HagerPoiseuille flow model due to boundary slip mechanism. Therefarbprmanotube
porins(CNTPs)became the object of research as a new promising platform for the selective
andfast transport of waterr*®>” CNTPs are basically rolled up graphene sheets into perfect

cylinderswith variable diameter up to 8 A.
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Figure 7. Carbon nanotube porins (CNTP@) lllustration of CNTHncorporated vesicles
and transport ofvater through lipid membrane.Representation of (bpulk water inside
WCNTPsand(c) single filewaterinside thenCNTPfrom MD simulationImage adapted from
reference %7].

The water permeability of narrow CNTPs (nCNTPs) was determined as 2.5 M,{D
molecules per second per channel, which exceeds almost 6 times theoval@P1.
Interestingly that wide CNTPsWCNTPs with diameter of ~16 A) single channel permeability
equas to2 x 1 H20 molecules per second per chanmddich is one order of magnitude less
than nCNTPs2 It could be explained bipe fact that water exists as 1D chain inside nCNTPs,
while water flows as bulksolution through wCNTPs; since btdkate water molecules
typically have higher number of-bBonds (3.9 on average) than do sinigkewater molecules

(1.8 on average), less confined water resulted in a higher energy barrier for water transport.

Further CNTPs do not show AQHke saltand protorrejectiors, ion transport rates are
strongly related to the level of ionic strength of the solutions and the hydration shell radii of
the cations. HowevelCNTPs block anion transport, evensaiinity that exceesl seawater
level, and their ion selectivity can be tuned to configure them into switchablediouies.
These properties make CNTPs a promising material for develdpiigy permeable

membrandor separation technologies.
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2.22 Pillar(n)arenebased synthetic water channels

Pillar[n]arenebased systems play an important role in supramolecular chemistry, since they
have welldefined electrosrich cavities, which in turn allow taccommodatelifferent ions
and molecules?® Due to their symmetrical structure and flexibility in modificatithis class
of moleculedhasinspired supramolecular chemists to design and synthesizdiotabular
constuctions with high aspect ratios and restricted pore sizes by extendinghsits on
pillararene templates. Th@mple strategy has beeshowedas a promising way to design

efficient singlemolecular water channel systefi§?,

2.22.1 Hydrazideappended pillar[5]arenes

OH o OH
HO 1o HO

Pillar[5]arene

6 Yo 4A R=OEt

R é R
R
R = (CH,),COOMe

Figure 8. Hydrazideappended pillar[5]arenes (PAH5). a) Crystal structure of
pillar[S]arene. b) A series ¢1AH5. ¢) Chemical structure @B. d) Schematic tubular
conformation of4C. Image adapted from referendy].

The first successful unimoleculaynthetic water channelsvas hydrazideappended
pillar[5]arenes (PAH5) that was developed by Hou efZThis class of pillararenbased
compounds wasbtainedby synthesis oéstersubstitutedpillar[5]arene4A, which hasthe
behaviour of water channels due to formation of continuously forming difgleater wire
inside the poref*%* This observiion prompted the subsequent expansion of the compound

library by replacing side chains of pillararene witldrazinesubstituteswhere each structure
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was clearly defined as having intramolecudabonds between hydrazide side chains, forming
intact tubudr structures. Crystal structumaalyss of 4B revealed unexpected detadswater
accommodation inside the channgtle water wires areut at the middle of channelsy H-
bondng of water tohydrazide backbonewhich might mean that PAHS5 hability to exhibit
repulsion of protons due to disruption of the water wireis structural informationvas
confirmed experimentally, which gave the right to call these channels complete synthetic
analogue®f aquaporin, which showed the water transploitttg with ion exclusion including
the smallest cation proton 25 %> However, attemptto extend the side hydrazine chain with
the aim of overlapping the lipid bilayéhe length o#4C is 5 nm, while the thickness of lipid
bilayer is D4 nnt% dramatically affectedthe water cmductance; the single channel
permeability was approximately 4@ molecules per second per channel for struct@e
which explained by multiple #ionds formation between water and repeating hydrophilic

hydrazide grouper the possible denaturation of the cylindric structure of the pillars

2.22.2 Peptideappended pillar[5S]arene

Nextgeneration of pillararerbased channels Hou et aldecided taeplace théydrazde
backboneswith hydrophobic polyphenylalanine peptidic substitute, leaving pillar[5]arene as
thecentralcore of the channéf. Those changdedto an increasef single water permeability
up to the level of natural aquaporins: novel peptigpended pillar[5]arene had the average
single channels osmotic water permeability of 3.5 %wiéter molecules per second, while
permeability of AQP1 is 4 x PQvater molecules per second (one order of magnitude more
than PAP5) and AQPO h&s4 x 1§water molecules per second per channel. MD simulation
highlighted the mechanism of wateansport through PAP5 channels; the water conductance
occurred by wettingdewetting transitions, preventing continuous water diffusion over

extended periods of time, what distinguishes these pores fromAMiESs.
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Figure 9. a) Structure of the peptiggpended pillar[5]arene (PAP) channel. b) Molecular
modeling of the PAP[5] channel. c) Wetting/dewettotgservationof a PAP channel from
MD simulation of water transport in a POPC bilayerage adapted from referen@&s].

Despiteincredible water transport ability, PARBeserda drawback when it comes to ionic
selectivity, whichis attributed to the pore size of pillar[5]arerig5(A), that is inexcellent
agreement with a previous hypothesis thdt & the critical pre diameter for efficient ion
rejection®’ They allow the passage of ions with selectigitgording to their hydration energy:

NH; > Cs >Rb">K*>Na">Li*> CI.

2.22.3 Peptideappended hybrid[4]arene

Next artificial water channel cannot be called fully pillararbased, due to the fact that
Hybrid[4]arenewere usednstead of Pillar[n]arent form thebackbonen thedesign of this
channel Previous attempts$o create the perfectrtificial channelperformed by Hou et al.
pushed to develop peptidg@pended hybrid[4]arenes (PAH4$)The difference between
PAP5 and PAH4 is that hybrid[4]areneas usedasthe core ofthe 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.
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Figure 10. a) Molecular model of the peptigellar[4]arene, PAH[4]. b) Proposed water
permeation conduits (blue arrows) between PAH[4] (left) and traditional AWC (right)
configuration.image adapted from referen&[.

Changing of backbone fromillar[5]arene tohybrid4]areneled to the formation of the
narrowest part of the channel with dimensi@A x ~5 A and ability to create dense clusters
within amphiphilic matrices. MD simulation showed interesting water transport mechanism:
the center of the channelnslevantly impermeable, however presence of dynamic voids of 2
i 4 A width allows for interconnected wateire pathways to hop between channels. This is
explaining extremely high water permeability measured by stefypedechnique 3.7 x 16
water molecules per second per channel. Sodium permeability through the pores was
undetectable, while chloride permeability wenxt significant Based on reported chloride and
water permet#ons, PAH[4]- incorporatedoristine biomimetic membranes could dnetically
achieve watesalt selectivity of at leagd10?, far exceeding the current41Q.0° desalination

membranewvater/salt selectivity’®

2.2.2.4 Artificialaguaporin

Excellent work was done by Hou et atho develogd new syntheticanalogus of
aquaporirusing pillar[5]arene platforr?® They used positivelgharged amino groups as side
substituents connecting to pillar[5]arene backbone via alkyl chainsthionew type of
synthetic channeldryptophan (Trp) eésidues were introduced to enhance their membrane
incorporation ability.
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Figure 11. Artificial aquaporinused in medical applications) Chemical structure of
artificial AQP. b) MD simulation ofartificial AQP in a palmitoyloleoytphosphocholine
(POPC) lipid bilayer. c) Molecular structure and interactions of synthetic channel with water
wire file. Image adapted from referen@&9].

This elegant and successful solution made it possible to completely mimic thersteund
properties of natural aquaporins. The observed water permeability was determined as 2.7 x
10° water molecules per second for each chanwigigh is more tharb0% capacity of AQP.1
Besides, positivelgharged entrance of chanrages notallowto passprotonsthrough the
artificial AQP. Crystal structure showed formation of single waitiee file inside the pore,
and MD Ssimulation established t he for mat.i
palmitoyloleoytphosphocholine lipid bilayeihus, thesehannels have all the key features
of natural aquaporingncluding high water permeability and selectivity toward protons,

structural features as hourgldég® cavity, ability to form single water file and critical pore
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size to generate steric obstructidRemarkably, the high water permeability and selectivity

enable the healing of impaired cells.
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Table 1. Overview of the features of current reported water channels. Thiks tdidgted from reference4B

Type ,
Channel Pore size according traﬁipir?ﬁgcr:ﬂgr?ism Water permeability Selectivity
structure P
Unimolecular Hvbrid
AQP’° 2.8 A natural hvdro hogic/h drophilid 4% 10 H.O/s/channel Rejection all ions including proton
protein ydrop ydrop
Dendritic . Water ions selectivity
dipeptidesos: 145 A Hydrophobic N/A (except protors
I-quartetg® 3738 2.6 A Selt Hydrophilic Hzélss/Zhlgnnel Rejection all ions excluding pian
m-PE 6.4 A assembled Hydrophobic 4.7 x 16 H,O/s/channe No selectivity for waterhigh conduction
) ) for K+ and protons
Aquafoldamer¥ 2.8A Hydrophilic Hzg/(')SIZhlfnnel Rejection of all ions excluding proton
nCNTPi 6.8A nCN'I(')Ij'l'/Zr.]?, X 1(|§0 nCliNTPT concentration (fjep(;:-rlldiné;
8 o . H2>O/s/channe selectivity, ion rejection for dilute
CNTP WCNTEI 135 Hydrophobic WCNTPT 1.9 16 solution:
H2O/s/channel WCNTPT no water selectivity
2 Hybrid no selectivity foiwater; good conduction
PAHE 4.7A hydrophobic/hydrophiliq  +0Hz0/s/channel for alkali cations
Unimolecular 3.5 x 16 H,0/s/channe
6 . (Swelling mode) : .
PAPZ 4.7A Hydrophobic 3.7 x 16H,0/s/channel Low ion rejecion
(Shrinking mode)
PAH457 ~3Ax~5A Hydrophobic 3.7 x 18 H,0/s/channe ~10° water/salt selectivity
Artificial AQP®° ~4.7A Hybrid 2.7 x 1dH2O/s/channe

hydrophobic/hydrophilid

Rejecting all ions including proton




3 Biomimetic desalinationtechnologies

With the development of industry and the rapid growth of the population, one of the main
problems of humanity in the0® and 2% centuries has become the lack of clean Waftér
which prompts scientists and engineers to develop new affordable and sustainable water
treatment technologiellowadays membrane separation systems are the most demanded in the
field of water purification duéo their energy efficiency{?, which became possible mainly due
to the development of polymer science. Combination of advaneetbrane technologies with
high performing and selective natural or artificial water channel contributes to the developing
of a new direction- biomimetic desalinationtechnologies which opens a new chapter in

membranebased water filtration.

3.1 Aquaporirassisted synthetic membranes for water purification

After a detailedstudy of the structure and functions obquaporirs, theidea ofchannels
integration into synthetic membranes for water desalination was not long in é6fiagdas
aresult, aquaporin biomimetic membranes (ABM&re developed. In order to achietiee

goal of incorporating aquaporins, a trh@emponent membrane system has been proposed:

-Water transport proteimquaporinitself, enhancing the water permeability across the
membrangunfortunately its ra of selectivity filter was not yet proveramphiphilic lipides
of polymersforming liposomesn which the aquaporins are embeddiee to the affinity of
transport proteins with a hydrophobic mediuepolymeric suppodnd a polyamide thin layer
usedfor the mechanical resistance

In general, there are two types of molecules thatessl@émbléo form channelncorporating
matrices(Figure 12). amphiphilicnatural (chicken egg phosphatidylcholine or porcine brain
phosphatidylserine) or synthetic (DOPC, -tljdleoy}t3-trimethylammoniurmpropane
(DOTAP) or 1,2dimyristoytsnglycera3-phosphocholine (DMPC)lipids and block
copolymers Polymer matrices are foed by diblock or triblock copolymers, which consist of

poly(2-methyl2-oxazoline) (PMOXA) as the hydrophilic block and poly(dimethylsiloxane)
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(PDMS) as the hydrophobic block, but sometimes comprising pohp{it&liene) and

poly(ethylene oxide) (PB-PEO)’®

Lipid Diblock Triblock
- oBiIayero Copolymer ~ Copolymer -
D0 000 t?(‘“) e“s n “T1—Hydrophilic

Hydrophobic
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Figure 12. Biomimetic compositions for the amphiphilic channel insertmatrix. Image

adapted from referencefJ¢

The forward osmosis (FO) membrane with high selectivity was developed by Dirfg et al
using covaleny attachedaquaporinZ-incorporated supported lipid bilayers (SLBs) to a
polydopaminecoated porous polysulfone (PSf) suppdiig(re 13a). Although that covalent
linkage offes stability to selective layer, the lipid layandergoeslegradation upon contact
with detergentontaining solution, whichenables theuse of this membrane under real
condition of water purification. Separation performance was tested usingsexags FO

measurements and showed significant water fluo f 243 (LMH) with reverse salt flux

of 3. 1 2HAgMH).
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Figure 13. Design considerations for common biomimetic membrane formation strategies.
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adapted from referenced](
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Changing matrix fronramphiphiliclipids to block copolymersould partially solve stability
problems of AQFNncorporated membranes. Thus, Wang € demonstratedhe fabrication
of FO membrane with AgpZ proteins reconstituted into ABA block copolymer blends on
polycarbonate track etch (PCTE) support. AB copolymer consisted of pol2-
methyloxazolineblock-poly-(dimethylsiloxaneblock-poly-(2-methyloxazoline) (PMOXA
PDMS PMOXA) with acrylate or disulfide end group. This approach increased membrane
mechanical resistance and showed high water flux (LVLBl) with moderatesalt retention
(91.8%) when using 6000 ppm NaCl as the feed and 0.8 M sucrose as the draw solute in the
forward osmosis operatiofVe 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

resistingto harsh high salinity conditions of seawater desalinatiof®@85ppm NacCl).

Notwithstandhg the using polymeric vesicles faquaporinincorporation, the stability
challenge remained unsolve@hasing a tradeff between stability and performanacd
aguaporinbiomimetic membranes series of studies on using mixed matrix approach was
reportel.”*®1 Aquaporinincorporated vesiclewere trapped into traditional polyamide thin
films, which made it possible to use membranes for reverse osdessination Figure13b).
Nielsen et dP achieved water permeability values up to 4 LMH/bar with a salt rejection of
~97% at applied r@ssure of 5 baWang et af° introduced theaquaporirbasechollow fiber
composite membrane with water flux of ~8 LMH/bar (rejection 97%) at same pressusegand
year after they presented the tfilm composite membrane, which could work under 10 bar
applied pressure with performance of ~4 LMH/bar (rejection remained at the level G£97%)
As can be notedjespite high levels of water permeabilitgese membranes can only be used
for low pressure nerse osmosis (LPRO) desalination due to their fragilityaddition, lipid
vesiclestrappingcontributel to the formation of defects in the active layer, which can be seen

from low rejection values.
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Most modern AQP membrane designs agelymeric matrixthat can make them scalable
and industridl applicable However, a vital part of AQP membranes is not commercially
available yet, as well as AQP, which are challendgargnass production. Another limitation
is the surface to channel ratio of these pnstelo have one channel, the AQP protein occupies
approximately 6 nhon 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
aguaporirbiomimetic nembranes is beneficial, but in the long term, the technology may suffer
from limitations that make them less attractive options for fabricatibrdesalination

membranes.

3.2 Biomimetic desalination membranes with incorporated AWC

In relation to thechallengesof natural transport proteinscorporation, the artificial
channelsreviewed in section 1.3 dhe presentchapter are more appealing options for the
developmenbf novel biomimeticmembranesindeed, some AWCs have comesdato the
performance and selectivity of natural aquaporins by mimicking their structure in part
(aquafoldameipsor in whole értificial AQP). Since tlis areais quiterecenf there are only a
few studies related to incorporation of AWC into membrane fatew purification and

desalinatiorthatwere reported.

PAP5 channelbecameone of the first AWCs embedded into synthetic membraodels
at microscale levé? Carboxylicfunctionalized PAP5 channels were incorporated into flat
micrometriccrystalline sheets of RB-PEO diblock copolymers asggregated microphases
leading to hybrid membranes with a diameter of 1 (fAgure 14a). Presence of carboxylic
groups allowed to laminate micrometdcale layers onto poly(ether sulfone) (PES)
microfiltration support by a laydry-layer (LbL) techniqueusing polyethyleneimineThose
membranes showed high water permeability of ~65 LMH/bar with molecular weigbffcut
(MWCO) of D450 Dabut no selectivity for sub nanometric separation as requested by

desalination technology
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Another method of providing nttilayer for full coverage of the active layer is based on the
revision of the matrix compositidii.A crosslinkable polyisopreri-poly-(ethylene oxide)p-
polyisoprene triblock copolymer wapin-coatedonto a silicon wafer for selissembly into
well-aligned multilayer lamellas lying parallel to the surface. These lame#estransferred
onto an alunmum oxide porous substrate to afford the composite membfagaré 14b). In
this system, the BAB pattern (i.e., hydrophebydrophilichydrophobic) was used to stimulate
and stabilize multilayer formation by stimulating the formation of polymer bribdgéseen
adjacent hydrophobic domains. Membranes with PA&d increasedater permeabilityand

showed again MWCO ~ 450 Da.

The abovelescribed disadvantage of this class of artificial water channels does not allow
their use foRO distillation, howeverPAP5basednembranesaouldfind their application in
the nanofiltration(NF) area if the scale up of the membranes will be further developired
addition, the methods of incorporation shown on the example of PAP5 could be applied to other

artificial waterchannels.
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Figure 14. Alternative biomimetic membrane formats. (a) Laminated crystalline sheets,

where sheets of up @1 € m tengthsaie thgered for full coverage. (b)-@ssembly of
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The most successful AWC incorporation technique was presented by Barboitha&t\ahs
based on-huartet system%:3° 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 matfig(urel4c). 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 asitin crystallization during

interfacial polymerization du the diffusion of organic solvent into a colloidal waaézohol
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solution of tquartets. Optimization of incorporation made it possible to obtain highly efficient
SWRO membranes for desalination with a water permeability of 75 BM65 bar applied
presure with 35000 ppniNaCl 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 nanale level of high performg AWC to ulta

rapid and selective macszale synthetic membranes for water desalination.

S
1 LHM/bar Nanochannel 5 - 300 LHM/bar
. PA
layer
| Porous
Support

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

As aconclusion, the development of biomimetic membranes based on transport proteins, as
well as AWGCincorporated membranes, is still challenging, which, in general, related to water
permselectivity and membrane stability traaf&é However, biomimetic membrariabrication
studies reviewed in this subchapter opens new horizons in this field. One of the perspective
directions of AWGCincorporated desalination membranes fabrication is direct embedding of
selective pores into PA matrix. The theoretical calculatminater flux through AWEPA
selective layepredict thevalue of up to 300 LM/bar based on MD simulati8h while self
supportive PA membrane has permeability 1 LMH/Fagre15)2” This breakthrough leads
to new incomes in AWCs studies, towards the dewaknt of highperformance selective

membranes for desalination.

48



4 Objectives and strategy

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

The research development strategy was initially implemented on the basis of previously
obtained resultsBy choosing perspectivgillar[n]arene platform for artificial watechannel
design first of all, we focused on investigation of water/ion transport abilded nature of
transport mechanisof selfassembled discrete tubular dimers of-differentiatedperalkyt
carboxylatepillar[5]arenes, developad collaboratiorwith Prof. Tomoki Ogoshi (Department
of Synthetic Chemistry and Biological Chemistry Graduate School of Engineering, Kyoto
University, Japan)Originally, those pillar[5]arenenodified dimersvere designed as capsules
for hosi guest chemistr§® However,havingdiscovered such unique structunes anticipated
that they will be able to form supramolecular se@fsembled pores inside lipid bilayer
membraneditting perfectly for water or/and ion translocatioks so, the option to study the
PAD derivativesnside vesicular systeniy stoppeelow and fluorescence assayas chosen,
as it offers the possibility to determine whether or not the compounds are capable of water
transport across the lipid bilayer biet vesicles. Thaextstep wago obtainand analyssolid
state structural information through-rdy crystallographyof PAD with different alkyl
substitues It followed to describe the water channels transport abilities and
structure/performance relatisimp of water transport across lipid bilayers.

After determiningthat thePAD derivativesare indeedble towater transport, we started to
investigatethe mechanism of water movement throughftimened poresnside lipid bilayers.
To acheve this goaglwe started a collaboration with Marc Baaden (Institut de Biologie Physico
ChimiquedeParis), an expert in molecular dynamics. We proposed to study through molecular
dynamics simulations the structural behavior of the initial solid state like structutbe of
channels when placed in a lipid environment.

In the meanwhilethesecondsignificant objective was teerify the possibility olupscaling

from molecular level studies andly to transfer the artificial water channels onto the
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macroscopic level.As objecive for future research, it was selected a -noodified
pillar[S]arene. The main reasons of choosing this compound were: ability fornedtsaf-
assembledubularstructures in @lid state with pore size close to critical value for water/ion
selectivity 3 A), mentioned inpresentChapter; relevant simplicity and lowost of non
modifiedpillar[S]arene synthesig hus,the desigrand optimisation of fabricatiosf membrane
materials containing pillar[n]arene artificial water channels for water desalination was

proposed.

Last but not leasbbjective of this PhD thesis was propose the design and synthesis of
functionalorganic molecules that could sel$semble into functionalydrophobicchannels in
a same wayasor in amixture with the imidazole compounds. We proposed the synthesis of
new synthonsmainly through the modification of the functional head ofunsidoderivative
compounds tmbtain similar small organic compounds capable ofasdembling into water
channels. The compounds were studied for their ability to form water channels in solid state
and tested for wateand iontransportcapabilitiesin the same fashion as for thejdartet
channelsAfter that it was decided to combine obtained hydrophobic alkylureido derivatives
with highly effective hydrophilic Fquartet channels in order to achieve hybrid

hydrophobic/hydrophilic pores.
The experirental part of the PhD thesis is organized in 3 chapters:

Chapter 1l.Biomimetic Approach for Highly Selective Artificial Water Channels Based on
Tubular Pillar [5] arene Dimers

Chapter lll.Enhanced desalination polyamide membranes incorporating Pillejg]aia
in-situ aggregatiofinterfacial polymerizationsAGRIP

This chapter is adapted from submitted article Dmytro Strilets, Sophie Cerneaux, Mihail
Barboiu*, Enhanced desalination polyamide membranes incorporating Pillar[5]arensia in

aggregatiorinterfacial polymerizationsAGRIP.
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Chapter IV.Synergetic selassembly of bcomponent alkylureido systems into artificial
water channels
This chapter is adapted from manuscript Dmytro Strilets, Mihail Barboiu*, Synergetic self

assembly of bcomponent alkylureido systems into artificial water channels.
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Chapter II. Biomimetic approach for highly selective
artificial water channels based on tubular Pillar[5]Arene

dimers
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identification of empirical strategies toward the obtainment of thectbgeof the research
project for which he performed most of the experimental work, inclu@iagalysing structure
of Pillar[5]arene dimers (PAD), (ii) defining strategy insertion of PAD into lipid bilagie),
performing water transport evaluation bging Stoppediow method and analysing obtained
results, (¥) investigation of ion transport by using fluorescence HPTS amsdyv) planar

bilayer experiments.
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based on tubular Pillar[5]Arene dimergéry Important Paper. Angew. Chem2020 DOI:
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Abstract: 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 complementestycsynt
methods, Xray structural data, transport assays to quantify the transport performances of
peralkylcarboxylatepillar[S]arenes dimers in bilayer membranes. They are able to transport

~10 wat er mol ecul es/ channel / second, wi t hin
rejecting Na+ and K+ cations. The dimers have an tubular structure, superposing larger
pillar[5]arene pores of 5 A diameter with narrowest twisted carphnyl pores of 2.8 A
diameter. This exceptional channel biomimetic platform, with variable pore dimensions within
the same structure, offers size restriction reminiscent to natural proteins. It allows water
molecules to selectively transit and prevent bigger hydrated catigpass through the 2.8 A
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 initmaf new unexpected water permeation events
through novel toroidal pores. Altogether, uncovering the interplay between supramolecular
construction and transport performances, the novel PAD channels described here are critical to

accelerate the systematisdovery for artificial water channels for water desalting.

Keywords: Artificial water channels, pillar[5]arene, aquaporins, bilayer membranes
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Natural channels allow ion/water translocation across biological membréhesansport
is regulated by proteins, converting the-iwater interactions into ieeelectivity filter one<.
Because of the high significance of the related processes, the design of synthetic unimolecular
or selfassembled channels with waten® or ionrion selectivity have become areas of
expanding interest. Very attractive strategies have been developed based oradsesdity,
towards supramolecular capsules presenting conductance states in bilayer membranes. Barboiu
et al.® Fyles et al/,Kim et al,® Gokel et af and Furkawa et d.demonstrated the efficiency
of integrated capsules as selectivity ion filters across lipid bilayers.

The easily accessible Pillar[n]ared@a play an important role in supramolecular
chemistry, towards the generatiof light-harvesting or drug delivery systems, transmembrane
channels, separation and storage materialsét¢dou et al. firstly realized that PAs, with
their unique hollow pillasshape and tuneable size cavities with -timeeable rims, could be
suitable platforms to construct artificial chann&t$? 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 progredseleaisobtained in
a very short time, as the singtbannel osmotic water permeability for peptRiePs?>2% is
close to natural aquaporins and superior to other synthetic water channel andlddneés.
drawback it relates to their low iemater selectiy.

Innovative design approaches for the construction obBxXeg® or PAtubular dimer®
were proposed. We recently described the dimerization edliffferentiated pillar[5]arengia
hydrogen bonding (Figure 1), producing expanded lengttirolled tiular superstructures,
reminiscent to calixarenecapsulés.

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 generaitidirectional

channels within lipid bilayer membranes. We anticipated they are able to form supramolecular
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self-assembled pores inside lipid bilayer membranes. As observed fopghogallolarenes,

the pore formation is strongly depending on the matdigrafted alkyl chains and probably

more than on type of aggregates form efficient ion charinels.

We know that a pore with a diameter .of3 A is a critical prerequisite to selectively
accommodate and transport wandres?’ Pillar[5]arene platform msents a hydrophobic
cavity of 5 A diameter, which in turn is much bigger to selectively accommodate single
waterwires'2?°Having an inner pore size of ~5 A, they allow the passage of cations according

to their hydration energ$#?®

Herein we conadtrate our efforts on investigation of water/ion transport abilities of
selfassembled discrete tubular dimers of -differentiated peralkytarboxylate
pillar[5]arenesPAD4, PAD8 and PAD12 (Figure l1a) through bilayer lipid membrane.
Interestingly, the argsis of xray single structure dPAD4 show that two dimeric tubular
architectures. It results in the formation of tubular carboxylic dimeng$8nd pRoR and of
bilayer dimers form via two different-Honding vs hydrophobic binding modes, respectively
(Figure 1b, red). The 15 hydrogen bonds between the carboxyl groups and water molecules
and adopts closely spaced carbgkenyl groups with a fivefold helical conformati&twhich
in turn superpose the pillar[5]arene relay of 5 A diameter with a narrtmisted hydrophobic
pore of 2.8 A 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?2 or Aquaporir® channels, havlydrophobic 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 andPAD12 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-teags of
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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).
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Figure 1. a) Structures of peralkylcarboxylgtédlar[5]arenesPAD4, PAD8 andPAD12 and b) Xray

single crystal structure of PAD4 Crystal packing along-axis emphasizing sedssembled tubular
carboxylate Hbonding b, red) and bilayer hydrophobicb( blue) dimers in stick and CPK
representations Crystalline solid state structures show dimeric structures of 34 A length and c) a variable
pore geometry composed of Pillar[5]arene platform (blue) of 5 A diameter and of narrowest twisted
carboxyphenyl pore of 2.8 diameter (red). Green CHCMmolecules in CPK representation are
perfectly positioning a Cl atom fitting the narrowest carbpRegnyl pore, while the other atoms are
disordered in the larger junction formed via hydrogen bonding of the carboxylate groups.
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Figure 2. Watertransport activity in liposomes: a) Representative stoffjpad light-scattering
experimental traces of liposome pasix assays at different mMCLRs BAD4 after abrupt exposure to
a hypertonic solution of 200M KCI. The ne{blue starsand single watgired squareg)ermeabilities
of the liposomesontaining b)PAD4, c) PAD8 and d)PAD12 channels at different mCLRs, measured
under hypertonic conditions abruptly exposed to a hypertonic solution ehBCI from the post
mix assays.
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Longer alkyl chains i?PAD12 might stabilize the bilayer conformation, while shorter alkyl
chains inPAD4 should strongly stabilize the tubular dimers in the bilayer. It is important to
note that the thickness of the insulating bilayer membrang&%3Q)* is quite similar to the
length of the dimeri®AD4 (Figure 1), while the hydrophobic interactions betw#e longer
alkyl chains inPAD8 andPAD12 and the bilayer stabilize their positionings.

PAD4, PAD8 andPAD12 assemble into functional watpermeable channels in liposomes
and increase the overall water permeability relative to the background lipickgieitity 3
Their water transport rates are strongly dependent on the nature of hydrophobic alkyl tails
grafted onto pillar[5]arene platfornAD4, PAD8 and PAD12 channels were reconstituted
into phosphatidylcholine (PC) lipid vesicles (100 nm in diametéh 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 ofPties
derivatives to prédormed vesicle suspensions. Then theicles 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 KCI osmolate,
the shrinkage of the liposomes under osmotic graslieh 100, 200 mOsm increased the
lightscattering signal (Figure 2a). The net permeabilities increase when mCLRs ratios increase
and with increasing osmolarity. The permeabi
MCLR=3.00 forPAD4 which is the mospermeable toward water in the dimeric tubular
configuration in the series, whereasR&D8, andPAD12, the maxima values are lower: 3.66
em/ s and 2.23 em/s respectively anddtWeey can
further estimated the singtdhannel permeability, Pof each channet’ (see Supporting
information for details). In the shrinking mod®\D4, PAD8 andPAD12 show a tendency of
Psincreasing with osmolarity as it was with net permeability. For example permeabilities of

1. 54A520A1®&nd 75 véaterArblecules/s/channelare obtained forPAD4
(mCLR=1.33),PADS8, (MCLR=0.33) andPAD12 (mCLR=0.33) respectively, which are only

one orders of magnitude lower than that of AQPs {418 water molecules/s/channéhlt
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can be noticed that with increasing of mCLR the single channel permeability is decreasing, but
remains on the same level wiagnitude. Thus, the tendency for dropping of single channel
permeability can be explained by progressive higher aggregation or lower solubRi&yDof
channels at high concentration, while using low concentration for incorporation into lipid
bilayer preents its aggregation. Water transport activities decrease substantially as the grafted
alkyl chain length increasePAD4>>PAD8>PAD12), implying the formation variable
architectures of permeable tubular dimersH&iD4 andless permeable bilayer configuat

for PAD12, whereasPAD8 present an intermediate situation. An unfavorable hindering
wrapping of the hydrophobic tails inside the selective pore ofPthBs or around at the
interface with the bilayers, can be presumed for longer chains. Indeed] thagti seemed

to be optimal fobutyl chains while longer chains led to aggregation when mixed with lipids.

In order to have more precise structural support for tmeambrane contentions we further
prepared the carboxylate Nar Li* salts ofPAD4.3? Oppositely to carboxyl functionalized
PAD4, for the carboxylate salt ®AD4 the hydrogerbonding driven dimerization would not
be possiblePAD4Na 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
and 2’waed rAokdliles/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
increasingdue the presence of hydrophilic carboxylate groups, remaining accessible to water
from both sides of the membrane.

lon (Na and K) transport activities across the bilayer membranes incorporaiiag,

PADS8 and PAD12 channels reconstituted into phosptgltholine (PC) lipid vesicles (100
nm) at the same mCRLs as used for water transport, were assessed using standard HPTS

fluorescence assays.Indeed, when tested with NaCl or KCI on external buffer tAB4,

71



PADS8 andPAD12 channels had an unexpectezhhviour: 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 T@fflix (Amax = 0.06 for
PADA4, 0.10 forPAD8 and 0.03 forPAD12 at 300 s) (Figure S7) and then the internal pH
remains quasstable, independent on the nature of the channel or transported cation.
Accordingly, the addition of base in the extravesicular solution induces a rapid deprotonation
of carbayl groups of the channel in the bilayer membrane, which synergistically induce HPTS
deprotonation and generate the observed abrupt increase in fluorescence. After pH
equilibration, doseesponse experiments show the constant absorblaelcaviors It is
noteworthy that, Kand Na cations are not transported and channel structuration is no effective
to induce Naor K* /H* antiport conductance states along the assembled channel.

Single channel planar lipid bilayer experiments confirm the complete ipchr K*
transport under applied potential in range of 200 mV for tested solutions &AD4 (Figure
S8). The transport activity is rather impossible to initiate, both in terms of length of operating
periods and the concentrationRAD4 in the membrae.

Overall, thePAD4, 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 unimolecularnehsrby Hou et
alX®are at long last beginning to meet encouraging signs for high water permeab®ify{10
water molecules/second/channel), while most of these channels present ionic transport activity,
thus not yet selectivity. Natural AQP channelsspré an hourglass structure offering size SF
restriction of ~3 A and selectivity against cations, reinforced through electrostatic repulsion in
the region known as the aromatic arginine (ar/R) constriéfioin this study a simple
modification of rims ofpillar[5]arene backbone of 5 A diameter led to the construction of a
supplementary narrowest hydrophobic pore of28%A diameter within the same structure,

affording a size restriction control of translocation along tubular dimers at this seledteity f
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level. The water permeability oPAD4, PAD8 and PAD12 channels (-~ 10 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 selectiugités where
water molecules are interacting along the whole structure of the channel of ~2.8 A, herein the
narrowest pore structure BAD4, PAD8 andPAD12 channels in precisely located at the two
narrowest regions of the pore, which remains larger alongestimg 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 A, but restrictive enough to block the passage of hydrated Na
or K* cations.

We set up computer simulations to probeliebaviorof PAD4 dimers in an explicit lipid
bilayer environment. Simulation results are summarized in Figure 3. As a first test we inserted
a single Hbonding carboxylate or hydrophobic butyl dimers. Neithdated dimer was stable
in the membrane, leading either to a tilted but stable memisrabedded structure for
carboxylate (Figure 3a) or to a shifted stieside aggregated for butyl dimer losing its butyl
connections (Figure 3b). In the latter case wedtlyesize 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 pose, 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
carboxylatedimer honeycomb shows water wettidgwetting 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 accumulatibaltaon
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. Initialhese water paths are through the

dimeric pathways (Figure 1e), whereas later on alternative pathways, leading to the formation
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of a toroidal pore through the bilayer are observed as well (Figure 1f). The permeation rate is
at its maximum around 250 ns, whthe tilted structure allows a continuous water pathway

around carboxylate groups. The permeation time duration varies from 2 ns to 175 ns.
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Figure 3. a) Carboxylic Hbonding dimer in a 100 ns molecular dynamics simulation in the
lipid bilayer. b) Lipghilic bilayer dimer shifts sidé-side. ¢) Top view of honeycomb
hexametric arrangement around a central dimer. d) Wettmgetting events in the first 50 ns
of the carboxylic dimer. e) Wateavire pathway in the beginning 1 ns after releasing consgraint
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 evenigirthe 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

Artificial toroidal pores have been pionieered@®ylombini[34a,b] for the pores formed by
natural ceramide and by our group[34c] for the pores formed by artificisedsstinbled crown

ethers. The inner walls of the pore would be lined with carboxylate groups and with the external
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butyl tails projectingnto 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 cigvatuired

on the inside of the torus (Figure 1b). Based on their phytiemical 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 permesdies ofPADLi 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 selettisiyort A 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 (dimericlbbnded PA ath a discrete large toroidal pore). The unifying
assumption is that an-bbonding 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 hybrighathways for water translocation through the dimeric water
wires and on alternative pathways encapsulatingpsetective water clusters through a
toroidal pore.

| -quartetembedded water sponges were the first example in literature taking into account
the formation of 3D water sponges/clusters displaying high water/iortig#je®® They make
the intrinsic features of water spong€sr clusterd! particularly selfprotective against ions.

The water translocation events lead to the change in shdpe ofiannel conduits in bilayer
membranes from a single watsires to fully aggregated toroidal water clusters, which confer

to these channels the salflaptive behaviours.
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ThePAD channels showed no transport of dad K cations, making them a vikboption
for desalination. The observed iorggclusion 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 engigeggpproache$AD 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, predrsggeredshape 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.
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Distinguishing Pillar[5]arene dimers
with variable diameter SF interiors get
spontaneously inserted into lipid
bilayers, showing selective water
conductance activity. The transport via
the narrow poregates ~2.8 A, acting as
selectivity filters, is perfectly sized for
the water molecules to pass having
themselves a diameter of ~2.8 A, but
restrictive enough to block the passage
of hydrated Na* or K* cations
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General
All commercially avaiable reagents and solvents were used as recéleédVIR and
13C NMR spectra were recorded on JEOL HE@S400 and JNMECZ500R spectrometers.

Chemical shifts were reported in ppm versus tetramethylsilane:rdggiution ESIMS was

recorded on Thermo Fisher Scientific Exactive Plus mass spectrometer equipped wigtdJItiM
3000 HPLC.

Syntheses

Syntheses of compound®AD4 and PAD12 have been reported,and the synthesis of
PADS followed this reported procedure.

OH o}
+ RBr i) methyl 4-bromomethyl benzoate,
K,COs, acetone, reflux, 2 h COOMe
K2003 DMF, CHO i) NaBH,, methanol, rt, 05h OH
0°C-rt., 12 h
OR OR
1 34% 2 91%
- FeCl,,
R = n-octyl 1,2-dichloroethane,
rt., 16 h
HOOC MeOOC

(\\ /I) \\ //
; i) NaOH (aq.), THF/H,0, reflux, 24 h '>

C H ii) HCI (aq.) N ’
HiS HiS

OR OR
PAC8 94% 3 13%

Scheme S1Synthesis oPADS.

Mono-substituted dihydroxybenzaldehydel. To a mixture of 2, 5lihydroxybenzaldehyde
(5.09,36.2mmol)andbr o mooctane (6.3 mL, 36.2 mmol)
was added passium 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(h@6tate) and
washed with water (3 x 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 oh-hexane and ethyl acetate (from 10:1 to 5:1, v/v) as the mobile phase. The
titted compound was obtained as white solid (3.05 g, 34BNMR (500 MHz, CDCJ): U
10.44 (s, 1H), 7.37.33 (m, 1H), 7.1&.06 (m, 1H), 6.90 (d] = 9.0 Hz, 1H), 4.02 1) =6.5
Hz, 2H), 1.861.77 (m, 2H), 1.511.42 (m, 2H), 1.39..23 (m, 16H), 0.9D.86 (m, 3H)*C

NMR (126 MHz, CDC4): 1 190.3, 156.5, 149.7, 125.3, 123.7, 114.6, 113.4, 69.3, 31.9, 29.4,

29.29, 29.28, 26.2, 22.7, 14.2. HBRMS. Calcd for @H2203 (m/z): [M - H] ", 249.1496.
Found: 249.1493.
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Di-substituted dihydroxybenzyl alcohol2. To a mixture ofl (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 mixiues 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 dow
(456 mg, 312 mmol) was thearefully 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 mixidrexaine
and actone (from 10:1 to 5:1, v/v) as the mobile phase to get the titled compound as white
solid (3.66 g, 91%)*H NMR (400 MHz, CDCJ): 11 8.05 (d,J = 8.3 Hz, 2H), 7.49 (d] = 8.0
Hz, 2H), 6.95 (dJ = 2.3 Hz, 1H), 6.82 (dd] = 8.8, 2.8 Hz, 1H), 6.78 (d,= 8.9 Hz, 1H), 5.08
(s, 2H), 4.66 (d,) = 6.6 Hz, 2H), 3.96 () = 6.1 Hz, 2H) 3.92 (s, 3H), 2.4536 (m, 1H),
1.831.73 (m, 2H), 1.49.41 (m, 2H), 1.39.22 (m, 8H), 0.9®.85 (m, 3H).1*C NMR (101
MHz, CDCk): Gi167.0, 152.4, 151.5, 142.6, 130.5, 18A29.7, 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, 14.2HR#S. Calcd for G4H3:0s
(m/z):

[M + NaJ*, 423.2142. Found: 423.2145.

Rim-different pillar[5]arene ester 3. To a stirred solution o (2.00g, 5 mmol) in
1,2dichloroethane (500 mL) was added anhydrous iron (lll) 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 solutiowas 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 mixtureh&fixane and acetone (from 10:1 to
5:1, v/v) as the mobile phase to obtain the titled compound as white solid (245 mg,'#H3%).

NMR (400 MHz, CDC¥): 1 7.96 (d,J=8.2 Hz, 10H), 7.33 (d] = 8.2 Hz, 10H), 6.86 (s, 5H),

6.79 (s, 5H), 4.54.44 (m, 5H), 3.98.74 (m, 40H), 1.93.70 (m, 10H), 1.54.46 (m,
10H),

1.36-1.29 (m, 10H), 1.2:.21 (m, 30H), 0.84.80 (m, 15H)%*C NMR (101 MHz, CDGJ):
i166.8, 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, 1ESFHRMS. Calcd for GaoH1s0020 (M/z): [M + Naf,
1934.0613. Found: 1934.0644.
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PADS. To the solution 08 (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 reflux2d4 ior
After the organic solvent was removed under reduced pressure, the solution was treated with
agueous HCI solution (1 M) until pH 1. The precipitate was collected by filtration, and washed
with water (500 mL). After drying in vacuum, the product wakwied as white solid (87 mg,
94%)H NMR (400 MHz, CDCJ): 118.00 (d,J = 7.8 Hz, 10H), 7.29 (dl = 7.9 Hz, 10H), 6.89
(s, 5H), 6.87 (s, 5H), 4.77 (d= 13.7 Hz, 5H), 4.49 (dl = 13.8 Hz, 5H), 4.08.79 (m, 20H),
1.941.75 (m, 10H), 1.62.49 (m, 10H) 1.421.35 (m, 10H), 1.34.25 (m, 10H), 1.24..09
(m, 20H), 0.890.77 (t, 15H)*C NMR (101 MHz, CDGJ): i171.9, 150.4, 150.1, 144.5, 130.6,
128.81, 128.76, 128.4, 126.5, 115.8, 114.7, 70.8, 68.3, 31.8, 29.8, 29.6, 29.3, 26.4, 22.6, 14.2.
ESFHRMS. Cécd for Cr15H140020 (M/z): [M - H]", 1839.9865. Found: 1839.9922.

Methods

Water transport experiments

LUV preparation: Preparation of unilamellar lipid vesiscles: Egg yolk-UL
phosphatidylcholine (EYPC) in CH&(25 mg/mL, 0.8 mL) was diluted with CH§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 Hter, pH = 7.0) at 25C for 5 min to give a milky suspension. The
resulting suspension was subjected to six frélkaw cycles by using liquid No freeze and
warm water bath to thaw. The suspension was extruded through polyethersulfone membrane
(Whatman UK, 0.1 em) for nine times and then di

final lipid concentration was 0.65 mM.

Stoppediow water transport experimentWater permeability of channels was measured
with the stoppedlow instrument (SFM3000+MOS450, Bimogic SAS, Claix, France) by
using stoppedlow light scattering experiments. Generally, the DMSO solutiolPAD4,

PAD8 or PAD12( 20 e L wi t h natomg wasradded toctlrervesiele 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 KCI, 10 mM HEPES buffer, pH 7.0)
were loaded into two syringeThe 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 (Pwas calculated as following:
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where k is tle exponential coefficient of the change in the light scattering; S aade\Mhe

initial surface area and volume of the vesicles, respectivelys Yhe molar volume of water,

a n dsmispthe osmolarity difference.
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Table S1. Stoppetlow transport results faPAD4 with 100 and 200 mOsm osmolality

gradients

200 mOsm

0,2 0,3

Time/s

&0, Pf(l)'_ Increase Net. .
mOsm CLR,% ki . pm-s % permeal_ollllty
Hm-s
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
0.66 9.446 43.73 3.47 1.47
200 1.33 9.557 44.25 4.69 1.98
2.26 10.091 46.72 10.53 4.45
2.99 9.542 44.18 4.53 1.91
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Figure S2. The stoppdtbw traces from experiments on liposomed$&D8 with different
MCLR and with 100 and 200 mOSM osmolarity gradients.

Table S2. Stoppeflow transport results foPAD8 with 100 and 200 mOsm osmolality

gradients
&0, Pra, Increase Net_ :
mOsm CLR, % Ki ) Mm-S % permeatilllty
HM-s
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
0.66 11.13§ 51.56 -12.96 -7.68
200 1.33 10.593  49.04 -17.22 -10.20
2.26 12.863 59.55 0.52 0.31
2.99 12.007  55.59 -6.17 -3.66
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Figure S3. The stoppédtbw traces from experiments on liposome®aiD 12 with different
MCLR and with 100 and 200 mOSM osmolarity gradients.

Table S3. Stoppetlow transport results foPAD12 with 100 and 200 mOsm osmolality
gradients

Pr ), Net
ntwqg)s’m CLR, % ki . pm-s Inc[;z)ase permealiility
Um-s
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 11.138 51.56 -12.96 -7.68
1.33 10.593 49.04 -17.22 -10.20
2.26 12.863 59.55 0.52 0.31
2.99 12.001 55.59 -6.17 -3.66

Single channel water permeabilityfhe single channel permeability was calculated based
on compound concentration and channel configuration in lipids. Take one san@alevih
MCLR = 1.33% as an example. The vesicles had diameter 100 nm in average after extrusion,

the sumofouterandienr s ur f ace ab) =5,522 nifgassurnidgrthatthée bNayer
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thickness was 5 nm. The average cresstional area of a lipid in average was ~0.35, ramd

that of the was estimated as 0.786°nfaking on account that PACforms the channel from

2 molecules by selissembling 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 chamnel i n |l i posomes was

singlechannel pelrlfreadidn d’ watenmmoedultss6 2 A1 0

Figure S4. Crystal structure of Pillar[5]arene d6teThe crosssectional surface of this
molecule was calculated as 0.786%yased on its diameter. The value of cresstional
surface was used for calculation of single channel permeability of Pillar[5]arenes dimers since
pillar[5]arene is the core of theshannels.
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Table S4. Single channel permeability of PAD dimers at 100 mOsm osmolarity gradient

Compound CLR, perml\tlaztbility, PSINGLE, mPSIIZS:LEIeS
% um-s cmls H.O/s
0.33 -1.49 - -
0.66 1.68 2.19%4 7. 29
PAD4 | 1.33 7.07 4.62% 1.54
2.26 7.76 3.0%4 1.01
2.99 9.00 2.66% 8.88
0.33 6.02 1.56°% 5. 21
0.66 2.51 3.2%411.09
PADS |1.33 3.67 2.40% 8.0686
2.26 2.95 1.18% 3.88
2.99 1.85 5. 4864 1.82
0.33 0.92 2.387 7.965
0.66 1.60 2.09% 6. 96
PAD12 |1.33 2.23 1. 486% 4. 86
2.26 0.91 3.5341.18
2.99 2.89 8.544 2.865

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

Net PsINGLE,
CLR, - PsiNGLE,
Compound o permeability, cmils molecules
° pum-st H2Ols

0.33 1.24 3.22% 1.08
0.66 1.47 1.91%7 6. 38

PAD4 |1.33 1.98 1.30% 4. 32
2.26 4.45 1.73% 5. 7686
2.99 1.91 5.6587 1.89
0.33 1.53 3.986% 1.32
0.66 4.33 5.65% 1. 88

PADS8 |1.33 8.27 5. 417 1. 860
2.26 4.74 1.84% 6. 18
2.99 3.21 9.487 3.18
0.33 -2.05 - -
0.66 0.38 4.9837 1.68
1.33 0.65 4. 2477 1. 42

PAD12 .
2.26 1.75 6. 7847 2.286
2.99 0.82 2.4318.12
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LUV preparation for HPTS experiment$he large unilamellar vesicles (LUVS) were
formed using egg yolk {U-phosphatidylcholine (EYPC chloroform solution, 95%, 4 mL, 100
mg). To this solution was added 4 mL of MeQ@idd 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 NacCl)
containing 1 ohydrexiypyreHeR, 3, @risulfoBic acid trisodium salt). After
hydrated for at least 30 minutes, the suspension was subject to 10tfaezeycles (liquid
nitrogen and water at room temperature). The obtained white suspension was extruded 21 times
t hrough a 0. 1 nembrapeoin grderato tramsfoart the large multilamellar
liposome suspension (LMVSs) 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 chromatogphy (SEC, stationary phase Sephade®0; mobile phase: sodium
phosphate buffer with 100 mM NacCl) and diluted with mobile phase to give 14 mL of 9.3 mM

lipid stock solution (considering all the lipids have been incorporated).

HPTS assays for lon Transp@astperimentsHere a fluorescent ratio data collection method
was applied. 100 €L of stock vesicle solutio
buffer (10 mM sodium phosphate, pH 6.4, 100 mM of the analyzed cation KCI or NaCl) and
placed into a gartz 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 eL of anal ys2e9d esLampl
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 vesic

Triton X-100), in order to equilibrate the intravehicular axtravesicular solution.
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MD simulations

All molecular dynamics simulations were performed under periodic boundary conditions
with constant pressure. The CHARMS6 force fieldS? was used for lipid molecules and the
TIP3P model was chosen for water. To repred@AD4 molecules and generate their
topologies, we used the CHARMM General Force Figddogether with the ParamChem web
service.>* 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 iLO\eestraint
Solver algorithm. Particle mesh Ewald electrostatics was used with a 12 A 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) veengled 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 ParrinRidnman barostat at 1 bar, and
the z dimension was coupled indegdently to a reference pressure of 1 bar, t = 5.0 ps, and
compressibility of 4.5 T0%bar' ? 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, 1@ and 40 kJ mdl*nm' %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 frerayXsingle crystal structure data
for PAD4. The initial configurations composed by seven dimers forming a hexagonal 2D
packing were interactively assembled using the Unitymol softi¥ar@ virtud 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 ralijpicbf water equal to 28. Nand
Cl ions have been inserted using a Me@tlo 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 interfacé>® and format filesvere adapted to the Gromacs software using the online
tool

servicess7.

The molecular dynamics trajectories were visually inspected and analysed using the VMD
softwarelS8l, Analysis of the trajectories and permeation calculations were performeg usin
custom scripts for the MDAnalysis librafy® S% Fast computation and accuracy were

accessed both using 0.1 ns as a sampling time for the analysis of water permeations.
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Chapter Ill. Enhanced desalination polyamide
membranes incorporating Pillar[5]arene via in-situ

aggregationrinterfacial polymerization-isAGRIP
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The contributionotheP h . D. candi date to the manuscript
membranes incorporatingillar[S]larene via irsitu aggregatiomnterfacial polymerization
i SAGRI P0o is related to t hetoward ¢he abiaihnmewt afthe on o f
objective of the research project for which he performed moshefexperimental work,
including (i) membrane fabrication and optimization proceduresgeygluation of optimal
ratios for the casting solutions, (iii) observation of the nucleation pra@eselementary and
nanostructural characterization of the bioinspired active layers (EDM, BE XRD), and (v)

BWRO filtration experiments.



Enhanced desalination polyamide membranes incorporating
Pillar[5]arene via in-situ aggregationinterfacial polymerization-
ISAGRIP
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Abstract

Membranebased desalinatidmes an important role in water purificatiomspired by highly
performant biological proteins, artificial water channels (A8V@ave been proposed as active
components to overcome the permeability/selectivity taftleof desalination processes.
Promising performances have been reported with Pillararene crystalline phases revealing
impressive Ascale separation performances, whead as selective porous materials. Herein,
we demonstrate that selfsembled PA[5] AWCs are-situ generated and macroscopically
incorporated during the interfacial polymerization, within industrially relevant reverse osmosis
polyamidePA membranes. lparticular, we exploithe best combination between PA[5]
aggregates and +4phenylenediamine (MPD) andtrimesoylchloride (TMC) monomert
achieve their seamless incorporation in a deffeet hybrid PA[5]PA membrane for enhanced
desalination. The penfmances of the reference and hybrid membramge evaluated by
crossflow filtration of brackish feed streammder real reverse osmosis conditions (15.5 bar
of applied pressure) . The optimized membranes adhev&0 % improvementyith awater
permedility of ~2.76+0.5 L m?h' *bar * and 99.5% NaCl rejection with respect to the reference
TFC membrane and a similar wapermedility compared to one of the best commercial BW30
membranes (3.0 L th' 'bar * and 99.5% NaCl rejection).

Keywords: artificial water channels; sefssembly; pillararene; reverse osmosis;

desalination
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Water purification and desalination are important technologiesgiolate the problems of
freshwater scarcitl}l Reverse osmosis (RO) membranes fabricated as supported polyamide
PA layersvia interfacial polymerizationP between diamine and aegtloride monomers
(Figure 1), perform with exceptional performances itecteve water desalinatiod. The
effective transporting pathwaysissolving and diffusingwater versusions with Ascale
selectivity are controlled by the PA layer structure and pdteleads to a permeability
selectivity tradeoff behaviouryeporting improved water permeability at the expense of lower
selectivity, or viceversal®>* Numerous strategies have been tested to overcome the limitations
of PA structure, including homogeneous fabricatvia improved phase transfer of the
monomers owia functional grafting on the PA. Efficient polymer spacing by the insertion of
rigid molecular fillers® or supramolecular macrocycl®¥ and cage¥’ were used tincrease
the freevolume of the composite membranes (Figure 1a) or porous polymeric pdtvders.

Filtration performances are controlled by the presence of defects aiuthddies between
PA and nanoparticulate supramolecular fillers, limiting their selectivity to large molecular
compounds (i.e. dyes, solvents, etéVhen fabricating a RO membrane for desalination, the
inclusion of high density artificial water channelgV&s per unit area is directly impacting the
membrane productivitgndselectivity. The performance is related to important challenges in
translating AWC selassembly within PA matriwith the absence of defect/e postulated
that one of the creative strategies for addressing such-spatéhallenges andnproving
performances is thia-situ generation of aggregated AWCSs colloidal soft particles that may be
gently combined within the PA during theterfacial polymerization (IP) (Gure 1b). They
generate multichannel continudusmogeneouarchitectures avoiding the formation of defects
at the interfaceg®l

Within this context, water/ions separation withlével selectivity is an important
endeavor for desalinatioRrecise tunig of the pore size and distribution within PA matria
nanoscale seld assembly (Figure 1b) represent an alternative to the molecular grafting (Figure

1la) and anmportant premiséo promote high selectivity contrdlVe have previously shown
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that selfassembled aggregated AWGsuartetsi?>?®l are active when embedded in PA
overcoming current R@embrandimitations.[*®!

Due to their unique functional desidhe functionalizegbillarareneswith provenhigh-water
permeability when embedded as unimolecular channels in lipid bil&yé&fsnay inspire their
incorporation as active artificial water channels in real desalination memhvdaésiow that
permanent and uniform porosity of pillararene crystallmaterials enable effective tunable
fine molecular separation$’ % The crystal packing of PA[5] is revealing parallel sheets of
selfassembled lamellar phases of tubular channels (Figufé@)goal of the present study is
to bridge the gap betweeunimolecular 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.
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Figure 1. Interfacial polymerization (IP) between 4phenylenediamine (MPD) and
trimesoylchloride (TMC) monomers resulting in the formation of polyamide PA layeitse
top of a polysulfoe membrane support. Functional a) chemical grafting oinimitu
supramolecular aggregation result in the formation of hybrid PA membrane materials.

In the present report, we describe @pscaling approach exploiting the saffsembled
pillar[S]arene PA[5] channel aggregatésssitu generated and embedded within PA layers
during a streamlined IP procedure. The simple PA[5] platfoesbeen chosen in order: a) to

avoid complex synthetic steps used for the construction of its functionalizexlaoular

100



channel counterpaf&?® and b) to take advantage of its satsembly properties, generating
H-bonded multichannel architectures in the solid $t&#é. This work demonstrates the
possibility to fabricate homogeneous hybrid PAPA thinlayer membranes of different
morphologies and to tune their performances under real brackish water BWRO desalination
filtration conditions. To increase the diversity, thgnergstic selfassembly of various
fabrication recipes with different compositionSPA[5] and former monomers is optimized to
fabricate hybrid PA membranesa in-situ aggregatiorinterfacial polymerizationsAGRIP
method. The technological novelty here is related to the use-aiggregated PA[5] colloidal
nanoparticles with nasceRtA formation during the IP. It is resulting a gentle defeefree
incorporation of colloidal soft superstructures of PA[5] within PA Hoatrix, 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 accessiblgillar[5S]arenes PA[5]
discovered by Ogoshi et @lay an important role in supramolecular chemi8tr? Hou et al.
firstly discovered that the unique hollgwlar-shape cavities with firuneable rims, could be
used to construct artificial water channétg®! They arepositioning the PA as a scaffolding
relay in the middlewhereas functional arms attached to aromatic riongs® unimolecular
pillaredchannelsvia self-assembly. Nonetheless, rorodifiedpillar[n]arenes could form low
dense, soligtate seHassembled structures via strongHO-O, GH---O, GHL L L " |, [ S
interactiond?®-3? Pillar[5]arenebased supramolecular organic framew@R[5]-SOF) shows
great performance in G, gas separation due to high porosity wiiscale pore size and
specific Hbonding between gas molecules aguilfar[5]arene. Thus, those advantages of
Ppillar[5]arene can be applicable for developing Mygiperneable and selective TFC
membranes for water desalination.

The reference TFC membranes were prepared by interfacial polymerization (i) of
phenylenediamine (MPDand trimesoyl chloride TMC), resulting in the formation of

polyamide (PA) layers onto a commercial polysulfone (PSf) support layer.
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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 intatfpolymerization.

MEMBRANE PA[5] MPD TMC
wiw % w/w w/w %
Control TFC Hpl - 1.5 0.15
H-0.1 0.1 15 0.15
H-0.3 0.3 1.5 0.15
H-0.5 0.5 1.5 0.15
Control TFC L - 1.2 0.1
L-0.01 0.01 1.2 0.1
L-0.025 0.025 1.2 0.1
L-0.05 0.05 1.2 0.1
L-0.1 0.1 1.2 0.1

[a] AHO and ALO stands for high and | ow PA[5],

Q in-situ Aggregation-interfacial polymerization - isAGRIP
Q
% T

PA[5] Channels incorporated into polyamide matrix

PAS channels crystallization

Aqueous MPD solution @ " N/[ /;L
2!

Figure 2. X-ray singlecrystal structure and crystalline packing of PAPF? 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 aqud&i3solution and with
a hexane solution of TMC, resulting in the formation of hylRA&[5]-PA layersvia in-situ
aggregatiorinterfacial polymerizationsAGRIP.

In this study hybrid PA[5}PA membranes have begnepare via the conventional IP
procedure, preceded by thesitu aggregation of seldissembled colloidal nanoparticles of
PA[5] in ethanol/water solutionsColloidal aggregates of 3= 500 nm were observed at t= 0
h by dynamic light scatteringdLS) when variable amounts of water were addeekianolic

solutions 0f0.3%0.7% PA[5] resulting in the formation oflear solutionsvithout any visible
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precipitation. ThenDLS analysisshows that higher aggregatél3n =800-2500 nm) were
obtained in tine (t = 212 h) at low volume fraction of water, whiggnaller aggregatg®n

=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, remingfaemgortant
H-bonding interactions between colloidal PA[5] aggregates at low water content, which are
reduced in the presence of increasing amounts of watércules Solid particles ofporous

PA[5] may be further generatedka dilution of these solutios with water, which is the most
probable situationvhen a solution of MPD is addeRegardingthe IP procedure, ethanolic
agueous solutions of PA[5] (EtOH:@8 = 1:2 by weight) was thoroughly sonicated befmimg
poured onto the PSf support and allowed to sit for 60 s to induce a partial evaporation of
solutiors, without the formation of solid crystallites at the surface of the membrane. Based on
this informaion, high and low PA[5] or MPD/TMC concentrations were investigated to explore
the effect of the composition on the resgtPA[5]-PA membrane layers (Table 1).

The PSf support containing the PA[5] colloidal solution fuas$ immersed for 2 min in an
aqueous solutioat1.5 w/w % (H) or 1.2 wiw% (L) of MPD. Then, the excess of solution was
removedfrom the surfacewith an air gun Finaly, the PA[5}MPD-saturated support was
immersed intca 0.15% w/w (H) or 0.0% w/w (L) TMC solution for 1 min to formhie PA
layer.In this step, th&@A[5] colloidalaggregates migrate together with the Mi@lhe organic
phase, favoring the IP reactions, while they synergisticaigjnt interact with the growing PA
segmentwia H-bonding. The results of tha-situ crystallization process in the formation of
homogeneous crodmked PA[5]-PA regions of highly interpenetrated networks of PA[5] and
PA hybrid component$:ollowing the IP procedure, both the control and the hybrid membranes
were cured in DI water at 9% for 2 min, dipped in a 200 ppm NaOCI aqueous solution for 2
min, and then dipped in a 1000 ppmx&#s 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 hybridPA[5]-PA layerswasconfirmed by Fourier Transfortmfrared FTIR spectroscopy
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(Figures S2-S3). Vibration bands at 1504 ¢m(amidell, NiH in-plane bending) and 1656
cm' ! (amidel, C=0 stretching vibration) are associated with amide bonds of thE\Rdence
of PA[5] incorporation within hybrid PA is obtained from the presence of the vibration shifts
at 16501700 cm?! assignedo the C=C stretching of aromatic groups, as well as@h as
and-CHz symstretches visible in the range 2850 and 2965 craspectively. The large band in
the range of 3706200 cm! with the peak at 3325 ctis attributed to the @ stretching
vibration of strongly selH-bonded within PA[5] crystals or HHonded to water molecules
present in th&€A[5]-PA.

The elemental analysis obtained from Energy dispersixayspectroscopy (EDX) analysis
of hybrid membraes prepared with 0.025 % and @0% 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 hybridPA[5]-PA layers the content of C of & 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 inPA[5]-PA layers of hybrid membranes.

The Scanning Electran MicroscopySEM micrographs (Figures S312) suggest that all
the hybrid PA[5]-PA layers are continuous and deféete, consistent with the high salt
rejections observed in the filtration tests described below. The nanostructure and micro
morphology othe layerarestrongly 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 increaderg obd
PA[ 5], the top polyamide sodhwfadteyov aypivap d ofl ng
of the reference conventional PA layers in the reference TFC membrane, to a multilayer large
voids structures with apparently lower densityP#[5]-PA hybrid membranesHgure 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]

hybrid layers with a higher cro$isking degree.
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Figure 3. Representative surface SEM micrographs of (a) reference TFC; (b) 0.01 w/w %
(c) 0.025 wiw % (d) 0.05 % w/w and (e) 0.1 % w/w PAPA[5]-PA hybrid layers.High
magnification details of (f) 0.01 w/w % and (g) 0.01 w/WP¥][5]-PA hybrids. MPD and TMC
concerratiorsin the casting solutions were 1.2 w/iw % and 0.1 w/w %, respectively.

In addition to a change of the surface roughness, the hybrid AShembranes with
medium PA[5] loads (0.02%.05 % w/w) displayed a distinct, dens@dmorehomogeneous
naroparticulate structure thdahe oneobserved for lower (0.01 % w/w) or higher (0% w/w)

PA[5] loads for which the morphology of the multilayers start to be inhomogeneous.
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Importantly, all the layers prepared in the presence of PA[5] show a diffusiudistt of
crystalline nanoparticles that are embedded with different densities within the whole active PA
layer (Figure 3 andy). Comparison of reference membrane surfaces prepared using 2 different
application methods for PA[5] shows that membranesgpegpusing wateethanol solution of

MPD presenteamore developed surface with smaller leké formations (Figures S4 and S14),
which could be explained 3n improvement ofhe amine monomer diffusian presence of
ethanol Moreover, membranes prepared with wattranol solution of PA[5] (0.5 w/w %) and

MPD (1.2 w/w %) hava more inhomogeneous morphology compared to membranes prepared
by sequential application of PA[5] and MPD (Figsi®1418). 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 ing#dasiPA[5] loads.
Oppositely to homogeneous low content PA[5]% layers, bigger nanoparticles can be observed
in amulti-layer structure of hybrid membrane prepared with high content of PA[5], while the
micro-structurebemmes more heterogeneous.

Performances of the membranes in BWRO filtration. The filtration performances (i.e.,
waterpermeadility, water flux and NaCl rejection of saline solutipaf reference and hybrid
membranes prepared by varying B%{5] loading from 0% (control TFC) to 0.1 % w/w (Sexie
L) and then from 0.1 % to 0.5% (Sevid), were measured for brackish water reverse osmosis
(BWRO) desalinatiof®®! The MPD concentratiomiaqueous solution controls its diffusion into
the organic phase and influencessbassemblyf PA[5] via H-bonding. For a seriexf high
concentration membranes (Ser#, 1.5 % w/w MPD and 0.15 % w/w TMC), increasing the
PA[5] loading from 0.1 % w/wo 0.5% w/wled toa progressive lower water pernbddy
(from 1.5t0 0.9 L f?h'tbarl). This also impacts negatively tBalt fluxes (lecreasingrom
24 t0 14 L m?h'Y) and salt rejections (from 99% to 91%) with respect to the control TFC
membane. These results are rationalized with the high concentration of MPD and TMC and

the high loading content &fA[5], which resultsn the formation of highly crosknked hybrids
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PA[5]i PA with respect to the control TFC membraamed the formation oflefects at high
PA[5] loading (Figure S2@ndTable S2). In order to reduce the unfavourable elioksg
effects, lower concentrations of 1.2 % w/w MPD and 0.1 % w/w TMC, together with lower
loadings ofPA[5] from 0.01 to 0.1% w/w% were further used.dém the BWRO conditions,
the waterpermeability increased significantly and reached a patk2.76 L m?2n'bar?! for
the PA[5] concentration of 0.025% w/w, while maintaining higher observed NacCl rejection of
99.4 % (Figure @ndTable S3). This result peesents an exceptional ~40 % increase in water
permedility at equivalentejection with respect to the reference TFC membrane and a similar
waterpermeaility compared to one of the best commercial BW30 memberengaility of
~3.0 L m2h'tbar  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 performatteppedrapidly by using high concentrations of
PA[5] leading to high aggregation of PA[5] within the hybrid layers, that clearly stioay
final layer morphology and transport performances are strongly correlated. Further experiments
aimed at investigatintpe method of PA[5] implantation into a polyamide matrix by dissolving
PAJ[5] in ethanolwater solution of MPD or adding PA[5] after soaking in the membrane with
MPD solution. Both experiments led &6-30-40 % decrease in watpermeaility and lower
saltrejedion (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 homogeneou® Aghiid
PA matrix andat the same timprevent the formation of defects in the seleclayer. Also,it
is a cleatthat addinghe PAJ[5] dissolved in aqueous solutiemot optimalsince itresulsin
the formation of molecularly dispersed and highly cilogsed materials with lower

performances with respect to the reference TFC membrane.
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Figure 4. BWRO desalination performances at 15.5 Wwéth a 2000 ppm NaChs feed
solution: a)water permeabhty, b) flux of the saline solution and salt rejection for reference
TFC andPA[5]-PA membranes prepared with 0.01 %, 0.025%, 0;05% and 0,01% w/w PA[5]
solutions;MPD and TMC concentratianin the casting solutions were 1.2 w/w % and 0.1 w/w
%, respectively.

The present study configrthat in-situ aggregatiorinterfacial polymerizationsAGRIP
mechanistic strategy allowke homogeneouscorporation ofPA[5] artificial water channels
starting from theiin-situ colloidal selfassembled superstructurébe formation of the hybrid
PA[5]-PA layers may be further generateid the interaction of the PA[5] aggregates with
nascent PA oligomenrga H-bonding. It is leading to thi®rmationof nanopatrticles fowhich
the distribution within hybridPA[5] T PAis stronglydepending on the PA[5] content. Under
optimal conditions, thepromote thesynergstic 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 witHifil RAsignificant
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 reiggregated PA] moleculesgxhibiting thus a
low permeability. The préormation 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 transpod 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 performarmese from a combination of higher

porosity of the prerganizedPA[5] with less croséinked PAlayer. However, overly high
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loadngs 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
duringmembrane fabrication and performant hybrid layers were synthetized by adjusting this
parameterto an optimal PA[5] concentration of 0.025 %w/w. In particular, the membranes
provided a ~40 % increase in water peatvibity with an excellent productivity ofGL m' 2h't

under 17.5 bar applied pressure, while maintaiaihgh selectivity of 99.4 %.

Ultimately, we demonstrated that-situ aggregatiorinterfacial polymerizationsAGRIP
previously used to fabricate bioinspired membranes incorporatjngriet AVCS'® 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
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Chemicals.Commercial flatsheet polysulfone (PSf) ultrafiltration membranes, RGB%
(Solecta, USA), were used as support layers for the fabrication of all the polyaasiele
membranes. Trimesoyl chloride (TMC, 98%)-pmenylenediamine (MPD, flakes 99%)
sodium chloride (NacCl) ( gsgl)g,%%%b/erepwaha:‘sédtﬁrmn met a

SigmaAldrich, France.Pillar[5]arene has been synthesized as previously repétteall
solvents used in this study were HPLC grade. Unless specifietieatiicals were dissolved in
DI water obtained from a MilQ ultrapure water purification system (Millipore, France). All

the reagents and solvents were used without any further purification.

Fabrication of Reference polyamidebased membranes (TFC)Refeence polyamide
active layers were cast on top of the commercial PSf ultrafiltration support. The support was
taped onto a stainlesseel plate to leave only the topmost surface available for reaction and
then contacting them with ethanol/water solutiothwatio 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 6@. 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 NaOCI aqueous solution for 120 s, followed by soaking in a 1000 pgBObla
agueous solution for 3®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 incorporatingpillar [S]arene (PA5).

We used 3 methods of PA[Hjcorporation into the PA membrane during the interfacial
polymerization:

1. A certain amount gfillar[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 stainlesteel plate. The following steps were done in the
same way as it was fane eferenceTFC membrane including soakimg the MPD solution
(1.2 wiw % in wate), IP reaction in TMC solution and-&ep curing in the hot water.

2. Pillar[5]arene PA[5] was also incorporated as dissolved in the agueous MPD/PA5
solution: the support was taped onto a stairééss| plate to leaventy the topmost surface
available for reaction.

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 wasirgrgun. hterfacial
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polymerization reaction and 2 steps curing in the hot water were applied as wellas done
for the ieferencepolyamidebased membranes.

3. PAb deposition have been applied after soaking in MPD solutiersupport was taped
onto a stainlessteel 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 tmembrane surfacerixed PSf support was
contacted with PA5 ethanol/water solution with ratio 1:2 (by volume) for 15 s anddbsse
was removed with the airguihe following steps of polyamide IF polymerization and curing

procedure were done in the same way asit®rmreferencegolyamidebased membranes.

Membrane morphological and physiechemical 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%,a&h8 @67%

w/w. In order to investigate the formation of colloidal aggregatiéferent amours of water

wereadded to the PA[5]/ethanol solution under various conditions.
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Figure S1 The size distribution of colloidal aggregates obtained by Digasurements.
The size distribution of hydrodynamic diameter) &t 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)WW®BA[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 62§ibd000

cml,

—L-05

Absorbance / a.u.

PA[5] Powder|

4000 3000 2000 1000
Wavenumber / cm™?

Figure S2.FTIR-ATR spectras of tseries TFC membranes (Reference TFC aQdbl).
and PA[5] powder (Membrane composition MPD 1.2 w/w %, TMC 0.1w/w %)
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Figure S3.Comparison oF TIR-ATR spectra of PA[5] membrane with 0.5% PA[5] ahd
referencel FC membranenfembranecomposition MPD 1.2 w/We andTMC 0.1w/w %).

Energy Dispersive Xray 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 speateacagtured at
different positions to calculate an average atomic percentage of %C, %N, and %0O.

Measurements of the atomic composition for PA[5] membranes are listed in Table S1.

Table S1.Atomic content of TFC and RAPA[5]membranes by EDX

N O
0 1) 1
Membrane C, % % %
TFC 83.95 121  12.02
PA-PA5
0.025% 86.13 054 10.62
PA-PAS5
0.05% 86.9 0.54 10.16

Scanning electron microscopy (SEM) The incorporation of PA[5] aggregates in
polyamide layers was verified bg highresolution scanning electron microscope (SEM,
HITACHI S-4800), at an accelerating voltage of 2 kV. For cissgional studies, membrane
coupons were prepared by fredeacturing in liquid nitrogen and then dried in dry air for at

least 24h. A 5nm thick coating of chromium was sputtered (SC7620 Mini Sputter Coater,
118



Quorum Technologies Ltd.) under Ar atmosphere'(1@bar) to achieve a minimum
conductivity for reliable SEM iformation.
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Figure S4. Surface SEM micrograph of the reference TFC membrangenibrane
composition MPD 1.2 w/b6 andTMC 0.1w/w %).
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Figure S5.CrosssectionSEM micrograph of the reference TFC membranagmbrane
composition MPD 1.2 w/Wwoe andTMC 0.1w/w %)
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Figure S6.Surface SEM microgragof PA-PA[5] membrane prepared using PA[5] 0.01%
solution fmembranecomposition MPD 1.2 w/Wo andTMC 0.1w/w %).
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Figure S7.Crosssection SEM micrographs &A-PA[5] membrane prepared using PA[5]
0.01% solutionfhembranecomposition MPD 1.2 w/\# andTMC 0.1w/w %)
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Figure S8. Surface SEM micrograghof PA-PA[5] membrane prepared using PA[5]
0.025% solutionriembranecomposition MPD 1.2 w/Wo andTMC 0.1w/w %).
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Figure S9.Crosssection SEM micrographs of PRA[5] membrane prepared using PA[5]
0.025% solutionriembranecomposition MPD 1.2 w/w %andTMC 0.1w/w %)
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Figure S10.Surface SEM micrograplud PA-PA[5] membrane prepared using PA[5] 0.05%
solution (Membrane composition MPD 1.2 w/w %, TMC 0.1w/w %)
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Figure S11.Crosssection SEM micrographs of PRA[5] membrane prepared using
PA[5] 0.05% solution (Membrane composition MPD 1.2 w/w %, TMC 0.1w/w %)
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Figure S12.Surface SEM micrographs of PRA[5] membrane prepared using PA{B1%
solution (Membrane composition MPD 1.2 w/w %, TMC 0.1w/w %)

Figure S13 Crosssection SEM micrographs of PRA[5] membrane prepared using
PA[5] 0.1% solution (Membrane composition MPD 1.2 w/w %, TMC 0.1w/w %)
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