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Water Channels

Dan G. Dumitrescu,”’ Jordi Rull-Barull,” Anthony R. Martin,” Nathalie Masquelez,
Maurizio Polentarutti,”” Annie Heroux,” Nicola Demitri,”” Giorgio Bais,™

lonut-Tudor Moraru,® Romuald Poteau,” Muriel Amblard,”™ Andraz Krajnc,"” Gregor Mali,"
Yves-Marie Legrand,””’ Arie van der Lee,* and Baptiste Legrand™

Abstract: Achiral 2-hydroxy-N-(diphenylmethyl)acetamide
(HNDPA) crystallizes in the P6, chiral space group as a
hydrate, building up permeable chiral crystalline helical water
channels. The crystallization-driven chiral self-resolution proc-
ess is highly robust, with the same air-stable crystalline form
readily obtained under a variety of conditions. Interestingly,
the HNDPA supramolecular helix inner pore is filled by a
helical water wire. The whole edifice is mainly stabilized by
robust hydrogen bonds involving the HNDPA amide bonds
and CHm interactions between the HNDPA phenyl groups.

The crystalline structure shows breathing behavior, with
completely reversible release and re-uptake of water inside
the chiral channel under ambient conditions. Importantly, the
HNDPA channel is able to transport water very efficiently and
selectively under biomimetic conditions. With a permeability
per channel of 3.3 million water molecules per second in
large unilamellar vesicles (LUV) and total selectivity against
NaCl, the HNDPA channel is a very promising functional
nanomaterial for future applications.

J

Introduction

Fresh water availability is among the biggest challenges of the
21st century. Nanotechnologies might, one day, provide tools
to overcome the shortage of drinkable water. Designing devices
able to conduct water molecules in a highly controlled fashion
is a very challenging task, mainly because a water molecule is
both extremely small and non-ionic.!" Desalination technologies
can help mitigate the problem, with several plants already
operating in regions of high water stress. The most common
method in commercial use is reverse osmosis, and the current

industrial state of the art employs dense polyamide mem-
branes, which in effect “filter” water molecules through random
pores too small for solvated ions to pass.? In spite of recent
advances, however, there is an urgent need to improve the
processes in operation.?**!

One of the keys to greater separation efficiency lies in
controlling the selectivity of water transport at the molecular
level, by using well-defined channels with diameters below 3 A.
Nature does this very well, through aquaporins, which are water
transporting proteins found in living organisms.”” Their remark-
able water transport rates and selectivity are due to the size,
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shape and chemical structure of their internal channels, which
allow water molecules to arrange themselves and travel in
ordered “water wires”, excluding ions and protons in the
process.”) Most of current research is focused on mimicking this
strategy by designing artificial water permeable pores with
well-defined structure and chemistry.®¥ One possible strategy
is to use large chemical objects, such as carbon nanotubes"®'"'?
or graphene oxide.' Other studies rely however on the
arrangement  of small molecules into larger porous
supramolecular entities."™ This allows for more structural
flexibility, as the shape and nature of the building tectons direct
the self-assembly process to create functional nanomaterials."®
Molecular tectons with a central cavity can stack themselves
into continuous porous tubules, as is the case of calixarene!"”'®
and pillarene derivatives."

The most promising approaches take inspiration from
nature, relying on robust and directional amide hydrogen bond
motifs. Some of the earliest examples are tubular oligopeptide
structures which reversibly accommodates various solvent
molecules.” It was shown that by varying the oligopeptide
structure and length, one can facilitate the formation of water
wires.”'?? Both discrete™*? and polymeric® metal complexes
were also successfully employed for stabilizing water wires.
Interestingly, in all of these examples, the water wire adopts a
helical conformation, and, in some cases, the reversibility of the
water transport was also evidenced.” Barboiu et al. discovered
a very simple achiral artificial water channel family, in which
imidazole derivatives self-assemble into an I-quartet, forming
pores similar to those of natural aquaporins.?®*” Subsequent
studies demonstrated their viability in practical desalination
applications,”®*' highlighted the effect of using chiral building
blocks on water transport directionality, and described a similar
system based on diols.”” Helical foldamer channels facilitating
selective and fast transport of water and protons have also
been reported.??*3¥

The current discovery starts in this context and is one of
serendipity. Milbeo et al. investigated the ability of a highly
constrained f-amino acid ((S)-aminobicyclo[2.2.2]octane-2-car-
boxylic acid (H-(S)-ABOC-OH) to stabilize families of helical
foldamers.®¥ The ABOC-based oligomers were typically capped
by 2-hydroxy-N-(diphenylmethyl)acetamide esters, also known
as N-benzhydryl-glycolamide esters, or OBg esters.***® During
the crystallization process from methanol, some of them
underwent transesterification, resulting in two distinct crystal
habits, plates and needles. A single-crystal structure was
determined for both types of crystals, where the plates gave
the expected helical foldamers, but the needles appeared to be
a 2-hydroxy-N-(diphenylmethyl)acetamide (HNDPA) hydrate,
which was thus a side product of the reaction. Surprisingly, the
achiral HNDPA crystallized in a chiral space group forming linear
water channels.

In this work, we have explored the characteristics of these
artificial water channels by temperature-dependent X-ray
diffraction, differential scanning calorimetry (DSC), solid state
NMR, density functional calculations, and water transport
measurements.

Chem. Eur. J. 2022, 28, €202200383 (2 of 6)

Results and Discussion
Synthesis and crystallization

Although the HNDPA hydrate was obtained as a side product, it
appears that it is commercially available (CAS 101089-89-8) and
that it also could be synthesized by a straightforward one-step
reaction, which is a modified version of a previously reported
synthesis procedure (Figure 1).*”

Of particular note is the robustness of HNDPA hydrate
crystallization, and, by extension, of the chiral self-resolution
process. A crystallization assay showed the polymorphic land-
scape of HNDPA to be unexpectedly barren, with the same
chiral hexagonal solid form readily obtained from a wide variety
of protic solvents, such as water or water/solvent mixtures, but
also from aprotic hydrophobic solvents, such as methylene
chloride or ethyl acetate (Table S1 in the Supporting Informa-
tion). Only traces of water in the solvents and/or scavenging of
water molecules from the atmosphere during the crystallization
step allow the formation of crystals.

Structure of HNPA helical water channels

High-resolution single-crystal synchrotron X-ray diffraction was
used to determine the structure (Figure S6), as well as to
ascertain the chirality of the system. X-ray powder diffraction
showed that the bulk material was single-phased (Figure S12).
This achiral compound crystallizes in the chiral P6, space group,
as a 0.4 hydrate with the water molecules arranged in a helical
water wire along the c-axis (Figure 2). Although not unprece-
dented, chiral self-resolution is an extremely rare phenomenon,
especially in the case of porous structures. Several examples of
chiral self-resolution of metal complexes exist,*® mostly involv-
ing bulky aromatic ligands. Due to steric overcrowding around
the metal center, the achiral ligands become inequivalent,
usually resulting in a screw axis in the crystal structure.”” This
has been employed in the case of metal-organic frameworks
(MOFs), where a small rational increase in the ligand results in a
chiral porous structure constructed from achiral materials.”*”
Chiral self-resolution in organic crystal structures is even rarer,
with examples based on 1,3,5-trisubstituted benzene derivatives
crystallizing in one of the variants of the enantiomorphic P6,/
P65 space group pair.*"*? Other examples are known, all having,
curiously, at least an aromatic residue and most often an amide
hydrogen bond."**4

The water channel, centered along the 6, screw axis, is
comprised of six infinite stacks of HNDPA molecules in the ¢

NH_* HCI o o O
HATU, DIEA
+ ————> Ho
o J, s ey
2h
0,
92% HNDPA

Figure 1. One-step synthesis of HNDPA.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB017 SUOLILLOD 3AIIR.1D 3deatdde aU Aq peueA0B 812 SDPIE VO ‘85N JO S3|NJ 0} AReIq1T 8UIUO /8|1 UO (SUORIPLOD-PUR-SWSHLLIOD™AB | IM° ARe.q)1Bu1|UO//SONY) SUORIPUOD PUe SWwis | 8y} &8s *[2202/0T/Tz] uo Ariqiauliuo As|im ‘Riediuo N nig Aq 86002202 WeYY/Z00T 0T/I0p/uiod 3| im Areiq 1 pul|uo edons-Ansiweyp//:sdny Wwoly papeo|umoq ‘€€ ‘Zdhe ‘G9LETZST



Chemistry—A European Journal

Research Article

doi.org/10.1002/chem.202200383

Chemistry
Europe

European Chemical
Societies Publishing

a) )
Ccis
O H 0.371
o = . ~ 2
O 0 - 0.368
trans
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2-hydroxy-N-(diphenylmethyl)acetamide (HNDPA) 3.2 A
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Hydrogen bonds:
HNDPA amide bonds
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CH:-mr interactions:
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HNDPA hydroxyles-water molecules

Figure 2. a) ORTEP plot of the asymmetric unit, normalized chemical occupancies for oxygen atoms are indicated. b) Side and c) top views of the crystalline
water channel. d) Focus on hydrogen bond networks (left) and aromatic and aliphatic-aromaticcontacts (right). HNDPA molecules are shown as sticks, water
oxygen atoms as red spheres and hydrogen bonds and CHm interactions as dashed lines.

direction, which form a supramolecular right-handed helix (6
molecules/turn, pitch of 5.1 A; Figure 2b). The inner channel
walls are lined with hydroxy groups, while the hydrophobic
diphenyl moieties form the exterior. The channel inner diameter
is nearly constant along the c-axis, approximately 3.1 A at 100 K
and 3.3 A at 350K (Figure 2c). Water molecules inside are
slightly disordered along the channel direction having a partial
occupancy of around 0.4. The maximum theoretical occupancy
would be 0.5 as the 6, screw axis generates a second channel
oxygen at only 2.0 A from the first one, which is obviously too
close to be possible. The reason that the maximum occupancy
of 0.5 is not attained is that for this configuration there is still
too much steric hindrance for all water molecules to be
simultaneously present in the channel. The tentative hydrogen
bond network within the channel is shown by red and blue
dashed lines in Figure 2d in the hypothesis of a site occupancy
factor of 0.5, that is, three water molecules per channel per unit
cell.

Lengthwise, the backbone of the structure is stabilized by
robust NH~O hydrogen bonds between HNDPA amide bonds
(Figure 2b, yellow dashed lines).

Chem. Eur. J. 2022, 28, e202200383 (3 of 6)

This arrangement is further strengthened by CHm inter-
actions (Figure 2d, green dashed lines) between the tertiary
carbon hydrogen and the benzene ring opposite (dcy. . -centroid =
2.839 A). In the plane perpendicular to the channel direction,
the infinite HNDPA stacks are bound together through CHx
contacts between adjacent phenyl groups (Figure 2d, orange
dashed lines), as well as through dynamic hydrogen bonds
between hydroxy moieties (Figure 2c, d, magenta dashed lines).
The OH groups are disordered over two positions, cis and trans
(0.371/0.629 occupancies, Figure 2a). Their putative role in the
crystal structure is twofold: providing additional stability
through H-bonds between HNDPA molecules, as well as acting
as relay points for the water wire inside the channel (minimum
distances dogs...on=2.725 A and doyans.--0w=2.657 A) and thus
facilitating the transport mechanism.

Hydrogen bonds between the HNDPA hydroxy groups and
water molecules within the HNDPA supramolecular helix are
shown in Figure 2d (cyan dashed lines). The handedness of the
helical water channel is defined by the space group: P6,
corresponds to a P helix, and P65 to an M helix. The structure is
comprised entirely of light atoms and therefore the anomalous
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signal at high photon energies is too small for discriminating
the P6,/P6; space group pair. The absolute structure of the
crystal was determined to be in the P6, space group, by varying
the photon energy and performing a careful likelihood analysis
based on Bijvoet differences, showing also that the material is
enantiopure. This means that chirality is generated from achiral
HNDPA and H,O by dissymmetrizing the interactions between
them during the crystallization stage. The same type of chirality
is present independently of the crystallization solvent used
(Table S1) and the channel structure remains intact even when
water is released (Figure 3a)

Temperature-dependent water flow dynamics

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), showed a clear melting point at 365K,
followed by compound degradation at higher temperatures
(Figures S13 and S14). The dehydration event could not be
observed as a well-defined peak in either mass loss or heating
curves, but a small mass loss of about 3% was observed
spreading over the whole 303-365K range, without clear
associated thermal event. This is consistent with water release
(2.89% mass) being interpreted as a gradual water expulsion
from the channel. We tested this hypothesis by studying the
release and uptake of water inside the channel using a series of
variable temperature single-crystal X-ray diffraction experi-
ments.

These variable temperature studies showed that the crystal-
line structure has a breathing-like behavior (Figures 3 and S15-
$20). Such behavior is relatively common in MOFs*? and was
also observed in some organic cage structures,“**” but never in
organic structures containing helical water channels.

Water is gradually released from the channel at temper-
atures above 300K, and reabsorbed from the atmosphere at
ambient conditions at 293 K. The water release/uptake is
completely reversible, as shown in a series of heating/cooling
cycles monitored by diffraction at 10 K temperature intervals,
starting at 100 to 350 K and back down (Figure 3a). These cycles
were repeated six times on the same crystal, with the sample
left in air at 293 K between each cycle. The release of the
channel water was tracked by plotting its oxygen occupancy
(Figure 3b). The results confirmed the thermogravimetric analy-
sis, as the occupancy remained stable around 0.33 at 310 K, and
decreased to low values in the error range, that is, 0.08
occupancy, 25% of the initial water content at the final
temperature of 350 K. The release of water is relatively slow
because to partially empty the channel the crystal had to be
kept for at least 1 h at 350 K. On cooling back to cryogenic
temperatures, the water oxygen maintained this low occupancy.
Between each cycle, the crystal was able to scavenge water
from the atmosphere at room temperature and self-fill to full
channel water occupancy in less than 24 h. The data quality, as
expressed by the R, agreement factor, increased significantly
between the first and last temperature cycle, whereas the
channel water showed increasingly slower kinetics. We attribute
this phenomenon to crystal surface melting just below the

b 400
( ) & 00 « 350
g Y m sof water
.
I 300
fe ® Temperature
o 0.30
~ 250
=
> 200
g2 0.20 3
8 150 g
a 2
o S
9 -
8 0.10 100
5 g
50
z ;
2 .00 0
12 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19
Measurements
is = sof_trans e
- sof cis of Temperature w0
(c) o 350
.
90 " L
. * . 300
293K LY 3 .
. 250
0 Lo 0
3 <1 = znug
< S .
o 70 cs \ 3, . 150
=] . @
.4 -]
« ‘H-{‘ ok 100§
3 e —~ I g
2 { » s0 &
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Figure 3. Water release-re-uptake cycle and water flow inside the water channel as a function of temperature. a) The panels represent electron density in a
lengthwise cross-section of the water channel (front HNDPA molecules have been removed for clarity) with the experimental electron density shown as a
color scale [e A=%]; dark blue represents the highest electron density values. The water occupancy is expressed as a percentage with 0.4 considered to be the
maximum possible occupancy. @ Temperature increase from 100 to 350 K; ® sample left at 350 K for 1 h; © temperature decrease at 100 K; © sample left at
293 K in air for 24 h and diffraction experiment at 100 K. b) and ¢) Focus on the water release event (from 293 to 350 K and back to 100 K over 60 min). b)
Channel water occupancy and c) cis/trans conformation (%), plotted as a function of temperature, expressed by the measurement number. Site occupancy

factor (sof) e.s.d.’s are all in the range of 0.005.
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melting point. The lower R, factor correlates to higher
crystallinity, which in turn would entail longer continuous
channels and therefore a longer path for the channel water to
travel in order to be released. Variable-temperature 'H MAS
NMR experiments on the crystalline phase between 263 and
343 K, showed a selective narrowing of the water proton signals
beyond 303 K (Figure S24). This line narrowing is consistent
with an increase of the channel water mobility when the
temperature progressively rises to 343 K in agreement with the
X-ray study and the thermal analyses.

We were interested in the putative correlation between the
water transport and the hydroxy groups flipping motion
monitoring the cis/trans ratio during the variable temperature
single-crystal X-ray diffraction experiments (Figure 3c). Upon
heating from 310 to 350 K, water is gradually released from the
channels and the cis/trans ratio remains stable. When cooling
from 350 to 100 K, the water content stays minimum, but the
cis/trans ratio evolves from 62:38 to 80:20. This behavior was
reproducible in all six release-re-uptake cycles. Thus, the
hydroxy trans conformation is progressively favored over the cis
when water is released from the channel. Nevertheless, such
trend could be simply due to that, when the temperature
decreases, most moieties fall in the most stable state, that is,
trans, as deduced from density functional calculations (Fig-
ure S26). Thus, for the moment, the relationship between the
discrete flipping motion of HNDPA hydroxy groups and the
water mobility in the HNDPA channel remains speculative and
should be investigated using further studies such as molecular
dynamics 84

Water transport through lipid bilayers

As was previously shown in the field of new-generation
desalination membranes,”*?” transport through lipid bilayers
can provide a robust model for further polymeric membranes
preparation, such as high-performance polyamide desalination
membranes. In order to investigate whether HNDPA channels
could promote water transport across bilayers, large unilamellar
vesicles (LUVs) were loaded with HNDPA channels and assessed
by a stopped-flow method. LUVs were prepared from Escher-
ichia coli membrane lipids (Avanti Polar Lipids) and measure-
ments performed at 20°C. A lipid-to-channel ratio (LCR) of 50
was used. As negative reference, we synthesized 2-hydroxy-N-
(phenylmethyl)acetamide (HNPA), a close analogue of HNDPA
but with a single phenyl ring. Based on the structural features
of the HNDPA self-assembly, we hypothesized that HNPA can
no longer stack to form channels. Indeed, the HNPA does not
have a columnar rosette-like structure as HNDPA in the crystal,
but rather a achiral columnar structure arranged in sheets
where the hydroxy groups are hydrogen bonded to the amine
and carbonyl groups of neighboring columns, without any
water containing channel (Figures4, S30 and S31). The net
permeability was 8.3 and 0.4 ums™' for HNDPA-LUV and HNPA-
LUV, respectively (Figure S27). The water permeability per
channel P_ was also calculated for HNDPA and turned out to be
P.=9.7x10""7 cm3®s™", which can also be expressed as P, =

Chem. Eur. J. 2022, 28, €202200383 (5 of 6)

P § ¢ 2 Y Hydrogen bonds:
1 ;: 3 =3 HNPA amide bonds ~ ----- HNPA hydroxyles

Figure 4. X-ray structure of the negative reference compound HNPA.

3.3x10° water molecules per second (see the Supporting
Information for details) for LCR=50. In addition, the ions
permeability was tested for HNDPA in order to control if sodium
was transported together with water. For this, a 200 mM NaCl
shock solution (Figure S28) was used to induce ion transport
but no significant difference could be measured with the
reference LUVs. Importantly, compared to previously reported
artificial water channels, the net permeability and the selectivity
of HNDPA channels for water are very high.®™” This apparent
total salt exclusion for an artificial self-assembled water
channels is rare enough to be highlighted. Such water transport
and selectivity in presence of HNDPA could be due to the
formation well-defined self-assembled channels and not to a
potential destabilization of the lipid bilayers.

Conclusion

We unexpectedly found a simple tecton able to self-assemble
into a robust water-channel structure in the solid state,
stabilized by a strong intermolecular interaction network.
HNDPA molecules form a supramolecular helix whose inner
pore is filled by a helical water wire. The HNDPA channel is
functional and is among the most permeable and selective
artificial channels for water when inserted into LUVs in the
presence of NaCl. Based on these surprising results, we are
currently enlarging this new artificial water channel family by
synthesizing HNDPA derivatives. In addition, to gain new
insights into the self-assembly of these simple tectons, research
is ongoing towards tentatively optimizing their properties. Such
easy-to-make artificial water channels could be employed for
selectively promoting water transport in polymeric membranes;
something that still constitutes a great challenge.

Experimental Section

Deposition Numbers 1960786-1960790 (for HNDPA) and 2142860
(for HNPA) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
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