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Abstract: Achiral 2-hydroxy-N-(diphenylmethyl)acetamide (HNDPA) 
crystallizes in the P61 chiral space group as a hydrate, building up 
permeable chiral crystalline helical water channels. The crystallization 
driven chiral self-resolution process is highly robust, with the same air 
stable crystalline form readily obtained from 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 CH…π 
interactions between the HNDPA phenyl groups. The crystalline 
structure shows a breathing behavior, with completely reversible 
release and reuptake of water inside the chiral channel, under 
ambient conditions. Importantly, the HNDPA channel is able to 
transport water very efficiently and selectively in biomimetic conditions. 
With a permeability per channel of 3.3 million water molecules per 
second in large unilamellar vesicles (LUV) and a total selectivity 
against NaCl, the HNDPA channel is a very promising functional 
nanomaterial for future applications. 

Introduction 

Fresh water availability is among the biggest challenges of the 
21st century. Nanotechnologies might, one day, provide tools to 
overcome the drinkable water shortage. Designing devices able 
to conduct water molecules in a highly controlled fashion is a very 

challenging tasks mainly because a water molecule is both 
extremely small and non-ionic. [1] Desalination technologies can 
help mitigate the problem, with several plants already operating 
in high water stress regions. The most common method in 
commercial use is reverse osmosis and the current industrial state 
of the art employs dense polyamide membranes, which in effect 
‘filter’ water molecules through random pores too small for 
solvated ions to pass through.[2] In spite of recent advances 
however, there is an urgent need to improve the processes in 
operation.[3],[4],[5]  
One of the keys towards greater separation efficiency lies in 
controlling the water transport selectivity at the molecular level, by 
using well-defined channels with diameters below 3 Å. Nature 
does this very well, through aquaporins, which are water 
transporting proteins found in living organisms.[6] Their 
remarkable water transport rates and selectivity are due to the 
size, 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.[7] 
Most of current research is focused on mimicking this strategy by 
designing artificial water permeable pores with well-defined 
structure and chemistry.[8],[9] One possible strategy is to use large 
chemical objects, such as carbon nanotubes[10],[11],[12] or graphene 
oxide.[13],[14] Other studies rely however on the arrangement of 
small molecules into larger porous supramolecular entities.[15] 
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This allows for more structural flexibility, as the shape and nature 
of the building tectons direct the self-assembly process to create 
functional nanomaterials.[16] Molecular tectons with a central 
cavity can stack themselves into continuous porous tubules, as is 
the case of calixarene[17],[18] and pillarene derivatives.[19]  
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.[20] It 
was shown that by varying the oligopeptide structure and length, 
one can facilitate the formation of water wires.[21],[22] Both 
discrete[23, 24] and polymeric[25] 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.[23] 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.[26],[27] Subsequent studies 
demonstrated their viability in practical desalination 
applications,[28],[29] highlighted the effect of using chiral building 
blocks on water transport directionality, and described a similar 
system based on diols.[30] Helical foldamer channels facilitating 
selective and fast transport of water and protons have also been 
reported.[31],[32],[33] 
The current discovery starts in this context and is one of 
serendipity. Milbeo et al. investigated the ability of a highly 
constrained β-amino acid ((S)-aminobicyclo[2.2.2]octane-2-
carboxylic acid (H-(S)-ABOC-OH) to stabilize families of helical 
foldamers.[34] The ABOC-based oligomers were typically capped 
by 2-hydroxy-N-(diphenylmethyl)acetamide esters, also known as 
N-benzhydryl-glycolamide esters, or OBg esters.[35],[36] During the 
crystallization process from methanol, some of them underwent 
transesterification, resulting in two distinct crystal habits, plates 
and needles. A single crystal structure determination was carried 
out on 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. 
Surpringly, the achiral HNDPA crystallized in a chiral space group 
forming linear water channels.  
In this work we  have sought to explore the chararacteristics of 
these artifical  water channels by temperature dependent X-ray 
diffraction, differential scanning calorimetry (DSC), solid state 
Nuclear Magnetic Resonance, Density Functional Calculations, 
and water transport measurements.  
 

Figure 1. One-step synthesis of HNDPA 

Results and Discussion 

Synthesis and crystallization 
Although the HNDPA hydrate was obtained as a side product, it 
appeared 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).[37]  
 
 
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 
landscape 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).  Only traces of water in the solvents 
and/or scavenging of water molecules from the atmosphere 
during the crystallization step allows 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 P61 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 
unprecedented, 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,[38] 
mostly involving bulky aromatic ligands. Due to steric 
overcrowding around the metal center, the non-chiral ligands 
become inequivalent, usually resulting in a screw axis in the 
crystal structure.[39] 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 
non-chiral materials.[40] 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 P61/P65 space group pair.[41],[42] 
Other examples are known, all having, curiously, at least an 
aromatic residue and most often an amide hydrogen bond.[43],[44]  
 
The water channel, centred along the 61 screw axis, is comprised 
of six infinite stacks of HNDPA molecules in the c direction, which 
form a supramolecular right-handed helix (6 molecules/turn, pitch 
of 5.1 Å) (Figure 2b). The inner channel walls are lined with 
hydroxyl groups, while the hydrophobic diphenyl moieties form 
the exterior. The channel inner diameter is nearly constant along 
the c-axis, approximately 3.1 Å at 100 K and 3.3 Å at 350 K 
(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 since the 61 
screw axis generates a second channel oxygen at only 2.0 Å 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, i.e. 3 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, 
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Figure 2.   (a) ORTEP plot of the asymmetric unit, normalized chemical occupancies for oxygen atoms are indicated; (b) side view and (c) top view of the crystalline 
water channel, (d) Focus on hydrogen bond networks (left panel) and C CH…π contacts (right panel). HNDPA molecules are shown as sticks, oxygen atoms of 
water molecules as red spheres and hydrogen bonds and CH…π interactions as dashed lines 
. 
 
as yellow dashed lines). This arrangement is further strengthened 
by CH...π interactions (Figure 2d, as green dashed lines) between 
the tertiary carbon hydrogen and the benzene ring opposite 
(dCH..centroid = 2.839 Å). In the plane perpendicular to the channel 
direction, the infinite HNDPA stacks are bound together through 
CH…π contacts between adjacent phenyl groups (Figure 2d, as 
orange dashed lines), as well as through dynamic hydrogen 
bonds between hydroxyl moieties (Figure 2c-d, as 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 two-fold: 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 dOcis..Ow = 2.725 Å and dOtrans..Ow = 2.657 Å) and thus 
facilitating the transport mechanism. 
 

Hydrogen bonds between the HNDPA hydroxyls and water 
molecules within the HNDPA supramolecular helix are shown in 
Figure 2d (as cyan dashed lines). The handedness of the helical 
water channel is defined by the space group: P61 corresponds to 
a P helix, and P65 to an M helix. The structure is comprised 
entirely of light atoms and therefore the anomalous signal at high 
photon energies is too small for discriminating the P61/P65 space 
group pair. The absolute structure of the crystal was determined 
to be in the P61 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 H2O by 
dissymetrizing 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) 
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Figure 3.   Water release-reuptake cycle and water flow inside the water channel as a function of temperature. (a) The figures 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/Å3); the dark blue color represents the highest electron density values. The water occupancy is expressed in percentage (%) considering that 0.4 was the 
maximum possible occupancy. A. Temperature increase from 100 to 350 K. B. Sample left at 350 K for 1h. C. Temperature decrease at 100 K. D. Sample left at 
293 K in air for 24 h and diffraction experiment at 100 K. (b-c) Focus on the water release event (from 293 up to 350 K and back to 100 K,  60 min interval). (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. 
 
 
Temperature dependent water flow dynamics 
 
Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC), showed a clear melting point at 365 K, 
followed by compound degradation at higher temperatures 
(Figures S13-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 303-365 K 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 experiments.  
 
These variable temperature studies showed that the crystalline 
structure has a breathing-like behavior (Figure 3 and Figures S15-
20). Such behavior is relatively common  in MOFs[45] and was also 
observed in some organic cage structures,[46],[47] but never in 
organic structures containing helical water channels. 
Water is gradually released from the channel at temperatures 
above 300 K, 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 K 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 analysis, as the 
occupancy remained stable around 0.33 at 310 K, and decreased 
to low values in the error range, i.e. 0.08 occupancy, 25% of the 

initial water content at the final temperature of 350 K. The release 
of water is relatively slow, since for partially emptying the channel 
the crystal had to be kept for at least 1h 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 hours. The data quality, 
as expressed by the Rint agreement factor, increased significantly 
between the first and last temperature cycle, while the channel 
water showed increasingly slower kinetics. We attribute this 
phenomenon to crystal surface melting just below the melting 
point. The lower Rint 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 1H 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 hydroxyl 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-
reuptake cycles. Thus, the hydroxyl trans conformation is 
progressively favoured 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, i.e. trans, as deduced from density functional 
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Figure 4. X-ray structure of the negative reference compound HNPA. 

calculations (Figure S26). Thus, for the moment, the relationship 
between the discrete flipping motion of HNDPA hydroxyls and the 
water mobility in the HNDPA channel remains speculative and 
should be investigated using further studies such as molecular 
dynamics.[48],[49]   
 
Water transport through lipid bilayers 
 
As it was previously shown in the field of new generation 
desalination membranes,26,27 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 E. 
coli membrane lipids (Avanti Polar Lipids) and measurements 
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 non-chiral 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 (Figures 4, S30-S31). The net permeability 
was 8.3 µm.s-1 and 0.4 µm.s-1 for HNDPA-LUV and HNPA-LUV, 
respectively (Figure S27). The water permeability per channel Pc 
was also calculated for HNDPA and turned out to be Pc = 9.7x10-

17 cm3.s-1 which can also be expressed as Pws = 3.3x106 water 

molecules per second (see ESI 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.50 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 in 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 
might be employed for selectively promoting water transport in 
polymeric membranes that still constitute a great challenge.  
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Experimental Section 

Deposition Number(s) 1960786-1960790 (for HNDPA), 2142860 (for 
HNPA) contain the supplementary crystallographic data for this paper. 
These data are provided free of charge by the joint Cambridge 
Crystallographic Data Centre and Fachinformationszentrum Karlsruhe  
Access Structures service. 
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A simple achiral hydrated acetamide self-organizes in a chiral channel with highly mobile water molecules. The crystalline architecture 
displays a breathing behavior near room temperature with fully reversible release and reuptake of water molecules.  The water transport 
is very efficient compared to previously reported artificial water channel and has a very good selectivity against NaCl, and could 
therefore be an efficient candidate for desalination processes. 


