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Abstract

Self-assembled Artificial Water Channels (AWCs) are reshaping current water desali-
nation technologies. Recently, the improvements achieved by incorporating hydrophilic
compounds into polyamide membranes (PA) at the interface have been experimentally
confirmed. However, the determination of the nanoscale structure of AWCs remains
unclear. An important step in the preparation of PA membranes is solubilization by
colloidal suspension of the solid phase in a water-ethanol mixture. We perform molec-
ular dynamics simulations to study the nanoscale structure of AWC aggregates. We
characterize the size and shape of the aggregates at several key locations in the ternary
phase diagram. The role of ethanol in forming the interface between the solvent and the
solute phase is highlighted. We found that the structure of the aggregates formed in the
ternary solution resembles the disordered sponge-like structures observed when AWCs
were inserted into lipid membranes. Such permeable sponge architectures allow the pas-
sage of water despite their non-crystalline organization and have been previously shown

to be consistent with AWC permeation measurements in membrane environments.



Introduction

Designing optimal desalination technologies is a challenge for the coming years. Currently
available technologies are still too energy consuming for widespread and practical application.
Artificial Water Channels (AWC), based on the introduction of self-assembling molecules into
membranes, represent a promising solution to increase the reverse osmosis capability of the
filtering membranes. Recent advances have been made to improve performance in terms of
ion blockage and water permeability.!™

The transport properties of synthetic self-assembled channels have been characterized in
liposome vesicles and in polyamide membranes (PA).3 The preparation of PA membranes
involves two steps. The first is to dissolve the self-assembling molecules in the form of
powder in an ethanolic solution. The second step is the polymerization of the components
of PA into a phase containing the AWCs for highly selective transport of water. The best
results for AWC formation and incorporation into the PA phase were obtained by maximally
solubilizing large droplets of the elemental AWC-forming molecules in the ethanolic solution.?
Dilution of the binary mixture with water leads to the formation of a stable colloidal solution.
Using dynamic light scattering (DLS), the experimenters found that the size of the droplets
increases with the volume ratio of water to ethanol until precipitation occurs.?

At this ns, we lack a microscopic view of the aggregation process that leads to the
formation of AWCs in PA membranes. In our previous work, we used molecular dynamics
simulations (MD) to study the behaviour of AWCs in lipid membranes by assuming their
crystallographic X-ray structures*® as the initial state for the AWCs. Investigation of the
aggregation process can provide additional insight into the structures of functional AWCs
in membranes without relying on information from the separate X-ray structure. To this
end, in the present work we model the ternary mixtures consisting of the AWCs forming
molecular aggregates with water and ethanol.

The phenomenon of spontaneous emulsification induced by rapid dilution of an ethanolic

solution is known as the "ouzo effect".” It applies to many ternary mixtures containing an



insoluble species in water and a mixture of water and a so-called "hydrotropic" solvent such
as ethanol, i.e., a species that mixes well with both water and the solute. The formation
of a colloidal solution with droplets of size 100 — 500nm and its long-term metastability
are beyond the scope of this study; the characteristic size and time scale of the process are
beyond the current capabilities of all-atom molecular simulations. Nevertheless, the study
of the homogeneous liquid phase is possible with MD simulations. In particular, one can
characterize the phase diagram of the ternary systems and predict the aggregation patterns,
which could be experimentally validated.®?

In this work we have performed MD simulations to study the aggregation of small am-
phiphilic molecules forming AWCs in a ternary mixture of water, ethanol and solute. We
address the following questions: (i) the effect of concentration and water-ethanol ratio on
the stability and aggregation mechanism, (ii) the interplay between the solute and solvents
in the aggregates, (iii) the similarity between the aggregate structures in the ternary solution

and the relaxed structures of AWCs in lipid membranes.

Simulation Methods

Chemical compounds

We have studied the behaviour of four different compounds sharing a hydrophobic tail with
eight carbons. As shown in Figure 1, we consider one molecule from the hydroxy channels and
two molecules from the imidazole family. We have previously reported the filtering properties
of AWCs formed by these compounds in bilayer lipid membranes. For comparison, we have
also studied the behaviour of the 1-octanol compound known to form Ouzo emulsions and

pre-Ouzo structures in the single-phase system.1°
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Figure 1: Compounds used in this study. H1 is part of the hydroxychannel family, HC8 and
S-HCS8 are imidazole-based compounds and octanol, a long-chain alcohol, is used here as a

control compound. These compounds have previously been studied by MD simulations in
refs. +511

Molecular Dynamics Simulation Setup

All simulations were performed using GROMACS 2020.3 software.'? For each system and
phase ns in the phase diagram, we fixed the initial number of solute molecules (from 100
to 463 molecules) and the size of the cubic simulation box (6nm and 10nm). The solute
concentration is controlled by these two parameters. After the solute molecule was inserted
at a random position using Packmol software,!? the system was solvated in a pre-equilibrated
solvent mixture with a given fraction of water in ethanol.

We used the force field parameters already tested in previous studies of AWCs in lipid
bilayers. % We used the CHARMM general force field (CgenFF) 4! automatic procedure to
assign the non-bonded parameters and partial charges of the ethanol molecule. In coherence
with the force field for solutes and ethanol, we used the TIP3P model for water.!'® Note that
refinement of the interactions between water and ethanol, as proposed for the study of phase
transitions,!” is beyond the scope of this work.

All molecular simulations were performed under periodic boundary conditions with con-
stant pressure and an integration time step of 2 fs and using the Leap-Frog integrator. Bonds
involving hydrogen atoms were constrained using the LINear Constraint Solver algorithm.!®
The Particle Mesh Ewald method was used to treat Coulomb interactions with a real space
cutoff of 12 A. For the LJ interactions, a force switching function was applied over the 10-12

A range and a long range correction was used to account for the LJ interactions beyond the



cutoff distance. The Nosé-Hoover thermostat and Parinello-Rahman barostat were used to
maintain temperature and pressure at 7' = 310K and P = 1bar, respectively. All systems
were minimized for 400000 steps using position restraints of 1000 kJ.mol~! for the water

molecules. Production runs were extended by 500 ns without any restraints.

Simulation and Data Analysis

The detection of the aggregates is based on a clustering algorithm, DBSCAN (Density-
Based Spatial Clustering of Applications with Noise).'® We chose this method because it
is easy to implement via the library scikit-learn. It detects clusters based on the maximum
distance between two neighbors in the same cluster, taking into account the minimum-tmage
convention. The accuracy of the clustering method depends mainly on the cutoff parameter,
which we set to 3 A. A more detailed description of the clustering method can be found in
the supporting information. We compute the number of clusters, the size of the maximum
cluster, and the size distribution of the clusters. Note that the time evolution of the number
of clusters and the size of the maximal cluster provides a good indication of the convergence
of the state of the mixtures. We verified that the number of clusters remained constant after
a few nanoseconds of simulation without any constraints, see Figure S1.

To investigate the structure of the micelles, we calculated the eccentricity e of the aggre-
gate as described in Ref.? When e tends to zero, the aggregate has a spherical shape. When
e tends to one, the aggregate has a dominant dimension like a 1D object. This analysis is
performed using the MDAnalysis,?! Numpy, and Numba libraries. For more details, see the
supporting information.

We can characterize each water molecule as a function of its immediate environment:
We calculate for each water molecule the distribution ¢(ng, 1, n.) of the number of nearest
neighbors in a coordination shell, either solute (n;), water (n,,), or ethanol (n.) molecules.
In this way, one can detect the water molecule in the bulk (ns = 0), the water molecule at

the interface (medium ng values), and the water molecules trapped in the aggregates (large



ng values).

In addition, we have studied the penetration of the solvent into the aggregate phase.
For this purpose, we use statistics on a few hundred recorded configurations for a selected
aggregate of a given size. We calculated the number of molecules of each component of the
ternary mixture (solute, water, and ethanol) in concentric spheres around the center of mass
of the aggregate.

We also investigate the structural features of the aggregates by measuring the radial
distribution functions (RDF) between different chemical groups common to all compounds.
For this purpose, we use customized scripts adapted from the MDAnalysis library.

All molecular visualisations shown in figures were produced using VMD. 22

Results and Discussion

Phase Separation in Ternary AWC-ethanol-water Mixtures

Aggregation of hydroxy channel molecules is studied for different water/ethanol molar ratios
at fixed solute concentration, C' = 769 mmol/L, see pathway I in Figure 2a. The initial size
of the box is fixed at 6 nm and the total number of solute molecules in the box is N = 100.

When the water fraction is small (f < 0.83), the system consists of a single liquid phase,
and the solute is dissolved by the solvent mixture, see Figure 2d. When the water fraction
increases at a fixed solute concentration, a phase transition occurs in the system. At larger
water fraction (f > 0.83), the system separates into a solute-rich phase and a solute-poor
phase. The size distribution of the aggregates and their eccentricity are shown in Figure
2b and Figure 2c. When the size distribution peaks at N = 100 molecules, the system has
reached the percolation limit, with all molecules belonging to the same cluster. It is worth
noting that the single-phase system has a tendency to form large clusters. Nevertheless, the
eccentricity of these aggregates is zero, which is due to a uniform distribution of the solute

in the box rather than a spherical shape. This is mainly due to the high solute concentration
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Figure 2: (a) Phase diagram of a ternary solution. The system along path I was studied
in molecular dynamics simulations. (b) Distribution of aggregate sizes in log-log scale and
(c) eccentricity of aggregates over the time interval 50-500 ns for a composition range along
path I. The aggregate size, n, is the number of molecules in the same cluster. (d) The final
snapshots for simulations at different water-ethanol molar ratios f. The solute molecules are
represented by Van der Waals spheres with a colour associated with the atom type, and the
solvent molecules are represented by red (green) sticks for water (ethanol). The rightmost
panel corresponds to a lower solute concentration (brown diamond in the phase diagram)
due to a larger solvation box.



in the box (C = 769 mmol/L) and the cutoff used in the clustering algorithm. Therefore,
the broad peak at n &~ NN is understood to be a homogeneous and dense liquid phase that
approximates a bicontinuous phase (see also the log-linear plot in Figure S2).

As shown in Figure 2c¢ and Figure 2d, the large aggregates have higher eccentricity when
the water content is high. However, the formation of a cylindrical structure connecting the
opposite sides of the simulation box in the extreme case f = 1 is an artefact caused by the
periodic boundary conditions. We performed an additional simulation with a lower solute
concentration, using the cylindrical structure as the initial solute configuration and a larger
solvation box. The final configuration we obtained after 500 ns is shown in Figure 2d. The
largest aggregate relaxes to an ellipsoidal shape with a lower eccentricity, see Figure S3. Note
that this system corresponds to a different region of the phase diagram with a lower solute
concentration. Interestingly, the largest aggregate is stable and includes the total number of
solute molecules. Moreover, the shape of the formed micelle is flat and one can distinguish
the hydrophobic core, two opposite sides enriched with hydrophilic regions, and a lateral less
hydrophobic region exposed to the solvent. For more microscopic views, see Figure S3.

We extended the analysis of pathway I to the other compounds mentioned in Fig.1, i.e.,
HC8, S-HCS8, and 1-octanol. The detailed results are shown in Figure S4. We show that
all the compounds forming AWCs have similar phase diagrams. In contrast, the 1-octanol
molecule shows a different behaviour. We ns out a difference in the phase state at the lower
molar water-to-ethanol fraction: The octanol is completely solvated by the solvent mixture
and the cluster analysis does not indicate large coherent clusters. This is somehow related
to the low hydrophilicity of the octanol compound, which has only one hydroxyl group,
insufficient for the formation of a large hydrogen-bonded network.

The structure of the observed large aggregates could be related to the inner cores of the
droplets of the experimentally observed emulsion, although further characterization of the

local density of the individual components of the emulsion is lacking at this stage.



Mesoscale Aggregate Formation and Ouzo Effects

Colloidal emulsions usually consist of two phases, a high-concentration solute and a low-
concentration solute. The latter could also be related to the early stage of AWC-ethanolic
solutions before dilution. Moreover, the experimental observations of the colloidal phase?®
were made in a region of the phase diagram corresponding to a lower concentration of AWC
solute, see Figure 2a. In order to study the low concentration solute phase, we considered
an additional path in the diagram. This choice allows to study aggregates of medium size
(< 10nm) and to characterize their structure.

In Figure 3 we show the results along the path II, for a range of solute concentrations
at a fixed molar water-ethanol ratio f = 0.83. We examine the size distribution and shape
of the hydroxychannel solute. For this set of simulations, the box length is fixed at 10nm
to provide a better sampling of aggregate sizes. In Figure 3a, we distinguish three regimes.
The first regime is molecular solubilization at small concentrations (C' = 42,83mmol/L). It
is characterized by a monotonic decay of the distribution of size aggregates.

In contrast, the regime of phase separation is achieved at the highest concentration,
C' = 769mmol/L. Namely, in this regime a large cluster is formed, which permeates all
molecules of the system (463 molecules).

An intermediate state is observed at the other concentrations. For example, at the concen-
trations C' = 166mmol /L and C' = 382mmol /L we observe a deviation from the monotonic
decay of the aggregate size distribution, indicating a high probability of formation of aggre-
gates with large size, i.e., ~ 20 — 80 molecules for C' = 166mmol/L. At C' = 382mmol/L, a
positive deviation of the decay at n > 10 is observed, as well as an additional peak around
n = 200 molecules, which is close to the total number of molecules for this simulation. This
latter peak is of the same type as those observed in the pathway I simulations at a small
water-to-ethanol ratio, and is related to the percolation of solute molecules induced by the
finite size. Over the size range of 20 < n < 80, the eccentricity of the clusters is constant

(about 0.4). This is consistent with visual inspection of the mesoscale aggregates showing



nonspherical objects with a very irregular surface exposed to the solvent mixture.

We report here the occurrence of mesoscale aggregates in MD simulations over a broad
size spectrum rather than specific stabilized sizes over the time scale of the simulation. Local
peaks in the size distribution have been referred to as "pre-ouzo" regimes in other surfactant-
free microemulsions (SFME) such as ethanol-water-1-octanol systems.!! It should be noted
that a broader size distribution for aggregation has been reported for the same system in

the presence of ions.?3
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Figure 3: (a) Phase diagram and path II explored in molecular dynamics simulations with
coordinates related to the weight% of the three components. (b) Distribution of aggregate
sizes in log-log and (c) eccentricity of aggregates over the time interval 50-500 ns for a
composition range following the path II. (d) The final snapshots of a selection of simulations
with increasing solute concentration C'. The molecular representations are depicted in the
same way as in Figure 2d).

At this stage, we show that aggregation at the mesoscale is possible near the miscibility
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gap. The micelle-like mixture is highly polydisperse near the transition.

Molecular Insights and Determinants of Aggregate Formation

To understand the relative stability of intermediate and large aggregates, we now focus on the
structure of the solvent around the hydroxy channel aggregates as well as the local ordering

of H1 aggregates within the large aggregates.

The Role of Ethanol

We characterize the mutual presence of water and ethanol at the interface of an aggregate: we
have considered all water molecules in the system and characterized their local environment
by counting the number of surrounding neighbors.

In Figure 4 we show the 3D distribution of the number of neighbors around all water
molecules. To perform this analysis, we consider only the heavy atoms (CNO atoms). A
whole molecule is considered a neighbor if at least one of its heavy atoms has a distance
less than d = 6.2A from the oxygen atom of the water molecule. This distance corresponds
to the first minimum observed in the RDFs of heavy atom pairs between solute and water
molecules, see Figure S6.

Figure 4 illustrates the maximum area of the distribution of the number of neighbors
of water molecules for different water fractions. In the presence of a single homogeneous
phase (for a water fraction f < 0.50), the number of ethanol neighbors (y-axis) decreases
as the number of solute neighbors increases. On the contrary, for f > 0.83 we observe that
the number of ethanol neighbors is slightly higher for an average number of solute neighbors
(ng1 = 4, mean contour) than in the case of bulk (ng; = 0) or an isolated water in the core of
the aggregate (ny; = 8). The intermediate values of nyg; correspond to the interface between
the aggregate and the bulk. Thus, when a large dominant cluster forms along pathway I,
hydration of the interface regions appears to be accompanied by ethanol enrichment.

We performed a standard analysis by isolating an aggregate and considering the environ-

11
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Figure 4: Distributions of the number of neighbors of water molecules ¢(ng1, nyat, Netn) in
a coordination shell, for the simulations of path I. Shown are only the contours delimiting
the region around the maximum of the distribution. The arrows connect the maxima of
the distributions for increasing numbers of solute neighbors ngy;. Three values for ngg; are
shown, namely 0, 4, and 8. See also Figure S7 for a complete plot of the distributions of
the number of neighbors. Note that in this representation, the center of the contour do not
necessarily match the maximum of the distribution.
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ment as a function of distance from the center of mass of the aggregate!!?°. For this purpose,
we focused on aggregates much smaller than the simulation box to avoid artifacts of finite
size. We isolated an aggregate from a simulation of path II (C' = 166mmol/L, f = 0.83)
that has a relevant population of intermediate aggregate sizes (see Figure 3). In Figure 5 we
give the radial density of all three components around an aggregate of 20 molecules. It shows
that water and ethanol are present near the center of the aggregate. Also, we observed that
the ethanol distribution has a maximum around 15 A. We made sure that other clusters of

different intermediate sizes behave similarly (Figure S8).
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Figure 5: (a) Radial density around the center of mass of aggregates with 20 hydroxyl channel
molecules in the absence of large scale phase separation ( C' = 166mmol/L; f = 0.83).
Snapshots of an aggregate with (b) solute molecules, (c) solute(blue)+water(orange) and (d)
solute(blue) + ethanol(green)

Eccentricity measurements and visual inspection of the isolated clusters, as shown in
Figure 5, indicate that the structure of the mesoscale aggregates is disaggregated, with

disordered interfaces and solvent molecules penetrating the inner core of the aggregate.
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Inter-molecular Solute Contacts Drive Aggregation

In this section, we focus on the influence of water to induce intermolecular contacts between
solute molecules.

In Figure 6 we show the evolution of RDF functions and coordination number between
oxygen atoms of the solute along path I. The first peak of g(r) at r = 4.7A is associated with
hydrogen bonding between a donor and an acceptor or the oxygen atom and the hydrogen
atoms of the urea-containing part of the molecule.

We used the oxygen atoms to compare with the well-defined X-ray structure. As in the
crystalline arrangement, in the case of urea-urea association, a second peak should occur at

twice the distance of the first peak if the aggregates have long-range order.
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Figure 6: Radial distribution function g(r) ( plain line) and coordination number N(r)
(dashed line), calculated for all pairs of oxygen atoms in the urea-containing part of hydroxy
channel molecules at different water fraction (path I).

The RDF curves of the homogeneous single-phase systems (f > 0.50) were superimposed.
We observe a significant increase in the amplitude of the first peak of the ureic-ureic RDF
function when the phase transition occurs (f > 0.83), as well as an increase in the coordina-
tion number, i.e., the average number of ureic neigbhors in the first shell. The second peak

of the pair-pair correlation function g(r) around 7A is much broader. The absence of a clear
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peak around 9A seems to indicate that the inter-ureic interactions are not favored, even at a
high water fraction. Other pairs of atoms in the ureic part and in the hydrophilic head were
considered, see Figure S9: the first peak in the RDFs between the ureic part and the other
alcoholic functions does not vary much. This observation indicates that the intermolecular
contacts between the alcohols and ureic parts are independent of the degree of hydration of
the aggregate interface.

We also verified that the ureic-ureic contacts are maintained when the cylindrical shape
is relaxed to the flat micelle in the binary mixture water solution (f = 1.0; box 9nm in
Fig.6). Both the cylindrical (f = 1.0; box 6nm) and flat micelles (f = 1.0; box 9nm) are
characterised by the same ureic coordination number in the first shell, about 1.44, which is
larger than in the other systems with the presence of ethanol. This suggests that hydration
of the aggregate interface favors inter-ureic contacts.

At this stage, we have not discussed the positions of the RDF maxima. These peaks are
related to the degree of disorder of the solute phase. In the next section, we compare the
structure of the aggregates obtained in this study with those observed in previous simulations
in a lipid membrane environment, i.e., whether the aggregates in water-ethanol mixtures can

be precursors for functional water-permeable aggregates in a lipid bilayer.

Comparison with Previous Studies in Lipid Environments

In Figure 7, we compare the RDF functions of four different structures, the crystallographic
one, the crystal structure relaxed in a lipid membrane obtained by MD simulation, the
sponge-like structure embedded in the membrane structure also observed in our previous
simulation, and the flat micelle structure obtained in the ternary mixture in the current
study.® The second peak of the crystal-like bilayer structure in the membrane is not present
in the bulk aggregate (see dashed and red lines in Figure 7). This peak is related to the lateral
spacing between ureic cores when the molecules are aligned along their hydrophobic tails.

See Figure S10 for more details on the nature of the peaks in the RDFs of the crystal-like

15



structure. The third peak of the crystal structure in the bilayer membrane is less pronounced
but still present in the aggregate structure. This is related to the formation of a hydrogen-

bonded chain from three adjacent ureic patterns.

_t_ crystal-like (exp)

| ==- crystal-like in bilayer
----- sponge-like in bilayer
——— aggregate - f=1.00
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1|— aggregate - f=0.83

IN SOLUTION

a f-1 £=0.83

Figure 7: (a) Aggregation in different environments studied with molecular dynamics. The
snapshots of the crystal-like and sponge-like systems are taken from our previous work.”
The aggregation in solution refers to this study, and the snapshots were extracted from the
simulation in a pure water solvent (f = 1) and in a solvent mixture with a water-to-ethanol
ratio of f = 0.83. (b) Comparison of the RDF between the urea-containing parts in the
AWCGs structures shown in (a). The inset shows a zoom of the 5-10A region. RDF functions
were scaled by the height of the first peak for clarity.

We observe a great similarity between the RDF curve of the aggregate structure in pure
water as solvent and that of the sponge-like structure. This result is not surprising when
comparing the orientation of the solute molecules in an aggregate. Indeed, the hydrophobic
tails tend to align with the membrane in the sponge-like aggregate and the latter geometry
is then close to the flat micelle geometry with alcoholic functions aligned outward to the
interface in contact with water. Therefore, interureic contacts are more likely to occur in
this geometry than in a spherical geometry. As can be seen in the inset of Figure 7, the
aggregates and the sponge-like structure differ mainly in the region between 6-8 A. A peak at

r = T7.2A is present only for the flat micelle structure. We verified that this peak corresponds
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to a stable arrangement of two water molecules bridging two adjacent solute molecules via
hydrogen bonds with their urea-containing cores (see Figure S10c).

It should be noted that, using the same force field parameters as in this study, the sponge-
like structure is difficult to sample due to the unsealing of the patch in the membrane after
1ps of simulation.® As long as the water manages to flow through the system, the sponge-like
patch in the membrane remains dense and non-negligible inter-ureic interactions occur along
the plane of the membrane.

Overall, the AWC sample preparation in ethanol-water mixtures may indeed favor the
formation of precursors of sponge-like aggregates, which subsequently mature to fully mem-

brane permeating sponge networks when inserted in a bilayer environment.

Conclusion and Perspectives

AWCs can be dispersed in ethanolic solutions to facilitate their incorporation into PA mem-
branes. In this study, we used molecular dynamics to investigate the size, shape, and local
structure of AWC aggregates in an ethanol-water mixture. As reported for other surfactant-
free microemulsions, %! the formation of stable aggregates is related to specific solvation
effects. The solvation layers at the interfaces and the penetration of the solvent components
into the aggregate phase are the key features of these new materials. If ethanol plays the
role of a surfactant preventing phase separation and favouring solubilization of the mesoscale
aggregates, water favours the alignment of the small solute molecules along their ureic cores.
Moreover, the comparison between the aggregates in the ethanol-water mixture and the pre-

viously studied aggregates in bilayer membranes®524

shows that the sponge-like structure
is formed at the preliminary stage of bulk aggregation. This suggests a pathway for the
formation of loose aggregates of small hydrophilic molecules that exhibit enhanced water

transport once inserted into a membrane matrix.® Our numerical approach makes several

quantitative predictions about the structural states of self-assembling AWCs in solution and
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these hypotheses could be tested experimentally in the future.®
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Figure S7: Distribution maps of water neighbors.

Figure S8: Radial density around cluster COM at several cluster size.

Figure S9: RDF plots between polar groups of the solute.

Figure S10: Structural features in ordered and disordered aggregates.
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