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S1. Simulation Method
S1-1. Simulation systems

Following the previous molecular dynamics (MD) simulation study [S1], a simulation
system including a sub-nanometer channel formed by LC compounds was constructed
using a simplified model of LC compounds from which the alkoxy chains of the nonionic
moiety were eliminated (LC monomer). First, an LC tetramer layer was formed with four
LC monomers (Fig. Sla). In this layer, the LC monomers were arranged radially at
positions rotated by 90°, such that their ammonium moieties were oriented toward the
center of the layer. The distances between the center of the channel and the benzene rings
of the LC monomers in the x—y plane, R, were set to be the most energetically stable of
1.0 nm for 1 and 0.825 nm for 2, which were determined in the previous MD simulation
study [S1].

Second, an assembly of four LC tetramer layers was constructed to create a sub-
nanometer channel at the center by stacking the layers in the z direction (Fig. S1b). In the
assembly, the second and fourth layers were rotated by 45° around the center to form a
close-packed structure. The distance between the layers was set to the experimental value
of 0.45 nm [S1]. To make the assembly electrically neutral, 16 counter CI” ions were
inserted into the channel of the assembly. The assembly was put into a rectangular
parallelepiped with the dimensions of 5.0 x 5.0 x 1.8 nm?® so that the channel axis was
parallel to the z-axis (Fig. S1c). This rectangular parallelepiped system in which periodic
boundary conditions were imposed in all x, y, and z directions (unit system) was used for
a grand canonical Monte Carlo (GCMC) simulation to determine the number of water
molecules in the channel. Using the final configuration generated by the GCMC
simulation, the system for the MD simulations (simulation system) was constructed by
putting a copy of the unit system filled with water molecules onto the original system in
the z-axis direction.

Because we focused on the mobility of water molecules and ions in the channel, water
molecules and ions far from the channel were eliminated from the simulation system. A
water molecule was judged to be far from the channel if it was not included in a circular
column with a radius of R from the center of the channel.

S1-2. Potential models

The intermolecular interactions of the LC monomers were estimated as the sum of
intermolecular potentials (Coulomb and Lennard-Jones (LJ) potentials [= 4&{(o/r)'? —
(o/r)®}, where r is the distance between a pair of sites]) for all atoms of the LC monomer
plus the sum of intramolecular potentials (bond, valent angle, and dihedral angle

potentials). Parameters of these potentials for each LC compound, which were determined
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in the previous MD simulation study [S1], were used in this study. As with the previous
MD simulation study [S1], the TIP3P model [S2] was used to estimate the interaction
between a pair of water molecules, and the interactions of the Na" and CI” ions were
estimated using a model proposed by Joung and Cheatham [S3]. The interactions of the
NOs3™ ions were calculated using a model proposed by Banerjee et al. [S4] because it
reproduces the real hydration structure of an NO3™ ion. In this model, an NO;™ ion is a
planar rigid rotor with an N—-O distance of 0.1226 nm and an O—N-O angle of 120°. The
definitions of the atomic sites of the LC monomers are given in Fig. S2. Potential
parameters for water molecules and ions and potential parameters for the LC monomers
are given in Tables S1 and S2, respectively.

The interaction between the LC monomer and the water molecules, and Na*, C1™, and
NOs™ ions was represented as the sum of the Coulomb potentials plus the sum of the LJ
potentials. The parameters, ¢ and o, between them were determined by the Lorentz-
Berthelot rules. As with the previous MD simulation study [S1], ¢ for the interaction
between the LC monomer and each of the ions, which was determined by the Lorentz-
Berthelot rules, was multiplied by 0.9 to reduce the deviation from the potential energy
between them, which was calculated using the MP2 method with the 6-311+G** basis

function.
S1-3. GCMC simulation

The GCMC simulation was performed for the unit system to fill the system with water
molecules. The temperature was set to 298 K and the chemical potential was set to the
value for the bulk water at 298 K and 10 atm in the TIP3P model (—26 kJ/mol). The total
number of trials (translation, rotation, insertion, and removal of water molecules) was 1.4
x 10"

S1-4. MD simulation

A standard MD simulation for the NVT ensemble was performed for each of systems
1 and 2. Several earlier simulation studies for water desalination used a nonequilibrium
MD (NEMD) simulation [S5] to create a flow of a solution in water treatment materials
under external pressure [S6-S9]. However, the flow rate in real LC membranes is low;
the experimental flux value of an NaCl solution through the LC membrane is 50 L m >
h ' [S10]. A run of an NEMD simulation, which is typically on the order of a microsecond
or less, is not sufficient to reproduce the low flow rate in real LC membranes. Thus, in
this study, we performed the MD simulation in the equilibrium state, and the mobilities
of water molecules and ions in the channel were evaluated by analyzing the mean square

displacements, (dr?), as a function of time, ¢, and the number density profiles, p, of water
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molecules and ions along the z-axis direction.

Computation was carried out by a leap-frog algorithm with a time step of 0.5 fs [S5].
The simulation for each system was performed three times starting with different initial
positions of Na* and C1” or NO;3™ ions in the solution. Each simulation run was 15 ns. The
simulation data for a period of 1 ns from the beginning of the simulation was used for the
equilibration of the system, and the simulation data for the subsequent 14 ns was used to
analyze the mobilities of the water molecules and ions in the channel. The temperature
was maintained at 298 K using a Nosé-Hoover thermostat with a coupling parameter of
0.1 ps [S11]. The C-H distances in the LC monomer were kept constant at their
equilibrium values by the SHAKE algorithm [S12]. The Ewald summation method was
used to estimate the long-range Coulomb interactions. The convergence parameter for the
Ewald method was set to 3.208 nm ™, the real space cut-off distance was set to 1 nm, and
the numbers of reciprocal vectors were 16, 16, and 12. The MD simulation was performed
with DL POLY 2.20 [S13].

During the simulation, an external cylindrical wall potential, ¢ = A(R — ry,)", was
applied to the system to prevent water molecules and ions from moving out of the channel,
where 4 = 1.0 x 1073 kJ/mol and n = 4. r,, was the distance between the center of the
channel and species in the x—y plane. The numbers of water molecules inside the
cylindrical wall were 162 in system 1 and 148 for both solutions in system 2. The mobility
analysis was only performed for the water molecules and ions in a cylinder with a radius
of the distance between the N1 atom, which was the N atom of the LC monomer, and the
center of the channel in the x—y plane.

S1-5. Metadynamics method

The metadynamics (MTD) method is an enhanced sampling method that increases the
probability of visiting high free-energy states by adding a bias potential, which is a
function of collective variables (CVs), to the minima of the potential energy surface of
the system [S14-S17]. In this study, the position of the Na* ion along the x-axis and that
along the z-axis were chosen as CVs. To create the free-energy landscape of the Na* ion
in the channel by the MTD method, the MD simulation was performed by implementing
PLUMED 1.3 [S16] in DL_POLY 2.20 [S13]. The well-tempered MTD method [S18]
was used to obtain the free-energy landscape with sufficiently high accuracy. The bias
potential for the MTD method was represented as a function of Gaussians. The height of
the Gaussians was set to 3.0 kJ/mol, and the sigma parameter of the Gaussians was set to
0.035 nm. The bias potential was added to the Hamiltonian of the system at every 100
MD steps. The bias factor parameter in the well-tempered MTD method was set to 10.

The total run of the simulation was 40 ns.
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S2. MD Simulations for the Bulk Solutions

The MD simulations for the bulk NaCl and NaNOs solutions were performed using
the same potential models of water molecules and ions as in the simulation of the solution
in the channel. The simulation system of the MD simulation for each bulk solution was a
rectangular parallelepiped consisting of 998 water molecules, one Na* ion, and one C1
or NO3™ ion. Periodic boundary conditions were imposed in all three directions of the
system. Computation was carried out by a leap-frog algorithm with a time step of 1.0 fs
[S5]. The total run was 15 ns. The data for 5 ns from the beginning of the simulation were
discarded as an equilibration period and the data for the subsequent 10 ns were used for
the analysis of gowow. Temperature and pressure were maintained at 298 K and 10 atm,
respectively, by a method proposed by Berendsen et al. [S19]. The thermal and pressure
bath constants were set to 0.1 and 2.0 ps, respectively. The Ewald summation method was
used to estimate the long-range Coulomb interaction. The convergence parameter for the
Ewald method was set to 3.208 nm ™! and the real space cut-off distance was set to 1 nm.
The MD simulation was performed with DL POLY 2.20 [S13].

5nm

Fig. S1 Procedure for creating the unit system for system 2. (a) LC tetramer layer formed
from four LC monomers. (b) Assembly of four LC tetramer layers. (c) Unit system used
for the GCMC simulations. In the lower panels, only the interatomic bonds (light blue
columns) and the N atom (magenta spheres) of the LC monomers and the counter C1™
ions (chrome yellow spheres) are shown. This figure is reproduced from Figure S13 in

the Supporting Information of our previous paper [S1].
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H83
Fig. S2 Definitions of the atomic sites in LC monomers 1 and 2. This figure is reproduced

from the Supporting Information of our previous paper [S1]. LC compounds 1 and 2 in
the present paper, respectively, correspond to LC compounds I(n) and 3(n) in the

previous paper.
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Fig. S3 (dr?) as a function of ¢ for the NaCl solution and snapshots for the Na* (green
sphere) in the channel at 1, 2, and 4 ns. The (dr?) function was created without averaging
the functions created with the simulation data for different periods. The sudden increases

of (dr?) for Na* at 1.8 and 2.4 ns indicate jump diffusion.
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Fig. S4 (dr’) as a function of  for water molecules of the NaCl solution in system 1 under
the fixed and chargeless conditions. The (dr?) function for each condition was obtained
with an NEMD simulation. During the simulation, a constant force of 0.425 kJ/mol A™!
was applied to the z direction of each water molecule and each ion in the system. For the
chargeless condition, the mobility of water molecules significantly increased by applying

the constant force, because the interaction between the channel wall and each of the water

molecules was weak.
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Table S1 Charge (¢) and L] parameters (sand o) of the LJ potential (= 4&{(o/r)'> — (o/r)®},
where r is the distance between a pair of sites) for Na*, ClI", H>0, and NOs ™. Ow and Hw
are the O and H atoms of H>O, respectively. Nn and On are the N and O atoms of NO3 ",

respectively.
H,O b NO3~ ¢
Na*? cr?
Ow Hw Nn On
q (eC) +1 -1 +0.834 | -0417 | +1.118 | —-0.706
¢ (kJ/mol) 0.366 0.149 0.636 — 0.711 0.837
o (nm) 0.2439 0.4478 0.3151 — 0.315 0.285

aRef. [S3] ©Ref. [S2] ©Ref. [S4]

Table S2 ¢, ¢ and o for LC compounds 1 and 2. This table is reproduced from the

Supporting Information of our previous paper [S1].

1 Cl Cc2 C3 C4 C5 C6 N11
a (eC) -0.293297 0.063165 -0.004115 0.260638 -0.293297 0.064509 -0.152894
& (kJ/mol) 0.3598 0.3598 0.3598 0.3598 0.3598 0.3598 0.7113
o (nm) 0.3400 0.3400 0.3400 0.3400 0.3400 0.3400 0.3250
C43 H68 H69 C44 C45 H70 H71
a (eC) -0.194313 0.151863 0.151863 0.110138 0.110138 0.060731 0.060731
¢ (kJ/mol) 0.4577 0.0657 0.0657 0.4577 0.4577 0.0657 0.0657
o (nm) 0.3400 0.1960 0.1960 0.3400 0.3400 0.1960 0.1960
H72 C46 C47 H73 H74 C48 H75
q (eC) 0.060731 -0.177088 -0.177088 0.060731 0.187759 0.110138 0.187759
¢ (kJ/mol) 0.0657 0.4577 0.4577 0.0657 0.0657 0.4577 0.0657
o (nm) 0.1960 0.3400 0.3400 0.1960 0.1960 0.3400 0.1960
C49 H76 H77 H78 H79 H80 H81
q (eC) -0.177088 0.078536 0.078536 0.078536 0.078536 0.078536 0.078536
¢ (kJ/mol) 0.4577 0.0628 0.0628 0.0657 0.0657 0.0657 0.0657
o (nm) 0.3400 0.2600 0.2600 0.2650 0.2650 0.2650 0.2650
H82 H83 H84 H85 H86
q (eC) 0.060731 0.060731 0.078536 0.078536 0.078536
¢ (kJ/mol) 0.0657 0.0657 0.0657 0.0657 0.0657
o (nm) 0.2650 0.2650 0.2650 0.2650 0.2650
2 C1 Cc2 C3 C4 C5 C6 C43
q (eC) -0.308209 0.277377 -0.217685 0.277377 -0.308209 0.053544 -0.094756
& (kd/mol) 0.3598 0.3598 0.3598 0.3598 0.3598 0.3598 0.4577
o (nm) 0.3400 0.3400 0.3400 0.3400 0.3400 0.3400 0.3400
C44 C45 C46 N1 H68 H69 H70
q (eC) -0.327552 -0.327552 -0.327552 0.134496 0.127527 0.127527 0.171085
& (kd/mol) 0.4577 0.4577 0.4577 0.7113 0.0657 0.0657 0.0657
o (nm) 0.3400 0.3400 0.3400 0.3250 0.1960 0.1960 0.1960
H71 H72 H73 H74 H75 H76 H77
q (eC) 0.171085 0.171085 0.171085 0.171085 0.171085 0.171085 0.171085
¢ (kJ/mol) 0.0657 0.0657 0.0657 0.0657 0.0657 0.0657 0.0657
o (nm) 0.1960 0.1960 0.1960 0.1960 0.1960 0.1960 0.1960
H78 H79 H80
q (eC) 0.171085 0.186951 0.186951
& (kJ/mol) 0.0657 0.0628 0.0628
o (nm) 0.1960 0.2600 0.2600
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