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Computational Methods

We start by constructing the initial structures. For both model anion-exchange mem-
brane (AEM) and proton-exchange membrane (PEM), we first choose the shape of the
graphane bilayer (GB) that allows for periodic repetition of the confined structure; in this
case, the cell lengths in the periodic directions x and y. We then choose the composition
of the linker as (CH,), and attach two tetramethylammonium (TMA) cations to one side
of the GB for model AEM and two SOj; anions to one side of the GB for model PEM. Next,
to achieve the minimum effective volume, we set the distance between the two graphane
layers tobe 7.3 A, as this is the maximum possible height of the cations and anions. Finally,
we add the selected number of TIP3P water molecules, previously equilibrated in a bulk
water simulation, and hydroxide or hydronium ions between the graphane sheets by
overlaying the bulk water simulation with the confined structure and selecting molecules
with no spatial overlap with the cations or anions.

After constructing the initial structures, ab initio Molecular Dynamics (AIMD) simu-
lations [1] were run using the CPMD code [2,3]. We employed the Dispersion-Corrected
Atomic Core Pseudopotentials (DCACP) scheme within the Kohn-Sham formulation of
Density Functional Theory (DFT) in order to ensure adequate treatment of the dispersion
forces, and the B-LYP exchange-correlation functional [4,5], which has proven to be accu-
rate in the treatment of the aqueous hydroxide ion [6]. A plane-wave (PW) basis set was
employed to expand the Kohn-Sham orbitals with a cutoff of 80 Ry. The simulations were
carried out using the mass of D instead of H for all hydrogen atoms in order to allow a
larger time step to be employed and to reduce the importance of nuclear quantum effects.
The fictitious mass of the expansion coefficients was taken to be u=600 a.u., and a time
step of 4 a.u. (0.096 fs) was employed for all simulations. Each system was equilibrated at
the desired temperature using a massive Nosé-Hoover chain thermostat [7], followed by
15-20 ps of canonical (NVT) dynamics, also using a Nosé-Hoover chain thermostat, fi-
nally followed by ~80 ps of microcanonical (NVE) dynamics. For each atomic configura-
tion generated in a simulation, the hydroxide ions in model AEM were identified by find-
ing the two oxygen atoms with a single covalent hydrogen bond, and the hydronium ions
in model PEM were identified by finding the two oxygen atoms with three covalent hy-
drogen bonds. Since each hydrogen can be uniquely assigned to a single oxygen based on
the minimum O-H bond length, this assignment is unambiguous. All radial distribution
functions (RDFs) were calculated using both the NVT and NVE trajectories, while all dy-
namic properties were obtained using only the NVE trajectories.




System Parameters

Table S1. System parameters for the two graphane bilayer structures presented in this study.

Effective Water Density Cation Spacing (A) Cell Geometry (A)
System A4 3 . . .
(g/cm®) Ax Ay x-axis  y-axis  z-axis
AEM 4 0.267 10 8.7 10 17.4 7.3
PEM 3 0.261 10 6.6 10 13 7.3

For each system, the effective water density is estimated by Equation (1)
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in which the effective volume in the denominator is obtained by subtracting the volume
of the cations or anions, V ason/anion (€stimated by the size of the cation in its initial con-
figuration) from the volume between the two graphane sheets, V. As a result of varying
the system parameters (Ax, Ay, and A), the two systems were constructed with different
effective water densities. In order to obtain the highest water density possible, the distance
between the two GBs (i.e., Az) was fixed at 7.3 A for all systems, the lower bound distance
for the cations/anions studied here [8,9].

Hydroxide and Hydronium Ions Solvation Complexes

The population probabilities of different O* solvation complexes for model AEM and
PEM are presented in Table SError! Reference source not found.. The Hydrogen Bond
(HB) criteria obtained from the OO and O*H RDFs results are as follows: the distance
between the oxygen Oa of HB acceptor and the hydrogen Ha and HB donor Rg p, <2.5 A,
the distance between the oxygen Oa and oxygen Od of HB donor Rg o, <3.5 A

Table S2. Population probabilities of different O* solvation complexes for the two systems.

System 2A +0D 3A+0D 3A+1D 4A + 0D
AEM 17.7 67.4 1.5 12.1
PEM - 90.4 - 8.4

Radial Distribution Functions for Model PEM

The OO RDF is presented in Figure Error! Reference source not found.a, in which O
represents all oxygens in the system but the SO; oxygens. The first peak is located at 2.7
A.In Figure S1b, we present the OO RDF, in which O represents all oxygens in the system.
We find there are two peaks in the first solvation shell. The first peak, at 2.5 A, corresponds
to the OO of SOj; oxygens, and the second peak, at 2.8 A, corresponds to the water
oxygens.
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Figure S1. OO Radial distribution functions for model proton-exchange membrane (PEM), in which (a) O represents all
oxygens in the system, but the SO; oxygens, and (b) O represents all oxygens in the system. The dotted lines and the inset
of both figures represent the obtained coordination numbers.

Figure SError! Reference source not found.: Mean Square Displacements

Figure SError! Reference source not found. shows the Mean Square Displacements
(MSD) as a function of time for the two systems. For each system, the MSD is presented
for OH™ and H3OJr in the upper panels and H2O in the lower panels, for the total dis-
placement (black curve) and for each of the axes separately (red, green and blue repre-
senting x-, y- and z- axes, respectively). The results presented in Figure SError! Reference
source not found. were obtained from the first 10% of the NVE trajectory in order to
show the transition to the diffusive-linear behavior appears approximately after 2ps.
However, as these confined systems reach the linear regime after 2 ps, the diffusion coef-
ficients are calculated using the slope of the MSD(t) from 2 to 8 ps.
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Figure S2. Mean square displacement (MSD) for H;O" and OH- (upper panels) and H20 (lower
panels) as a function of time, calculated as an average (black curve) and for each of the axes sepa-
rately (red, green and blue represents x-, y- and z- axes, respectively) for the two systems. Insets:



Diffusion constants obtained from the slope of the MSD in units of A?/ps, calculated as an average
and for each of the axes separately.

Example for Non-Uniform Water Distribution in Model AEM
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Figure S3. Snapshot of hydroxide ion solvation structures obtained from ab initio molecular
dynamics (AIMD) trajectories that demonstrate the water distribution, the void regions
and the distinct hydroxide ion solvation shells in model anion-exchange membrane (AEM),
as presented from a z-perspective. Specifically, a non-uniform water distribution is pre-
sented, with clusters of three and five water molecules in the vicinity of O*1 and O*;, re-
spectively, in which only O*: is missing a second solvation shell. Red, white, turquoise,
and blue spheres represent O, H, C, and N atoms, respectively. Yellow and green spheres
show the position of O*1 and O*;, respectively. The graphane bilayer atoms (C and H at-
oms) were removed to better show the water molecules, hydroxide ions, and cation struc-
tures. For better view of the systems, we repeat atoms that are beyond the simulation cell
boundaries. Taken with permission from Ref. [10]. Copyright 2019 American Chemical
Society.

Example for Non-Uniform Water Distribution in Model PEM
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Figure 4. The view of model PEM along the z-direction (with the upper and lower graphane sheets removed for clarity).
(a) Representative snapshots and (b) Superposition of configurations sampled every 0.96 ps from the NVE trajectory. The



red, white, turquoise, and yellow spheres represent O, H, C, and S atoms, respectively. The green and purple spheres
represent the positions of hydronium ion oxygens. The grey rectangles show the primitive simulation cell of the system.
(c) Water density profile presented by spatial population of the oxygens in the xy-plane. The grey areas represent the
locations of the anions throughout the simulations, and the bar color depicts the probability density of the water oxygens
locations in the xy-plane, normalized according to the number of time steps obtained in the simulation, independent of
the z-coordinates of the oxygens. The black dotted line shows the primitive simulation cell of the system on the y-direction.
Taken with permission from Ref. [11]. Copyright 2020 Royal Society of Chemistry.
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