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Abstract

The molecular-scale morphology and topology of polyamide composite membranes determine

the performance characteristics of these materials. However, molecular-scale simulations are
computationally expensive and morphological and topological characterization of molecular
structures are not well developed. Molecular dynamics simulation and analysis methods for the
polymerization, hydration, and quantification of polyamide membrane structures were developed
and compared to elucidate efficient approaches for producing and analyzing the polyamide
structure. Polymerization simulations that omitted the reaction-phase solvent did not change the
observed hydration, pore-size distribution, or water permeability, while improving the simulation
efficiency. Pre-insertion of water into the aggregate pores (radius ~ 4 A) of dry domains enabled
shorter hydration simulations and improved simulation scaling, without altering pore structure,
properties, or performance. Medial axis and Minkowski functional methods were implemented to
identify permeation pathways and quantify the polyamide morphology and topology, respectively.
Better agreement between simulations and experimentally observed systems was accomplished by
increasing the domain size rather than increasing the number of ensemble realizations of smaller
systems. The largest domain hydrated was an order of magnitude larger by volume than the largest
domain previously reported. This work identifies methods that can enable more efficient and
meaningful fundamental modeling of membrane materials.
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1. Introduction

Reverse osmosis (RO) membrane treatment is a widely utilized and relatively energy
efficient method of water purification for non-selective, near-complete removal of dissolved
contaminants [1, 2]. Most commercial membranes are manufactured as thin-film composite
(TFC) membranes, which have a 20-200 nm thick crosslinked, aromatic, polyamide layer
that serves as the main barrier to dissolved species transport [3, 4].

Since the late 1970’s, improvements to active layer processing conditions identified via

a build-and-test approach—i.e. new active layer chemistries, or processing methods, are
identified via empirical observation, then individually synthesized, characterized, and tested
—nhave resulted in significant incremental improvements to active layer performance,
increasing water production while rejecting a greater fraction of contaminants [4]. However,
while the build-and-test paradigm has yielded TFC membranes of improved performance,
many design challenges remain that can be better addressed by improving the understanding
of the relationship between fundamental properties and the resultant membrane performance
[2, 5-7].

A pathway to determine fundamental property-performance relationships is via analysis of
active layers at the molecular scale [2, 8, 9]. All transported molecules must travel through
the molecular free volume of the active layer [7, 10-12]. Available pathways through the
free volume are determined by the size of the transported molecule and the morphology

and topology of the molecular potential field of the active layer [6, 7]. However, due to
limitations of experimental characterization and restrictive configuration of RO membranes,
it has proven difficult to produce in-lab observations of transport through polyamide active
layers capable of informing fundamental property-performance relationships [6, 9, 13-15].
Accordingly, molecular dynamics (MD) simulations can be utilized to access the spatial and

J Memb Sci. Author manuscript; available in PMC 2023 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vickers et al.

Page 3

temporal scales required to quantify the interactions between the active layer structure and
transported molecules [8, 9, 16], and analyze the effects of novel active layer compositions,
such as those used in mixed-matrix membranes [17].

MD simulations of polyamide membranes consist of four general steps: polymerization,
equilibration, hydration, and operation [9]. Each step is designed to mimic the corresponding
in-lab step as closely as possible to provide realistic modeling of membrane structure and
performance [9, 18, 19]. However, realistic MD simulations are computationally expensive,
therefore modifications are made to these steps to reduce computational cost, often at the
expense of the realism of the simulation [13, 18-21].

While some of the fundamentals and promise of MD methods for the analysis of membrane
systems have appeared in the literature [8, 9], several open questions must be resolved

to close the gap between promise and more routine application of these methods to

advance membrane science. These open questions involve the identification and comparison
of approaches to reduce the computational burden [19, 21], to quantify and reduce the
uncertainty of predictions made [9, 16, 18, 21, 22], and to provide a means to more
completely analyze the morphology and topology of the free volume structure and link these
properties to the predicted performance [18].

Accordingly, the overall goal of this work is to advance critical aspects of methods

for MD simulation and analysis of polyamide active layers. Said methods can then be
used in the future to advance fundamental understanding of the relationship between
active layer structure and performance. The specific objectives are: (1) to examine and
compare polymerization techniques to model active layer processing; (2) to evaluate active
layer hydration approaches for reducing computational cost; (3) to advance methods for
evaluating active layer structure and linking structural characteristics to performance; and
(4) to quantify the uncertainty in molecular-scale simulations and evaluate approaches for
reducing the uncertainty.

2. Methods

2.1. Overview

MD simulations of crosslinked aromatic polyamide must be initiated ab /nitio since the
molecular structure of these materials is not yet accessible via in-lab characterization.

As a result, the simulation workflow includes polymerization, equilibration, hydration,

and operation steps, which is intended to generate polyamide domains representative

of TFC RO active layers, prepare them for operation, and observe their properties and
performance. Performing simulations presented in the workflow in a completely realistic
manner, however, is impractical due to the small time- and length-scales accessible via
atomistic MD. Time steps for atomistic MD simulations are typically in the 10715 s (1
femtosecond, fs) scale, and realistic length scales of hundreds of nanometers (nm) results in
intractable levels of computational work.

Methods exist to mitigate the computational cost of long run time and large length-scale
simulations required to adequately model polyamide active layers. For the purposes
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of this study, two classes of methods comparisons were evaluated in order to yield

accurate simulations at minimum possible computational cost, which we will refer to as
computational efficiency. The first class was fundamental MD algorithmic optimizations,
explained in detail in Section 2.2, which were applied to all simulations to improve
computational efficiency. The second class, which is a primary focus of this work, is

the identification, development, and evaluation of methods in detail that can improve

the computational efficiency of MD simulation of the polymerization and hydration

steps of the process. The methods used for each step of the simulation workflow, error
reduction approaches, analysis of the pore morphology and topology, and the computational
environment are described in turn in the sections that follow.

2.2. Molecular Dynamics Fundamentals

All MD simulations were performed using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS, https://lammps.sandia.gov), an open-source MD simulator
[23]. We utilized a potential energy function based upon the CHARMM and AMBER
frameworks [24, 25].

The force field we utilized includes bonded interactions comprised of bonds, bond angles,
dihedral torsion angles, and improper dihedral angles. The non-bonded components of the
force field were defined by Lennard-Jones (LJ) and Coulombic interactions. This simple
representation of interatomic forces provides sufficient accuracy for simulating organic
molecules in aqueous environments, while remaining computationally inexpensive relative
to more complex force fields [24, 25].

We utilized the Antechamber function in AMBER to assign General Amber Force Field
(GAFF) interaction parameters and LJ parameters. We used AM1-BCC to assign partial
charges to each atom [26]. Molecular structures of constituent molecules, including m+-
phenylenediamine (MPD), trimesoyl chloride (TMC), hexane, water, and hydroxide were
equilibrated using assigned parameters. All interaction parameters and charges used are
listed in the Supplementary Materials Section S1.

A velocity-Verlet integrator was used to perform time integration of the potential energy
equation [27]. Both the canonical (NVT) ensemble and isothermal-isobaric (NPT) ensemble
were utilized to conserve the number of atoms (A), domain temperature ( 7), and either the
domain volume (V) or domain pressure (P) [28]. A Nose-Hoover style thermostat or barostat
was used to conserve temperature and pressure, respectively.

To improve the computational efficiency, the SHAKE and RATTLE algorithms were used
to constrain the lengths and angles of covalent hydrogen bonds to their equilibrium values
to reduce the computational cost of evaluating those interactions and enable longer time
steps. [29, 30]. Short-range LJ and Coulombic interactions were computed for atom pairs
separated by fewer than 10 angstroms (A) [31], which was large enough to give results
consistent with larger cutoff distances while improving efficiency of computing pair-wise
forces. Coulombic interactions between atoms separated by more than 10 A were calculated
via the particle-particle particle-mesh method (PPPM) [32, 33].
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2.3. Polymerization

To simulate polymerization of monomers that comprise typical commercial crosslinked
aromatic polyamide TFC active layers, we built upon a polymerization method first
introduced by Harder et al. [13]. In this method, MPD and TMC were randomly packed

at a stoichiometric ratio of 3:2 into a cubic, periodic domain. Changes to this ratio are
known to affect properties and performance of active layers [34], which is easily modified
using this method. Two alternative approaches were evaluated to assess the effect on the
resultant polymerized structure and the computational cost: a solvent flooded approach, and
a solvent-free approach. This is the first comparison of polymerization methods of this kind
to determine the extent to which this simulation choice affects the structure and properties of
the simulated membranes and the simulation cost.

For the more realistic solvent-flooded approach, the MPD and TMC packed domain was
flooded with hexane molecules, as first described by Zhang et al. [19]. Hexane was used as
a solvent because MPD partitions into the organic phase during interfacial polymerization,
where it reacts with TMC [35]. Hexane flooding was omitted for the solvent-free approach,
thereby reducing the atom count and resulting in less computationally costly simulations.

After random packing and hexane flooding, if used, atomic positions were relaxed via
minimization of potential energy. Using a 10 fs time step and a steepest descent approach,
relaxation was carried out until the relative change in potential energy between sequential
time steps was less than 107°. After relaxation, polymerization was simulated in an NVT
ensemble at 300 K, with a time step of 2 fs.

REACTER, a parallel algorithm implemented within LAMMPS for performing predefined
reactions in atomistic MD solutions, was utilized to perform the polymerization of MPD
and TMC via formation of amide bonds between amine groups located on MPD molecules
and acy! chloride groups located on TMC molecules [36]. During polymerization, nitrogen
atoms of MPD amine groups and carbon atoms of TMC acyl chloride groups that passed
within 5 A of each other were reacted to form an amide bond. Concurrently with the
formation of the amide bond, the chlorine atom from the TMC and hydrogen atom from
MPD were removed. Polymerization was run for at least 750,000 fs, or until no new
reactions occurred, and crosslinking degrees were determined based on the fraction of the
maximum number of theoretical amide bonds that formed. Achievement of steady state
always took fewer than 750,000 fs due to the pre-mixed state of the domain and the
relatively high initial concentrations of MPD and TMC. After polymerization of MPD

and TMC, hexane was removed from the system if it was originally present, and the
remaining acyl chloride groups were hydrolyzed into carboxylic acid groups. To perform
the hydrolysis, the simulation domain was flooded with free hydroxides and the system
was then relaxed via steepest descent with a 10 fs time step and a 107 relative potential
energy tolerance stopping criterion. Oxygen atoms from free hydroxides and carbon atoms
from acyl chloride groups were then reacted if they passed within 5 A of each other. As
they reacted, byproduct chlorine atoms were removed. Hydrolysis continued until all acyl
chloride groups were hydrolyzed. After hydrolysis, any unreacted hydroxides were removed,
leaving only the crosslinked aromatic polyamide.
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2.4. Equilibration

While the polyamide matrix condensed during polymerization, the density of the final
matrix did not reach experimentally determined active layer dry densities in the short time
scales attainable via the MD polymerization approach used. Therefore, the matrix was
equilibrated via compression at elevated temperatures to achieve experimentally validated
densities, and then relaxed at ambient temperatures and pressures to ensure stability of
the resultant structures. Utilizing elevated temperatures and compression, equilibration
simulations only took 1.5 ns.

The equilibration procedure consisted of a three-step compression loop, modified from a
method to compress simulations of glassy polymers to experimental densities [37]. All steps
used a time step of 2 fs, and each simulation step was run for 50,000 fs. The first step used
an NVT ensemble at 1,000 K to allow the polyamide to rapidly change conformations. The
second step was an NVT ensemble at 300 K to return the temperature to typical conditions.
The third step was an NPT ensemble at 300 K and an increasing sequence of pressure
steps—1, 10, 100, and 1,000 bar—to compress the polymer. The compression loops were
continued until the relative change in polyamide density between loops was less than 0.01
g/cm3. After compression, the polymer was relaxed via an NPT ensemble at 300 K and 1 bar
for 500,000 fs to equilibrate the system under target conditions.

In order to use these domains as active layers with a feed (-2) and permeate (+2) face, one
dimension must be non-periodic. We therefore utilized an unwrapping method to delete a 2
A thick x-y planar slice of the polyamide domain to break the periodic condition in the z
direction [19]. Dry domains were equilibrated after unwrapping via NPT at 1 bar and 300 K
for 108 fs (1 nanosecond, ns) to ensure stability of unwrapped domains.

2.5. Hydration

After equilibration, the polyamide matrix was exposed on two faces to reservoirs of water
molecules, thereby hydrating the domain as water molecules diffused into the domain. We
evaluated alternative approaches to speed the computationally costly hydration process by
pre-inserting water molecules into pores that may eventually be occupied by water after
hydration. The targeted cavity sizes were based upon the well-established existence of
so-called network and aggregate pores within crosslinked aromatic polyamide; network and
aggregate pores have radii of 2.1-2.4 A and 3.5-4.5 A, respectively [38]. While random
insertion methods have been used to hydrate polyamide simulations before, this is the first
comparison of hydration simulation approaches to determine their capability to speed up
hydration and evaluate whether they affect polyamide properties (including steady state
water content) and performance.

Three alternative hydration methods were evaluated: a control without water molecule
insertion, insertion into aggregate pores, and insertion into aggregate and network pores.
After the water insertion step, all alternatives were exposed to identical cubes of pure water
equilibrated via NPT at 1 bar and 300 K for 100,000 fs; exposure occurred at the —zand +z
faces of the polyamide domain.
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To hold the domain volume constant while applying feed and permeate pressures, graphene
planes were used as pistons to enforce the confining pressure while using an NVT ensemble
[9]. Graphene pistons consisted of a rigid plane of hexagonal close-packed carbon atoms
with a lattice constant of 2.46 A. The graphene pistons were restricted such that only forces
acting on the piston through the center of mass of the plane in the zdirection were non-zero,
thereby preventing rotation and shear movements of the piston. A compensating force was
added to the graphene pistons to pressurize the feed and permeate reservoirs to 1 bar during
hydration to simulate realistic active layer hydration. Hydration simulations were carried out
in an NVT ensemble at 300 K with a time step of 2 fs.

Previous MD simulations of polyamide hydration via diffusion were carried out until the
change in water concentration in the polyamide matrix was zero between successive time
steps [19]. To assess the effects of hydration simulation alternatives, we simulated hydration
for a minimum of 300 ns to observe fluctuations and ensure steady state.

To calculate water concentrations and pore-size distributions of hydrated domains, snapshots
of the system state, including positions and identifying information of all atoms, were saved
every 100,000 time steps (0.2 ns). In all domains, the polyamide-water interface near the
domain boundaries was ill-defined and rough. To remove edge effects of this interface on
water concentration and pore-size distributions, we evaluated pore-size distributions and
water concentration within centered, truncated regions of the domain that were as large

as possible without including the polyamide-water interface. The truncated regions were
selected to be the portion of the domain where the slope of the water concentration profile
was zero.

A rolling time average was used to smooth temporal variations in water concentrations

and pore-size distributions resulting from the small size of the spatial domains and normal
temporal variations typical of molecular methods. Time averages utilized an averaging
window of 50 ns. Thus, all water concentrations and pore-size distributions reported for
hydrated domains are time-averaged results from truncated domains. Pore-size distributions
for dry domains were collected using compressed and equilibrated cubic periodic domains
prior to hydration. Probability density functions (PDFs) of pore diameters within a
polyamide domain were used to describe the pore-size distribution.

Time to steady state hydration was calculated as the time at which the slope of the time-
averaged water concentration during hydration was zero. Due to entropic fluctuations, the
water concentration value oscillated about a steady state value. In the event that these
oscillations resulted in multiple points of zero slope, the first occurrence was chosen as the
time to steady state.

2.6. Operation

After hydration, polyamide domains were immobilized so that a pressure difference between
the feed and permeate sides of the polyamide could be established, while not restricting
local entropic fluctuations of the polyamide. Domains were immaobilized by tethering a
random selection of atoms within a 1 A slice of the domain located 10 A from the permeate
face. Nitrogen or carbon atoms found in amide, amine, or carboxyl groups were selected
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randomly to prevent over-constraint of hydrogen atoms or full immobilization of aromatic
rings. The tethering was achieved by flexibly “bonding” the atoms in place. Fewer than 5%
of the atoms in the 1 A slice were required to be tethered in order to prevent movement of
the matrix in the zdirection.

To create a pressure difference between the feed and permeate reservoirs, a force was
applied to the feed graphene piston until the pressure in the feed reservoir was 72.3 bar,
while the permeate reservoir was maintained at 1 bar. Operation was simulated using an
NVT ensemble at 300 K with a time step of 2 fs.

To calculate the water permeability for comparison to real active layers, we computed the
number of water molecules exiting the polyamide domain during operation simulation over
each time increment to determine the volumetric flux of water J,, using

My AN,

Jw= pwNaAy, 4t

)]

where My is the molar mass of water, p,, is the density of water at 300 K and 1 bar, N4

is the Avogadro constant, Ay, is the cross-sectional area of the polyamide domain, A, is
the number of permeated water molecules, and ¢is permeation time. Snapshots of water
molecule locations were collected every 0.2 ns, and to smooth temporal variations ANp
was time-averaged over 1 ns. Operation simulations were carried out for 25 ns, and J,, was
calculated over the final 20 ns of operation.

Based upon the flux of water through the polyamide, the water permeability K, was
calculated as

JoL

R (2
(Pf - Pp)

Ky =

where Pris the pressure in the feed reservoir, £, is the pressure in the permeate reservoir,
and L is the thickness (zdirection) of the polyamide domain.

2.7. Error Reduction

Two methods were evaluated to reduce the stochastic error in our MD simulations, growing
the number of realizations per alternative for a fixed-size domain and growing the size

of the domain. This is the first reported comparison between ensemble realization size
scaling and domain size scaling performed for atomistic MD simulations of polyamide
domains, hydrated or otherwise. Increasing the number of realizations per ensemble was
accessible only to the smallest domain sizes we evaluated due to the significant increases

in computational cost with domain size. The control polymerization ensemble consisted of
20 unique random packings of MPD and TMC. We then duplicated these packings, and
flooded the duplicates with hexane molecules to create an ensemble of 20 realizations for the
more realistic polymerization alternative. For hydration, each alternative had an ensemble of
three unique random packings of MPD and TMC. When ensembles were used, results were
averaged over the set of realizations to determine membrane properties and performance.
Table 1 shows the number of realizations used for each simulation alternative.
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The second method evaluated to reduce simulation errors was to increase the size of the
simulated domain. Four domain sizes were utilized, a baseline domain (1x), an 8-times
larger (8x) by atom count, as well as a 64-times larger (64x) and a 512-times larger (512x)
domain. As domain volume scales with atom count, these domains were also effectively
8-times, 64-times, and 512-times larger by volume. The 512x domain was only polymerized
without hexane present, compressed, and equilibrated, not used in either hydration or
operation simulations. Table 2 contains the total number of molecules and atoms, and the
size of the truncated domain used at each scale and simulation step. The size of the truncated
region that was analyzed scaled with domain thickness.

Typical domain sizes used in the MD literature are comparable with our 1x domains, and
the largest (by volume) previously reported in the literature is on the order of our 8x domain
[39]. The scale of the 64x domain is an order of magnitude larger than that domain, and
within the range of the intrinsic polyamide thickness (10-30 nm), measured experimentally
[40, 41].

2.8. Pore Morphology and Topology

At the molecular scale, crosslinked aromatic polyamide can be considered a porous medium,
where the pore space is typically referred to as the free volume. From here forward, we

will refer to the free volume as the pore space of the polyamide. Of primary concern

when determining property-performance relationships of a porous medium is the geometric
characterization of the pore space. We examined three approaches to characterize the pore
morphology and topology: pore-size distribution, medial axis analysis, and Minkowski
functionals. This is the first time that the concepts of medial axis analysis and Minkowski
functionals are used in the context of polyamide molecular morphology.

To determine the pore-size distribution within the polyamide domain, we utilized a Monte
Carlo cavity energetic sizing algorithm (CESA) method in which a candidate point for a
cavity was randomly selected within the domain. That point was then moved to the nearest
local minimum in the LJ potential field via steepest descent. The cavity surrounding the
point was then expanded until the net LJ interactions with neighbor atoms was zero [42, 43].
We utilized the Free Volume Toolkit (https://bitbucket.org/frank_willmore/vacuumms) to
perform the CESA sizing using truncated snapshots of polyamide atom locations collected
every 200,000 fs during hydration [44]. Interested readers are directed to the previous
publications for more details on the CESA method [42-45].

Identification of the pathways through the polyamide pore space that traverse the domain
from feed to permeate faces is an integral step in evaluating the characteristics of those
pathways that control polyamide properties and performance [46, 47]. To do so, we
introduce in the context of polyamide molecular morphology the concept of medial axis
analysis. The medial axis of the pore space describes the central axes of pathways through
the polyamide pore space [46, 48]. To evaluate the medial axis, we discretized the domains
into a 3D binary voxel map. We performed a grid independence study to determine a

voxel size of 0.05 A generated results that were independent of domain resolution, see
Supplementary Materials Section S2. Domain voxels were then divided into two sets, those
voxels that make up the pore space of the domain Vg and those voxels that make up the
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volume occupied by the atoms, V4. Using the atomic LJ potential field, voxels within the
repulsive LJ region surrounding an atom were said to be in V4 As the domain was a binary
map, all other voxels were therefore part of V£ The medial axis was then identified via a 3D
voxel thinning of Vs implemented in PoreSpy [48-50].

Pore-size distributions generated using the CESA method and medial axis analysis provided
useful measures of the pore space but did not fully describe the pore-space morphology and
topology. To address this shortcoming, we also implemented Minkowski functional analysis
of the polyamide pore space to provide integral measures of the known invariant pore-space
characteristics.

The Minkowski functionals are a unique and complete set of the invariant characteristics

of a 3D object of positive reach, including the volume, surface area, the integral of

the mean bounding surface curvature, and the integral of the Gaussian curvature of the
bounding surface [51-53]. The Gaussian curvature can be related to the Euler characteristic,
a numerical description of topology, using the Gauss-Bonnet theorem [53, 54]. Critical to
the importance of Minkowski functionals is Hadwiger’s theorem, which states that any
property of a convex morphological body that is additive, motion invariant and conditionally
continuous can be written as a linear combination of the Minkowski functionals [51, 53,

55]. Such properties are of primary concern in the development of mechanistic property-
performance relationships of polyamide active layers that fully account for the effects of
molecular morphology and topology [56, 57]. Therefore, Minkowski functionals can be used
as comprehensive quantitative descriptors of the polyamide film morphology and topology.

Minkowski functionals alone are not capable of defining the accessibility of the pore

space to particles of a given size, i.e. no information about the distribution of pore sizes
within a pore space is generated by Minkowski functionals [58]. Minkowski functionals
were therefore evaluated for pore-space opening maps. Opening maps were generated by
identifying the portions of pore space accessible to spheres of increasing size (also termed
structuring elements). A description of the opening map generation procedure, technically
described as morphological erosion and dilation of the pore space, and application examples
are available in the literature [e.g., 59-61]. The Minkowski functionals of the opening maps
for each structuring element size can then be evaluated to yield morphological description
of the pore space for the full range of molecule sizes capable of permeating the polyamide
domain [58].

To evaluate the Minkowski functionals, we discretized the domains into a 3D binary

voxel map using a resolution of 0.05 A. Domain voxels were then divided into two

sets, using the same masking procedure described for medial axis analysis. We then
utilized Quantlm (https://www.quantim.ufz.de) to compute the morphological opening and
Minkowski functionals for the pore space V ¢[58]. The opening map was generated for a
range of sphere sizes spanning from a single point to the maximally sized sphere that could
fit in at least one location within the discretized representation of the pore space.
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2.9. Computational Environment

High-performance computing (HPC) resources were used to perform this work. The
machines utilized were Expanse at the San Diego Supercomputing Center and Bridges-2
at the Pittsburgh Supercomputing Center. We utilized the standard compute nodes on each
machine, which both consist of two AMD EPYC 7742 CPUs, containing 64 cores per
CPU, yielding 128 cores per node. LAMMPS supports parallelized, distributed memory
computation utilizing openMPI, and for shared memory uses OpenMP threading.

C++ code was compiled using g++ 10.2.0 and C code was compiled using gcc 10.2.0; the
—-02 optimization flag was utilized to improve performance. Optimal simulation speeds were
achieved utilizing a combination of MPI and threading via OpenMP: 32 MPI processes were
assigned to each node utilized, and 4 OpenMP threads were used per MPI process—yielding
one thread for each of the 128 cores present on a node. Based upon scaling results of the
simulations, the number of nodes was varied with the size of the domain to ensure efficient
use of the HPC resources. One node was used for all simulations of the 1x domain, two
nodes for the 8x domain, and three nodes for the 64x domain. Four nodes were used to
simulate polymerization and equilibrations of the 512x domain.

3. Results

3.1. Overview

The aim of this work is to advance methods for molecular-scale simulation of polyamide
membrane synthesis, hydration, and operational performance that increase computational
efficiency and provide a basis to improve insights derived from simulation. The sections that
follow present results in turn on each of these aspects of the work.

3.2. Polymerization

Figure 1 depicts the different steps and elements of the polymerization process. The process
starts with the packing of MPD and TMC (Figure 1(a)) into a cubic periodic domain with

or without hexane (Figure 1(b)). An oligomer representative of the reaction of MPD and
TMC is presented in Figure 1(a). As polymerization proceeds, MPD and TMC condense
slightly, and when there are no more monomers to react, unreacted acyl chlorides are
hydrolyzed (Figure 1(c)). Finally, the polymerized and hydrolyzed polyamide is compressed
and equilibrated to experimentally validated densities (Figure 1(d)).

Details of the polymerization simulations for the 1x domain are given in Table 2. Simulation
update rates, described by the ratio between time simulated to real time used to perform

that simulation, were 32.01 ns/day and 39.03 ns/day for the cases with and without hexane,
respectively. Thus, the update rate was improved by 22% by excluding hexane from the
simulations.

After equilibration and unwrapping of the domain to form the —zand +z faces, both
polymerization alternatives (i.e., with and without hexane present) were hydrated without
pre-insertion of water molecules. Figure 2 shows the ensemble (20 realizations) and time-
averaged concentration of water for both polymerization approaches. The shaded region
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around each line represents two times the standard deviation of the time average, which was
used as a measure of the uncertainty in the ensemble and time-averaged values depicted by
the trend lines. Table 3 summarizes results for the effect of polymerization conditions on
the ensemble averaged (20 replicates) values of membrane properties commonly discussed
in relation to membrane performance, and water permeability calculated during operation
simulation. The crosslinking degree and dry density of simulated films were approximately
0.90 and 1.26 g/cm3 in accordance with experimentally measured values. The average water
concentration and water permeability at equilibrium were in the 0.12-0.15 g/cm3 and 0.16—
0.17 x 1078 Lm~1hr-tbar~1 ranges, respectively.

3.3. Hydration

Figure 3 depicts the different insertion approaches used prior to hydration. To observe
the long-time-scale behavior of the three hydration approaches (i.e., no water insertion,
insertion into aggregate pores, insertion into network and aggregate pores), we simulated
each approach over 800 ns for the Ix domain polymerized in the presence and absence of
hexane.

Figure 4(a) and 4(b) show the ensemble (3 realizations) and time-averaged water
concentration within the polyamide domain for the hexane and no hexane simulations,
respectively. Table 4 contains the ensemble averaged data for all hydration step alternatives
evaluated at the 1x domain scale. The water concentration at steady state for the cases of
no insertion and insertion into aggregate pores was in the 0.112-0.147 g/cm? range, and
significantly greater for the case of insertion into aggregate and network pores, at 0.146—
0.202 g/cm3. Similarly, the time to steady-state hydration was in the range of 73-78 ns for
no insertion and aggregate pore insertion cases, and significantly greater in the range of
221-277 ns for the case of insertion in aggregate and network pores.

We also evaluated the time-averaged water concentration within 8x domains polymerized
without hexane present (Figure 4(c)). Final average water concentrations for no insertion and
insertion into aggregate pores were identical at 0.180 g/cm?3, while insertion into network
and aggregate pores resulted in 0.265 g/cm?.

3.4. Error Reduction

Two methods were evaluated to reduce stochastic MD simulation error, ensemble averaging
methods and increasing the simulated domain size. Figure 5 shows polyamide water
concentration of the 1x, 8x, and 64x domains polymerized without hexane present. To show
how ensemble averaging can reduce error, we present three ensemble alternatives for the
1x domain (i.e., one aggregate insertion realization, three aggregate insertion realizations,
and 23 no insertion and aggregate insertion realizations), two ensemble alternatives for the
8x domain (i.e., one aggregate insertion realization, one no insertion and one aggregate
insertion realization) for the 8x domain, and one 64x domain and hydrated with aggregate
insertion. The properties of the 8x and 64x polyamide domains are summarized in Table

5. Results show that the water concentration at equilibrium in 1x, 8x, and 64x domains

was approximately 0.125 g/cm3, 0.180 g/cm3, and 0.240 g/cm?3, respectively, which for

the 64x domain are all on the order of experimentally reported values (o,,=0.19-0.31 g/
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cm?3) [62]. Further, water permeabilities for all domains, 0.16-1.484 x 1078 Lm~1hr~bar~1,
were comparable to water permeabilities calculated from in-lab experiment (0.1-1.1 x 1076
Lm~thr~1bar1) [62,63].

3.5. Pore Morphology and Topology

Figure 5 shows the pore-size distributions for dry, equilibrated domains across all sizes
evaluated. All pore-size distributions are unimodal with larger domains having distributions
shifted to larger cavity diameters compared with smaller domains.

Pore-size distributions were also evaluated for the three hydration approaches for 1x
domains polymerized in the presence of hexane. Pore-size distributions are displayed for
the initial (after insertion of water molecules) and final (at steady state). The corresponding
initial and final ensemble results are presented in Figure 7 for 1x domains polymerized in
the presence (a) and absence of hexane (b), and 8x domains polymerized in the absence

of hexane (c). Results show that hydration shifted the pore sizes to bimodal distributions
(Figure 7) for all hydration approaches compared with the unimodal distributions observed
for dry domains (Figure 6).

Figure 8 illustrates a comparison across domain sizes of the initial and final pore-size
distributions observed during hydration after insertion of water into aggregate pores. Results
show a shift toward larger pore sizes and a reduction in the amplitude of the first peak of the
bimodal distribution after hydration with a larger domain.

Figure 9 shows the medial axis of the polyamide pore space located within a 7 A thick
region of a hydrated 1x domain. The maximum sized cavity in this slice was approximately
5 A in diameter.

Figure 10 illustrates the Minkowski functionals evaluated for an opening map of the

pore space of a 1x domain polymerized without hexane in a dry and hydrated state. All
Minkowski functionals were normalized by the domain volume. The voxel size was 0.053
A3, Results show that Minkowski functionals differ for dry and hydrated states, where
porosity is increased, the slope of the surface area density profile is reduced, and the peaks
of the mean curvature density and Euler characteristic densities are reduced as the domains
are hydrated. The size of the maximum accessible structuring element was 4.2 A and 9 A for
the dry and hydrated states, respectively.

4. Discussion

Development of realistic and computationally efficient polymerization methods is necessary
to enable simulation of large and therefore more representative polyamide domains.
Polymerization in a model solvent like hexane improves the realism of the simulation
conditions but incurs a significant computational burden. This burden increases as the
number of atoms Aincreases, as MD simulations have optimal complexity O(Nlog N) per
time step when using fast Fourier Transform methods like PPPM, as was done in this study
[64].
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In evaluating the effect of a more computationally efficient polymerization step on
polyamide hydration and performance, we found that simulating polymerization without
hexane present increased the simulation rate by 22%. As shown in Table 3, the crosslinking
degrees, dry densities, steady-state water concentration, time to steady state, and water
permeability for both polymerization step alternatives were all within two standard
deviations of each other. Therefore, simplifying the polymerization step by removing hexane
did not result in a change in domain properties or performance. Accordingly, all larger scale
domains were polymerized without hexane present.

Achievement of steady state during hydration requires more simulation time than all other
simulation steps, regardless of domain scale. This is because without pre-hydrating the
polymer, hydration must occur via diffusion, the time scale of which scales with distance
squared. As the time step is fixed in MD simulations, this longer simulation time translates
directly to a computational burden for hydration that scales with the square of the distance
for a diffusive process.

Examining the ensembles of 1x domains used to evaluate hydration alternatives, the

no insertion and aggregate insertion resulted in overlapping bounds computed as two
standard deviations about the mean for all measures reported in Table 4 and for the water
concentration profiles shown in Figures 4(a) and 4(b). This was likely due to the small size
of the domain combined with relative infrequency of larger scale pores in the dry polyamide,
as seen by the similar initial pore-size distributions of the 1x domains shown in Figures
7(a—b). Final pore-size distributions of the no insertion and aggregate insertion methods
were also similar (Figures 7(a—b)).

The network and aggregate insertion method applied to the 1x domain resulted in elevated
water concentrations (Figure 4(a—b)), time to steady state, and water permeability (Table 4).
The pore-size distributions also exhibited increased frequency of larger scale pores not found
in the other hydration alternatives (Figure 7(a=b)). In the case of the 1x domain polymerized
with hexane present, the network and aggregate insertion ensemble did dehydrate to
approach the no insertion and aggregate insertion alternatives but did not converge to the
values of alternatives over the relatively long times simulated (Figure 7(a)).

Comparing the hydration alternatives for the 8x domain scale however, we found a
difference (116 ns) in the time to steady state between the no insertion and the aggregate
insertion cases, while final water concentration and water permeability were preserved, as
shown in Figure 4(c) and Table 5. The aggregate insertion method reduced the time to steady
state from 262 ns for the no insertion case to 146 ns. Comparing the time to steady state for
the corresponding alternatives of the 1x domain, 75 ns, the scaling was effectively reduced
from a factor of approximately 3.5 for the no insertion case to approximately 2 for aggregate
insertion.

Figure 7(c) shows a marked difference in the amplitude of first peak between the no

insertion and aggregate insertion methods for the initial pore-size distributions of the 8x
domains. This difference is consistent with the change in the pore-size distribution after
hydration and the reduced time observed to steady state for the aggregate insertion case
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compared to the no insertion case. The final distributions for the no insertion and aggregate
insertion hydration alternatives were similar. At the 8x scale, the network and aggregate
insertion method led to altered pore-size distributions and increased time to steady state,
water concentrations, and water permeability (Figure 4(c) and Table 5).

Because aggregate insertion was such an effective method for reducing time to steady state,
while not altering final results, we hydrated the 64x domain using aggregate insertion to
enable analysis of this large domain. Time to steady state hydration for the 64x domain
was 283 ns (Table 5), comparing this to the time for 1x and 8x domains, 75 ns and 146

ns, respectively, it is apparent that aggregate insertion results in a linear scaling of time to
steady state with domain thickness. This is an improvement over typical diffusive scaling
(i.e., thickness squared) as described previously.

Because our MD workflow contained a stochastic component, we used multiple realizations
of the 1x domain to quantify uncertainty and time-averaging to smooth entropic fluctuations.
Figure 5 shows the effect of utilizing ensembles of increasing size for the 1x and 8x
domains. Ensemble averaging of the 1x domain served to smooth temporal variations and
the mean value trend line changed by more than two standard deviations, which can be
observed at 250 ns by comparing the results between 3 and 23 realizations.

In addition to ensemble averaging, we also evaluated increasing the domain scale as a
method to reduce the stochastic error of results. Increasing the domain scale decreased

the variance more than increasing number of realizations per ensemble over the conditions
simulated in this work, as exemplified by the reduction in the averaging bounds shown in
Figure 5.

Importantly, increasing the scale of the domain revealed that results for MD simulations

of polyamide were dependent on domain size for the scales evaluated. Steady-state water
concentration increased with domain scale, as seen in Figure 5. Furthermore, the dry pore-
size distributions in Figure 6 and the initial and final hydrated pore-size distributions shown
in Figure 8, show that larger scale pores become more frequent as the domain scale is
increased.

Comparing results to experimental observations, the 64x domain had water concentrations
in closest agreement with commercial TFC active layers (o, = 0.19 — 0.31 g/cmd) [62,

63]. Accordingly, increasing the domain scale of future MD simulations is critical for
producing realistic property-performance relationships of polyamide. The need for large-
scale simulations makes the development of techniques for improving the computational
efficiency a useful endeavor. Methods such as coarse-graining may be required to enable
more efficient simulation of large domains [18, 65, 66]. Furthermore, MD implementations
utilizing graphics processing units (GPUSs) or hybrid CPU-GPU architectures have recently
proven effective methods for improving the computational efficiency of evaluating pair-wise
interactions [32, 33, 67].

All polyamide domains showed the existence of a bimodal distribution for pore sizes during
hydration (Figure 8), one centered at the diameter of a cavity capable of existing between
close packed aromatic rings (2.5 A) [39, 68, 69], and another characteristic of network
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pores, having diameters distributed about 4 A [38]. For the no insertion and aggregate
insertion approaches, hydration resulted in a decrease in the peak centered at 2.5 A, while
the frequency of pores with diameters > 4 A increased.

Monte Carlo based pore-size distributions are a frequently used tool to analyze the
pore space of molecular polyamide domains, and both the dry and hydrated pore-size
distributions collected for this study are consistent with those previously collected in
literature [13, 14, 19, 21, 39, 70]. However, pore-size distributions generated via Monte
Carlo methods do not fully describe the pore morphology and topology.

Figure 9 shows the medial axis of the pore space within a 1x domain. In its current state, this
mapping of the medial axis shows the “skeleton” of the pore space. By identifying portions
of this medial axis that connect the feed and permeate faces, one can reveal the pathways
through the pore space available to a molecule. Ultimately, it is the characteristics of these
available pathways that will determine the properties and performance of a polyamide active
layer.

In order to highlight a method to evaluate those characteristics, we implemented Minkowski
functional analysis of the whole pore space. Figure 10 shows that evaluations of

Minkowski functionals for polyamide pore space opening maps are a promising method

for characterizing the molecular pore space. The size of the maximum accessible structuring
element was 4.2 A and 9 A for the dry and hydrated states, respectively. During hydration,
the domain porosity increased from 0.34 to 0.43, and porosity increased for all opening
maps created with comparable structuring element sizes, indicating a swelling of the pore
space due to hydration. The slope of the surface area density curve was reduced after
hydration for opening maps created with comparable structuring element sizes, and the
initial surface area density decreased from 0.71 A1 to 0.58 A~1. The maximum mean
curvature density decreased during hydration from 0.16 A=2 to 0.08 A=2. Similarly, the
maximum Euler characteristic density decreased from 0.002 A=3to 4 x 1074 A=3.

Future work will utilize both medial axis analysis to identify the available pathways

and Minkowski functional analysis to describe the accessibility and characteristics of
those pathways, to determine the function of molecular structure in mechanistic property-
performance relationships of polyamide active layers.

5. Conclusions

We investigated methods to: (1) improve computational efficiency; (2) reduce error; and (3)
evaluate pore space (molecular free volume) morphology and topology in MD simulations
of polyamide. We present the following conclusions based on the results and discussion
presented previously.

. Presence of hexane during polymerization simulations did not affect observed
properties or performance of the final polyamide domains. By polymerizing
without hexane, the simulation update rate improved by 22%.

. Inserting water molecules directly into aggregate pores of 883 A3 polyamide
domains prior to hydration reduced the time to steady-state hydration.
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. Medial axis analysis of the polyamide pore space elucidated the pathways
available for molecules to travel through the polymer.

. Minkowski functional methods were used to quantify characteristics of the
polyamide pore space that are useful for developing property-performance
relationships that account for the effects of molecular structure.

. Polyamide properties and performance were dependent on domain size. Larger
sized domains had increased steady-state water concentrations and increased
frequency of larger scale pores.

. The largest scale simulation of polyamide (1763 A3) showed water
concentrations that were in close agreement with experimentally observed water
concentrations of hydrated commercial TFC active layers.

. Large-scale domains provide computational challenges that motivate future
consideration of coarse graining and multiscale methods.
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Highlights

. Molecular dynamics simulations of polyamide synthesis and hydration were
performed.

. More computationally efficient, but less realistic synthesis did not affect
results.

. Water insertion into large polymer pores sped hydration without affecting
results.

. The morphology and topology of the molecular potential field was analyzed.

. Simulation results depended on scale; larger scales approached experimental
values.
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Polymerized and hydrolyzed Compressed and equilibrated
aromatic polyamide dry aromatic polyamide

Hydrolyzed MPD-TMC MPD + TMC + Hexane

Figure 1:

Pc?lymerization and equilibration of membrane structures: (a) molecular structures of MPD
monomer, TMC monomer, and hexane molecule, and hydrolyzed MPD-TMC oligomer,
where white, gray, blue, pink, and purple represent hydrogen, carbon, nitrogen, oxygen, and
chlorine, respectively while carbon and hydrogen of hexane molecules are represented in
green; (b) example cubic periodic domain duplicates packed with MPD and TMC shown
on top, and additionally flooded with hexane on bottom; (c) polymerized and hydrolyzed
polyamide matrix; and (d) final compressed and equilibrated polyamide domain.
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Figure 2:
Ensemble averaged concentration of water molecules (g/cm?3) during hydration of 1x domain

polymerization alternatives. Shaded regions represent two times the standard deviation of the
averaged values.
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Figure 3:

Water insertion method alternatives performed for an 8x domain, where white, gray, blue,
and pink, represent hydrogen, carbon, nitrogen, and oxygen. Red represents oxygen in water.
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Figure 4:
Ensemble averaged concentration of water molecules (g/cm?3) during hydration of: 1x

domains (a) polymerized with hexane; (b) polymerized without hexane; (c) 8x domains
polymerized without hexane. Shaded regions represent two times the standard deviation of
the averaged values denoted by the trend lines.
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Figure 5:
Ensemble averaged concentration of water molecules (g/cm3) during hydration of each

domain scale polymerized without hexane present. Numbers next to domain scale in the
legend denote the number of realizations in the ensemble. Shaded regions represent two
times the standard deviation of the rolling average.
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Figure 6:
Pore-size distributions of dry, compressed and equilibrated polyamide domains across all

domain scales.
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Figure 7:
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Initial and final ensemble (3 realizations) averaged pore-diameter-size distributions during
hydration of: (a) 1x domains polymerized with hexane; (b) 1x domains polymerized without

hexane; (c) 8x domains polymerized without hexane.
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Initial and final ensemble averaged pore-diameter-size distributions during hydration of each
domain scale polymerized without hexane present.
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Figure 9:
Hydrated 1x domain (a) where white, gray, blue, and pink represent hydrogen, carbon,

nitrogen, and oxygen of the polyamide respectively, and red and white represent oxygen
and hydrogen of water, boxed region represents thickness of cross-section; (b) medial axis
representation of the polyamide pore space within a 7 A cross section, where color scale

represents distance from the medial axis to the surface of
defined by a net zero potential energy surface.

Cross-section X

the volume occupied by atoms, as
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Minkowski functionals of dry and hydrated 1x domain pore-space opening map: (a) pore-
volume density, i.e. porosity; (b) surface-area density; (c) mean surface-curvature density;

and (d) Euler characteristic density.
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Table 1:

Number of realizations per ensemble used to evaluate MD simulation step approaches.

Domain Scale 1x 8x 64x

MD simulation step  Polymerization  Hydration Hydration Hydration

Ensemble size 20 3 1 1
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Table 2:

Domain molecule counts, atom counts and length scales.

Domain Scale 1x 8x 64x 512x
MPD molecules 300 2,400 19,200 153,600
TMC molecules 200 1,600 12,800 102,400
Polymerization step alternative NH H NH NH NH
Hexane molecules - 1,000 - - -
Atoms during polymerization 8,400 28,400 67,200 537,600 4,300,800
x-yplanar area (A?) 442 442 882 1762 3522
Number water molecules 3,600 14,400 57,600 -
Atoms during hydration and operation 19,200 110,400 710,400 -
Truncated domain thickness (A) 30 70 150 -

Polymerization step alternatives H and NH refer to polymerization with and without hexane present, respectively.
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Table 3:

Effect of polymerization simulation approach on 1x domain properties and performance.

Polymerization Alternative With hexane  Without hexane
Crosslinking degree, DC (-) 0.90+0.02 0.90+0.01
Dry density, py(g/cm?) 1.26+0.01 1.26+0.01
Thickness, L (A) 3615 3614
Water concentration, p,, (g/cm?) 0.135+0.013 0.131+0.009
Time to steady state hydration, Zss (ns) 8316 85+7
Water permeability, K, x 10°%(Lm~*hrlbar?)  0.17+0.03 0.16+0.02
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Table 4:

Effect of hydration simulation approach on 1x domain properties and performance.

Polymerization Alternative With Hexane Without Hexane
Crosslinking Degree, DC (=) 0.89+0.04 0.89+0.04 0.89+0.04 0.91+0.03 0.91+0.03 0.91+0.03
Dry density, o (g/cm3) 1.26+0.02 1.2620.02 1.2620.02 1.2620.03 1.26+0.03 1.26+0.03
Insertion Method No A N+A No A N+A
Thickness, L (A) 365 336 335 364 34+3 34+5
Water concentration, p,, (g/cm?3) 0.135+0.012 0.124+0.012 0.164+0.018 0.122+0.008 0.125+0.008 0.191+0.011
Time to steady state hydration, £ss (ns) 73+6 7815 221+15 7516 75+7 277+13

Water permeability, K, x 108 (Lm~thr-lbarl)  0.17+0.03 0.18+0.03 0.73+0.14 0.16+0.02 0.16+0.02 0.55+0.11

Insertion methods No, N, and A refer to no insertion, network insertion, and aggregate insertion, respectively.
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Table 5:

Polyamide domain properties as a function of system size.

Domain Scale 8x 64x
Crosslinking degree, DC (-) 0.89 0.89 0.89 0.89
Dry density, py(g/cm?) 1.27 1.27 1.27 1.27
Insertion method No A N+A A
Thickness, £ (A) 78 79 79 140
Water concentration, p,, (g/cm?3) 0.180+0.005 0.180+0.004 0.265+0.001 0.240+0.000
Time to steady state hydration, Zss (ns) 262 146 290 283
Water permeability, K, x 1076 (Lm=hr~tbar~1) 0.446 0.435 0.821 1.484

Insertion methods No, N, and A refer to no insertion, network insertion, and aggregate insertion, respectively.

J Memb Sci. Author manuscript; available in PMC 2023 February 15.

Page 38



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Overview
	Molecular Dynamics Fundamentals
	Polymerization
	Equilibration
	Hydration
	Operation
	Error Reduction
	Pore Morphology and Topology
	Computational Environment

	Results
	Overview
	Polymerization
	Hydration
	Error Reduction
	Pore Morphology and Topology

	Discussion
	Conclusions
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:
	Figure 9:
	Figure 10:
	Table 1:
	Table 2:
	Table 3:
	Table 4:
	Table 5:

