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ABSTRACT

Crosslinked network polymers have numerous important applications in engineering, biomedicine, and
the environment. Establishing a crosslinked polymer network is an essential initial step toward studying
the structure and function of polymer membranes. In this study, we developed a Python script named
PXLink that integrates with GROMACS software to simulate the crosslinked aromatic polyamide (PA)
membrane, which is widely used in desalination and water treatment. PXLink can create chemical bonds
between the neighboring carboxyl and amine groups and relax the system during the crosslinking,
utilizing energy minimization and molecular dynamics simulations implemented in GROMACS. The
accuracy of our protocol has been successfully validated through a benchmark study of water diffusivity
and the structural properties of a solvated membrane, including pore size distribution, membrane density,
and the stacking of aromatic benzene rings (density profile and ordering). Moreover, the comparison
between the dry and wet polymer membranes reveals that the swelling of the membrane surface leads
to the expansion of subnanopores and the increased ordering of local structures. After the swelling of
the membrane, the number of pores with a radius around the main region of 0.2 nm decreases, while
more pores in the range of 0.22-0.38 nm are observed. There is also an increase in the orderliness of
local structures, as evidenced by the increasing order parameter of aromatic ring pairs with a distance
ranging from 0.7 to 0.8 nm. Our developed script will be a valuable tool for designing and discovering
crosslinked polymers.

Program summary
Program Title: PXLink
CPC Library link to program files: https://doi.org/10.17632/yjw2ghfzmh.1
Developer’s repository link: https://github.com/zchinet30/PXLink
Licensing provisions: GNU General Public License 3
Programming language: Python
Nature of problem: The formation of a crosslinked polymer network is essential for theoretical studies
and numerous practical applications. However, simulating the polymer crosslinking process using
conventional molecular dynamic simulations presents challenges due to its intricate nature, which
involves a complex interplay of physical processes and chemical reactions within a large-scale system.
Solution method: To address this limitation, we developed PXLink, a python-based script, which integrates
with the molecular dynamics software of GROMACS for the simulation of polymer crosslinking.

© 2023 Elsevier B.V. All rights reserved.
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[7-14]. These polymers are formed through crosslinking, which
can occur via covalent bonding [15-18] and noncovalent interac-
tions such as hydrogen bonds [19], processing various architectures
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and properties. By controlling the chemical nature and architec-
ture of the crosslinking, the mechanical and chemical properties
of the polymer network can be optimized for specific applications
[20-22].

Crosslinked aromatic polyamide (PA) membrane has been
widely used in desalination and water treatment [14,23-29]. A se-
lective layer of PA thin film composite (TFC) membranes above the
bottom substrate is formed by interfacial polymerization of trime-
soyl chloride (TMC) and m-Phenylenediamine (MPD) [30]. Despite
decades of efforts to enhance and modify the membrane, the basic
chemical structure of the PA separation layer has remained gen-
erally unchanged since its initial development [23]. Understanding
the crosslinked structure of PA membranes and its impact on water
permeation and salt rejection or pollutant filtration at the micro-
scopic level is crucial for developing polymer membranes of higher
efficacy in the future [12,31-34]. Most pores in the PA membrane
have a radius of ~ 0.2 nm, which is responsible for the water-salt
separation functionalities in desalination [9]. This also requires a
high simulation resolution, typically at the atomistic level.

Atomistic molecular dynamics (MD) simulation can provide in-
sights into atomic scale details and dynamics from sub-nanoseconds
to microseconds, complementing experimental development [9,10,
35-45]. However, establishing a crosslinked polymer structure for
MD simulations and the subsequent analyses remains a challeng-
ing issue. Conventional atomistic MD simulations are limited to
presenting physical processes and are unable to simulate chemical
reactions that involve the breaking and forming of chemical bonds.
Although reactive forcefield (ReaxFF) MD simulations [46-50] have
recently been developed to overcome this limitation, they may still
be inefficient for a large-sized system and also lack accurate force
field parameters to simulate the crosslinking and polymers. To
construct crosslinked polymer membranes, a simplified simulation
approach has been employed, which involves controlling chemi-
cal reactions through an empirical cutoff distance between active
sites, followed by a heating/annealing protocol. Chemical bonds
can be generated by crosslinking bridges between linear polymer
chains [28,51,52] or monomers [9,53-55]. Although these mod-
els do not incorporate the solvent effect, they can still produce
realistic membrane structures similar to commercial membranes
under traditional synthesis conditions [11,23]. To enhance compu-
tational efficiency, in our previous work [9], we used a hierarchical
crosslinking approach, initially crosslinking monomers in a small
simulation cell in a vacuum and then duplicating it in 3D space
for additional crosslinking and relaxation. This approach can sim-
ulate a crosslinked PA membrane with properties that match ex-
perimental measurements, such as the local structure properties,
pore size distributions, water diffusivity, and water pressure-driven
permeation [9,10]. Our previous study predicted perpendicular “T-
shaped” packing of aromatic benzene rings in a crosslinked PA
membrane [9], which was confirmed by the subsequent X-ray ex-
periments [8]. There were also several recent simulation studies of
crosslinked PA membranes about water dynamics [28,55-57], salt
rejection [10,55,57], surface fouling [10,58], surface modification
[59], and the composite membrane containing carbon nanotubes
[60] or covalent organic framework [61].

Several open-source software packages were recently developed
to perform simulation of crosslinking, such as LAMMPS (large-
scale atomic/molecular massively parallel simulator) [62,63] and
Polymatic (based on LAMMPS) [64]. For example, dissipative par-
ticle dynamics (DPD) simulations and coarse-grained models in
LAMMPS have been widely applied to study crosslinking of dif-
ferent polymer systems [65-68]. Sutton et al. performed Langevin
dynamics simulations with coarse-grained models in an implicit
water environment to study polyamide crosslinking using their
customized version of LAMMPS [69].
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Fig. 1. Molecular structures of (a) MPD, (b) TMA, and (c) the product of condensa-
tion with the degree of polymer crosslinking DPC = n. Note: The definition of DPC
is the ratio between the number of TMC residues that are fully bonded with three
MDP residues and the initial total TMC monomers. n = 0 indicates a complete linear
polymer, while n =1 indicates a fully crosslinked polymer.

In this paper, we developed a Python script called PXLink,
which hybrids with the popular MD simulations software of GRO-
MACS [70] to simulate polymer crosslinking. We used the PA mem-
brane as a model system to compare with our previous studies [9]
and validate the effectiveness of our script of PXLink for polymer
crosslinking. We demonstrated that our script could create chem-
ical bonds between neighboring carboxyl-amine pairs by editing
the simulation topology file while utilizing energy minimization
and MD simulations in GROMACS to relax the system to achieve
the equilibrium state using the heating/annealing protocol. Our
benchmark study of a solvated PA membrane validated the accu-
racy of our approach in modeling polymer membranes. In addition,
our case study of the swelling of the PA membrane uncovered the
membrane’s microscopic structural changes that take place upon
the solvation. Details of the simulation procedure and script archi-
tecture can be found in the Software description section. The script
and two examples are available on GitHub.

2. Software description
2.1. Overview

PXLink is an object-oriented script written in Python 3.9 that
automates the simulation of the crosslinking process through GRO-
MACS 4.6.5 [70]. The script requires Python Version 3.9 or newer,
as well as the following packages: Numpy [71], Pandas [72], Mat-
plotlib [73], and NetworkX [74] using a Python package manager
such as pip or anaconda. The PXLink can be easily customized to
work with newer versions of GROMACS. For atomistic MD simu-
lations, we used CHARMM36 general force field [75,76]. Atomistic
partial charges of crosslinked polymer were assigned using CGenFF
2.4.0 [76] according to the patterns of different monomers and
oligomers (from dimer to tetramer) (Fig. S1 in the Supplementary
Information). The script is open-source and available on GitHub at
https://github.com/zchinet30/PXLink.

In this work, we utilized PXLink to simulate a crosslinked net-
work of aromatic PA polymers. To simplify the simulations, hy-
drolyzed TMC (trimesic acid, TMA) monomers are used instead of
TMC to interact with MPD (Fig. 1) following our previous work
[9]. In the paper, we present simulation results of a large system,
which comprises 1822 TMA and 2733 MPD molecules in a cubic
box of 9.0 x 9.0 x 11.4 nm>. In addition, we provided a small
demo system of 240 TMA and 360 MPD monomers in the folder
of “Example_crosslinking” in GitHub. The demo system was used
to illustrate the required input and output files in the “Software
Description” section, although its results are not discussed in the
“Result and Discussion” section.
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Fig. 2. Flowchart of crosslinking simulation via PXLink proceeded through three loops labeled Loop @®, Loop @, and Loop ®. The main subroutines (i.e., class methods in

Python) that execute each step are italicized.

Table 1
Major subroutines in the PXLink script (GromacsSys class).
Name Description
read_top Reads topology data from the “.top” file.
read_gro Reads coordinate data from the “.gro” file.
mark_atoms Identifies free carboxyl and amine groups that could form amide bonds.
gmx_run Calls GROMACS to perform an MD simulation and then loads new coordinate and topology data from the simulation.
CN_dist Calculates the distance between amine and carboxyl groups and identifies the closest amine-carboxyl pair that can form an amide bond.
add_bond Modifies topology data to create an amide bond between a pair of amine and carboxyl groups.

output_content

Outputs topology and coordinate data into “.top” and “.gro” files.

adjust_Z Adjust simulation system density by modifying cell size, minimizing energy, and conducting NVT MD protocol.

2.2. Protocol of crosslinking simulation

PXLink utilizes a code structure (known as a class in Python)
named GromacsSys to record all necessary variables to store the
system data and mandatory file paths (listed in Table S1). The
flowchart in Fig. 2 illustrates the general protocol for the crosslink-
ing simulation, with each step implemented as a subroutine in the
PXLink script. Table 1 lists subroutines (i.e., methods in Python)
that perform functions required in the simulation of the crosslink-
ing process.

As shown in Fig. 2, the initial system is constructed by ran-
domly packing TMA and MPD monomers into a box. The topol-
ogy and coordinate information are saved in two separate files
using the “.top” and “.gro” formats of GROMACS. At the begin-

ning of the simulation, the system’s topology and coordinate data
are read by the read_top and read_gro subroutines. Subsequently,
the mark_atoms subroutine identifies all free carboxyl and amine
groups as available for crosslinking. The rest of the program in-
cludes three loops: Loop @ refers to the sequence of steps ex-
ecuted when a script successfully locates a pair of free carboxyl
carbon and amine nitrogen atoms and creates an amide bond be-
tween them; Loop @ is for the case that the script does not find
such pairs; Loop ® updates the topology file.

At the beginning of the crosslinking simulation (Loop @ in
Fig. 2), the gmx_run subroutine is executed to call GROMACS to
perform an MD simulation in an NVT ensemble to relax the system
to the equilibrium state. Then, the distances between free car-
boxyl carbon and amine nitrogen are calculated using the CN_Dist



C. Zhang, G. Bu, M.SJ. Sajib et al.

Table 2
Input files in the PXLink execution script “example_run_script.py”.
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File name File description

init.gro Coordinate file of the initial system.

init.top Topology file containing partial charges and force field parameters.

ffbonded.itp Modified forcefield file, which contains additional parameters of intramolecular interactions.

merged.rtp Modified file of residue database, which contains residue information of TMA and MPD.

init.ndx (Optional) Index file that includes a [frozen] group of atoms to fix their positions used in the “constraint wall” method.

minim.mdp Simulation parameter file for energy minimization after forming amide bond(s).

nvt.mdp Simulation parameter file for an NVT run. New velocities are generated since the run is performed after topology modification and energy minimization.

nvt_cont.mdp

Simulation parameter file for a continued NVT run in case the program fails to find any appropriate C-N pair to form an amide bond.

Table 3
Main controlling variables in the PXLink execution script: “example_run_script.py”.
Name Type Description
old_gmx bool Option of using commands of GROMACS 4.6.x (True) or GROMACS 5.0 and later (False).
run_label string The prefix of the names of all files created during the simulation of crosslinking process.
max_links integer The maximum number of crosslinking.
max_dpc float The maximum DPC.
dist list A list of the cutoff distances for amide bond formation.
Set_shift integer The maximum number of consecutive search failures for locating a C-N pair using each cutoff distance in the ‘dist’ list.
use_zlim bool Control variable to determine whether to allow atoms in the middle region (zpin < z < Zmax) to form amide bonds.
zmin, zmax list Boundaries along z-axis for crosslinking.
do_NPT bool Control variable to determine whether to run an MD simulation in the NPT to keep system density stable.

do_adjust_Z bool
to correct the density of the system.

Control variable to determine whether to execute the protocol of adjusting the box size, energy minimization, and MD simulation in the NVT

subroutine. If the distances between any pairs of free carboxyl car-
bon and amine nitrogen atoms are within the cutoff distance for
a condensation reaction (i.e., crosslinking), the script sequentially
executes the add_bond and output_content subroutines to update
the topology data and generate new topology and coordinate files.
This creates an amide bond between the closest pair of free car-
boxyl carbon and amine nitrogen atoms. In the newly generated
topology files, for all atoms involved in the condensation reactions,
their indices, partial charges, and parameters for bonded interac-
tions (including bonding, angle, dihedral, and improper dihedral)
and the nonbonded Lennard Jones (LJ) interactions are updated
(Loop @ in Fig. 2). After that, the script will use the gmx_run
subroutine to perform relaxation using energy minimization. The
script also checks for the expected DPC and amide bond count.
If either count is reached, it outputs the crosslinked structure, re-
moves the unreacted monomers, and ends the crosslinking process.
Otherwise, it repeats Loop @ by starting a new MD simulation.

In the case that the script fails to find any pairs of free car-
boxyl carbon and amine nitrogen atoms that are within the cutoff
distance (see Loop @ in Fig. 2), it also goes back to the begin-
ning of the crosslinking loop and attempts to find such pairs again
after another relaxation with an MD simulation in the NVT en-
semble. If the script is unable to find any more pairs after multiple
consecutive attempts, it concludes that no additional pairs can be
found and terminates the simulation, regardless of whether the
target DPC has been achieved or not. Once the aforementioned
process has been completed, the MPD and TMA monomers can
be crosslinked to form an extensive polymer network. The final
structure can be obtained by relaxing the crosslinked groups and
removing unreacted monomers.

It is worth noting that the PXLink script employs read_top and
read_gro subroutines to retrieve data from the topology and coor-
dinate files, respectively, and save the data into two Pandas data
frames. These include atomic indices and names; residue indices
and names; and atomic coordinates and charges. We chose Pandas
as the primary data structure since it can store all data types in
an intuitive and easy-to-search format. Interactive entries in the
topology file are stored as lists. Moreover, read_top generates a
NetworkX graph object to represent the system topology, which
is necessary to locate neighboring atoms and connected structures

and is also useful for debugging and further developing purposes.
Further information on the primary subroutines presented in Fig. 2
is available in the Supplementary Information. It is worth noting
that although GROMACS 4.6.5 was used in our study, it is feasible
to utilize newer versions of GROMACS by modifying the “old_gmx”
variable in the execution script.

2.3. Data processing

2.3.1. PXLink input

To initiate the crosslinking process, an execution script is
needed to load the initial system and execute each subroutine
in the proper order. We will use a demo system as an example
to show the required input files. The demo script called “ex-
ample_run_script.py” is provided on GitHub. Table 2 shows the
required input files, while Table 3 lists the main run-control vari-
ables assigned in the PXLink script. PXLink accepts several standard
GROMACS input files: the topology (“.top”) and coordinates (“.gro”)
files of the initial system, as well as the simulation parameters
(“.mdp”) files required for the MD runs during the process of
crosslinking (Table 2).

In our protocol, parameters related to MD simulations, such
as MD time steps for relaxation and the simulation conditions
(simulation time, temperature, PBC conditions, thermostat meth-
ods/parameters, etc.), are defined in the “.mdp” files. In contrast,
parameters that control crosslinking, such as crosslinking distance
and maximum DPC, are assigned directly in the execution script.
For the initial simulation of monomers, missing parameters of
intramolecular interactions (including bond, angle, dihedral and
improper dihedral) were added to “ffbonded.itp” file. The residue
topology file for TMA and MPD monomers was also included
in the CHARMM file “merged.rtp” to generate an initial topology
file (“.top”). This modified force field file “ffbonded.itp” should be
placed in the same directory as the script and other input files
and included in the topology files (“.top”). During the crosslink-
ing process, we directly modified the topology data and output the
modified topology “.top” files (Loop @ in Fig. 2). All modified atom
lists, partial charges, and force field parameters are available in our
GitHub repository.

It is also worth noting that as the process of crosslinking fur-
ther progresses, the polymer network becomes more condensed,
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Table 4
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Main output files in the PXLink execution script “example_run_script.py”.

File name File description

opt.gro Coordinate file for energy minimization. Output at each loop.

opt.top Topology file for energy minimization. Output at each loop.

nvt.gro Coordinate file for the MD run in the NVT. Output at each loop.

nvt.top Topology file for the MD run in the NVT. Output at each loop.

addbond.gro Updated coordinate file after forming an amide bond. Output each time after a bond is formed.
topol.top Updated topology file after forming an amide bond. Output each time after a bond is formed.

crosslink.gro
crosslink.top
crosslink_removed.gro
crosslink_removed.top
run_log.log
scriptlog.log
bonds.log

Final coordinate file. Output at the end of crosslinking.

Final topology file. Output at the end of crosslinking.

Final coordinate file with unreacted monomers removed. Output at the end of crosslinking.

Final topology file with unreacted monomers removed. Output at the end of crosslinking.

Detailed log file that provides information about activities of each subroutine.

Log file that provides a summary of the execution script’s activities.

Log file that records the distance between each carboxyl carbon and amine nitrogen when an amide bond is created between them.

which makes it more difficult to locate the crosslinking sites within
a given cutoff distance. To address this issue, we introduce a se-
ries of cutoff distances defined by the list of dist, with the corre-
sponding maximum number of searches specified by the parame-
ter Set_shift (Table 2). If a search using a particular cutoff distance
fails, a new search is performed using a larger cutoff distance until
an appropriate crosslinking site is identified.

2.3.2. Output files

PXLink outputs a series of GROMACS files after crosslinking
with a user-defined prefix, followed by the loop numbers and a
postfix describing which step they are output in. For example,
“Testrun_loop_1_opt.top” is the topology file output in the energy
minimization step in the crosslinking loop (Loop @ in Fig. 2). After
completing the crosslinking process, the final topology and coor-
dinate files are output. The script will also remove the unreacted
monomers and output the resulting topology and coordinate files.
Additionally, three log files are generated by PXLink to log the
script’s activities and amide bonds created. Details of the output
files are listed in Table 4.

2.4. Simulations of polymer membrane surface

To mimic a large polymer membrane surface, the PBC is applied
on two dimensions on the polymer membrane surface (i.e., X- and
Y-axes in our simulations) during the simulation of crosslinking.
Along the Z-axis (i.e., the surface normal direction), monomers are
frozen near the top and bottom boundaries of the simulation cell
without involving crosslinking. This generates two “frozen walls”
on the top and bottom of the simulation cell in the Z-axis, effec-
tively confining monomers within the designated region without
interactions with their periodic images throughout the crosslink-
ing process, preventing the polymer membrane from crosslinking
with its periodic image and forming an infinitely-sized polymer
chunk devoid of surfaces (Fig. 3).

We directly delete water molecules generated during the con-
densation reaction (see Fig. 1) without modeling them in our sim-
ulation. This can cause a decrease in the overall density of the sys-
tem, which could lead to the deformation of the membrane for a
large system. To ensure a stable density of the polymer membrane,
the PXLink provides two options. The first option is to slightly re-
duce the simulation box’s length along the Z-axis once a certain
number of amide bonds have formed. It can increase the system
density to the level before deleting water molecules. The system
is then equilibrated through an energy minimization process fol-
lowed by an MD run in the NVT ensemble. This density adjustment
can be performed using the adjust_Z subroutine (see Table 1). The
second option is to run MD simulations in the NPT ensemble after
a specific number of amide bonds have formed.

Fig. 3. Snapshot of the system of crosslinking. Two constrained regions were as-
signed at the bottom and top of the simulation box. Each region has a thickness of
~ 0.6 nm. Monomers inside the constrained regions (grey color) were frozen with-
out involving crosslinking after the initial relaxation.
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; !

Establish simulation -
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parameters of . .
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crosslinking site

add _bond

Calculate DPC
atom_count

Fig. 4. Workflow of applying PXLink on other polymers or force fields.

2.5. Pipeline of crosslinking simulation with different polymers and
force fields

PXLink has been specifically developed to simulate the cross-
linking process of aromatic polyamide membranes using the
CHARMM36 forcefield parameters. However, it is feasible to sim-
ulate crosslinking in other polymers using a customized version
of PXLink by following the workflow outlined below and making
necessary modifications to the PXLink source code. It is also pos-
sible to apply different forcefield parameters. The following steps,
as outlined in Fig. 4, must be completed prior to initiating the
crosslinking process.
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DPC 50% DPC 70%

After crosslinking

Fig. 5. Snapshots of the crosslinking process: unreacted monomers (cyan), linear groups (uncrosslinked, yellow), and crosslinked TMA-MPD groups (red). Note: according to
the definition of DPC, the linear groups belong to the “uncrosslinked” part of the polymer. For clarification, the frozen walls on the top and bottom of the simulation box are
not shown. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

The first step is to establish GROMACS simulation setup for
the uncross-linked monomers or short polymer chains. This setup
includes the force field parameters, topology data, and partial
charges of the uncross-linked molecules. Additionally, an initial
system of randomly packed monomers or chains should be gener-
ated. Since these aspects are associated with the regular GROMACS
simulations, we will skip the detailed discussion here.

The second step is to define the simulation parameters of
crosslinked monomers or chains. This includes determining the
variations of partial charges after the crosslinking reaction and ad-
justing the parameters for intra- and inter-molecular interactions
around the crosslinking sites. In both step 1 and step 2, quantum
simulations can be used to estimate the missing simulation param-
eters.

In the third step, it is necessary to modify the source code
of PXLink to simulate a different polymer system. The subrou-
tines “mark_atoms”, “add_bond” and “atom_count” are responsible
for handling the chemistry structures and atomic properties of the
crosslinking bonds and the function groups participating in these
bonds. These subroutines also use force field-specific atom types to
identify atoms. Therefore, modifications to these subroutines are
necessary to perform crosslinking simulations on polymers other
than polyamide and using force fields other than CHARMM. More
detailed instructions on making these modifications are elucidated
in the Supplementary Information.

3. Results and discussion
3.1. Crosslinking and solvation of PA membrane

Fig. 5 shows the crosslinking process of a relatively large
PA membrane. The system comprised 1822 TMA and 2733 MPD
molecules packed randomly in a cubic box measuring 9.0 x 9.0 x
11.4 nm3, with an initial density of 1.22 g/cm? and a ratio of free
carboxyl and amine groups at 1:1. Prior to crosslinking, the sys-
tem was equilibrated using the NVT ensemble at 560 K for 20 ns.
To construct a membrane surface, crosslinking bonds were not
formed between different periodic images on the Z-direction. To
achieve this, the positions of atoms in the ranges of z < 1.2 nm
or z> 10.2 nm were fixed to exclude them from polymerization,
thereby creating a wall layer that prevented movement and bond
formation. In each crosslinking (Loop @ in Fig. 2) an MD run was
performed for 0.1 ns at 560 K in the NVT. The temperature was
elevated above the typical glass-transition temperature of PA poly-
mer to enhance computational efficiency. The script then searched
for the closest pairs of amine nitrogen and carboxyl carbon atoms
with a cutoff distance of 3-4 A and created amide bonds between
the closest pair, followed by a short energy minimization.

¥

(B) Watér only

(A') So‘lvat‘ed rheanrarié‘

Fig. 6. (A) A snapshot of the solvated membrane after a production run of 500 ns
and (B) Water distribution inside the polymer membrane. Red dots indicate water
molecules.

In the latter half of the simulation, the length in the Z-axis of
the periodic box was adjusted every time 10 bonds were formed,
reducing the box size to maintain system density stability. The
process was repeated until the DPC reached 70% (Fig. 5). After
polymerization, the frozen monomers were removed. To further
relax the polymer structure, the system was heated to 700 K for
100 ns, and then cooled down to room temperature. Any remain-
ing unreacted monomers were removed afterward.

Due to the slow swelling process of crosslinked PA membranes,
which occurs on a timescale beyond what can be captured by
atomistic MD simulations (typically microseconds), we adopted the
following protocol: the system’s periodic box is initially expanded
to 9 x 9 x 14 nm?, and water molecules are randomly packed in
the box, including inside the membrane, using Packmol [77]. The
solvated membrane system is then equilibrated with the NVT en-
semble at 360 K for 50 ns. To ensure that the membrane can be
sufficiently swollen in the MD time scale, this solvating process
is repeated three times. The solvated system is then equilibrated
with the NVT ensemble at 298.15 K for 50 ns, followed by an NPT
equilibration at 298.15 K and 1 bar for 100 ns. Finally, an NVT pro-
duction run is conducted at 298.15 K for 500 ns.

3.2. PA membrane in vacuum and solvation
Fig. 6 displays a snapshot of a solvated PA membrane and the

distribution of water molecules in the entire system. The simu-
lated crosslinked PA membrane is located in the middle of the



C. Zhang, G. Bu, M.SJ. Sajib et al.

1500

Computer Physics Communications 291 (2023) 108840

Dry

(B)

Dry
Solvated

o
N
T

Pore Size Distribution
o
T

o
=3
T

1 L 1 1 L 1 L 1 1

0.0 0.1 0.2 0.3 0.4 0.5

Pore Radius (nm)

A
(o)

Membrane
Water
Total

LI W PRI DL L T |

D_. (10 °cm¥s)

0.0 20 40 60 80 100 12.0 140

Z (nm)

16.0 0.0 1.0 2.0 3.0 4.0 5.0

7 (ns)

Fig. 7. (A) Density comparison of the dry and solvated PA membranes; (B) Pore size distributions of the dry and solvated membranes; (C) Density profiles of the PA membrane,
water, and the entire system for a solvated membrane; (D) Z-component of diffusivity coefficient D, as a function of autocorrelation time t.

simulation box, with two water boxes on either side represent-
ing the bulk water environment. The lack of notable large-sized
water clusters inside the membrane area indicates a general ho-
mogeneous crosslinked membrane structure.

In our simulations, the dry membrane has a bulk density of
~ 1233.1 kg/m> (Fig. 7A). Upon solvation, the membrane bulk
density decreased to ~ 1083.6 kg/m>, while the membrane thick-
ness expanded by 0.5 nm. The densities of both dry and solvated
membranes are close to the previous studies reported in the liter-
ature [9,78]. The solvated membrane bulk contains 18.1% water by
weight (Fig. 7C), which is within the range of 10-23% reported in
previous experimental studies [79,80].

We calculated the pore size of the membrane using a custom
C++ script, following the approach published in our previous pa-
per [9]. Fig. 7B compares the pore size distributions of the dry and
solvated membranes. Although the majority of pores have radii be-
tween 0.16 and 0.20 nm in both the dry and solvated membranes,
it indicates that the membrane has expanded, and pores have be-
come larger after solvation. In the dry membrane, the pore radius
ranges from 0.06 nm to 0.44 nm, whereas in the solvated mem-
brane, the range of pore radius increases to 0.06-0.50 nm, which
is consistent with our previous work [9]. For both dry and solvated
membranes, most pores have the radius around 0.2 nm (Fig. 7B).
However, after the solvation, the number of pores with a radius
around the main region of 0.2 nm decreases, while more pores
around 0.22-0.38 nm are detected.

For the solvated membrane system, we also computed the wa-
ter diffusivity within the membrane bulk. We calculated the dif-
fusivity component perpendicular to the membrane surface (i.e.,
along the Z-axis) of water molecules inside the polymer thin film
with the following autocorrelation functions, by solving the diffu-
sion equation subject to the boundary conditions [9,37,81]:

D..— In(L - (Wn(z(0) ¥ (2(0))))
zz —(nTT[)zt ’

Wo(2) = V2/1 sin(@).

(1)

where the diffusivity of water within boundary a <z < b is cal-
culated, and L is the thickness of this region. To compute water
diffusivity in the membrane bulk (6.2 nm < z < 9.4 nm), we used
the last 100 ns trajectory in the 500 ns production run. As shown
in Fig. 8D, D, in the membrane bulk varied with autocorrela-
tion time 7 ranging from 0.43 x 10> cm?/s to 0.10 x 107> cm?/s
(Fig. 8D). This result is consistent with our former work [9].

Since the PA membrane contains an abundance of aromatic
rings, the local structures of the membranes are largely influenced
by the interaction of aromatic rings. To characterize local struc-
tures, we calculated the profiles of order parameter S(r) and the
radial distribution function g(r) of neighboring benzene rings,

2 _
S(r) = <3cos (02(r)) 1 > 3)
g =22 )
Pbulk

where r is the radial distance between benzene ring centers; 6(r)
is the angle between benzene rings’ normal vectors at distance r;
p(r) is the density of benzene rings at r, and ppyy is the density
of benzene rings in the membrane bulk area (5.0 < Z < 10.0 nm).
A value of S =1 corresponds to a completely ordered packing
structure, whereas S = 0 represents a random structure [9,37].
The comparison of the S(r) between the dry and solvated mem-
branes shows that after solvation, the orientation of the benzene
rings in the membrane became more ordered (Fig. 9). The dif-
ference is particularly pronounced in the r ~ 0.7-0.8 nm region.
While these structures are not dominant in the membranes, as
evidenced by the absence of a g(r) peak in this region (Fig. 9),
they become significantly more orderly aligned after solvation. This
increase in orderliness can be attributed to the polymer-water in-
teractions. Swelling of the polymer matrix and expansion of sub-
nanopores can increase the distance between the polymer chains,
which reduces the steric hindrance among the aromatic rings. This
decrease in hindrance can allow the benzene rings to pack in a
more ordered arrangement (see Fig. 9A). Additionally, the linked
aromatic benzene rings may become more elongated, resulting in
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Fig. 8. The profiles of density g(r) and order parameter S(r) between neighboring aromatic benzene rings, where r is the distance between two benzene rings, and 6 is
the angle between the normal vectors between two benzene rings. Snapshots (1), (2), and (3) display the structures of parallel-stacked rings, T-shaped rings, and covalently
bonded rings, respectively. The blue arrow indicates the region where the S(r) increases significantly after the solvation of the membrane.

Fig. 9. Comparison of the local structure of the crosslinked membrane in the vac-
uum (left) and after membrane swelling (right): (A) benzene rings of two PA chains
become more parallel after swelling; (B) a PA chain is more stretched, forming a
more linear conformation. The structure of a dry membrane is colored cyan, while
the structure of a swollen membrane is colored orange.

a less twisted linear structure comprising multiple benzene rings
(Fig. 9B), although their occurrence or percentage is low at a high
DPC of 70%.

4. Conclusions and future work

In this study, we developed a Python script that can be in-
tegrated with the GROMACS software to simulate the polymer
crosslinking process, which has wide-ranging applications. Our
script creates chemical bonds between reaction-active sites to gen-
erate a three-dimensional network while relaxing the system using
energy minimization and MD simulations in GROMACS. With nec-
essary modifications, the current version of PXLink can be applica-
ble to different polymer systems and compatible with other force
fields or other versions of GROMACS.

We applied our script to simulate a crosslinked aromatic PA
membrane using initially randomly packed monomers and a heat-
ing/annealing process. Our benchmark results demonstrate that
our simulated polymer membrane has similar microscopic struc-
tural properties, such as pore size distribution and benzene ring
packing, to experimental measurements. After swelling of the poly-
mer membrane in solvation, the packing of the benzene rings of
the solvated membrane becomes more ordered compared to that
of a dry membrane.

Notably, the functionality of our script can be expanded in the
future to incorporate solvent effects and realistic Arrhenius-based
reaction kinetic models. This would enable a more comprehensive
analysis of the polymer crosslinking process and its practical ap-
plications.
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