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id and efficient platform for large-
scale construction of polyamide membranes via
automated molecular dynamics simulations

Yiran Peng, a Chi Zhang,b Ming Wu,a Guangle Bu,b Kai Fan,a Xingren Chen,a

Lijun Liang*a and Lin Zhang bc

Polyamide (PA) membranes have attracted extensive attention due to their excellent separation

performance in water treatment through reverse osmosis and nanofiltration processes. Although

numerous molecular simulation studies attempt to explore their advantages from the microstructure,

large-scale construction and simulation of PA membranes remain challenging, mainly due to the

complexity and computational intensity of cross-linking reactions of polymers in molecular dynamics

simulations. This paper introduces an automated platform called PX-MDsim for modeling and simulation

of PA membranes. PX-MDsim is based on the PXLink framework and extends its applicability to any

monomer with amino (–NH2) and carboxyl (–COOH) groups. The platform, combined with the PXLink

program, realizes the full-process automated cross-linking simulation from input preparation, initial

system construction, force field generation, functional group identification, and charge distribution

update. Moreover, the software was used to cross-link m-phenylenediamine and 1,4-bis(3-aminopropyl)

piperazine with trimesic acid, respectively, and multiple membrane structures with different cross-linking

degrees were obtained. Furthermore, the generated membrane microstructure was analyzed using

methods such as pore size distribution and order parameter, and the obtained results verified the

applicability and accuracy of PX-MDsim in constructing PA membrane structures. The platform is user-

friendly and accessible to researchers without prior expertise in molecular dynamics simulation, and it

offers new possibilities for polymer research and applications.
1. Introduction

In recent years, polyamide (PA) membranes have become the
focus of scientic research due to their outstanding separation
performance in water treatment,1 such as seawater desalina-
tion, wastewater recycling, and drinking water purication.2 Its
excellent selectivity and chemical resistance make it a main-
stream technology in the water treatment industry, especially in
reverse osmosis (RO) and nanoltration (NF) processes.3–5

In the RO process, the PA membrane works by applying high
pressure to salt water, causing water molecules to pass through
themembrane, while salt and other impurities are retained on the
other side of the membrane.4–6 The NF process is mainly used to
separate larger molecules and multivalent ions, and usually
operates at lower operating pressures.1 PA nanoltration
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membranes can efficiently separate small molecule organic
matter, ions and multivalent metals, and are particularly suitable
for water soening, wastewater treatment, and concentration and
purication processes in the food and pharmaceutical industries.7

At present, there are hundreds of PA membranes formed by
cross-linking of different ligands that have been noticed by
researchers.3 One of the most complex and critical steps in
simulating PA membranes is modeling. The challenges faced by
researchers in large-scale construction of PA membranes
mainly stem from the complexity and resource requirements of
the polymer cross-linking process.8 Simulating the cross-linking
reaction at the molecular level is not only technically complex,
but also is computer consuming.9,10 There is currently no
universal soware tool that can exibly and quickly construct
PA membranes based on different monomers and in a person-
alized manner.

In molecular dynamics (MD) simulations, the construction
of PA membranes involves cross-linking reactions of multiple
monomer molecules. The cross-linking reaction process is not
a simple chemical reaction. It involves non-covalent interac-
tions between molecules, the formation and breaking of
chemical bonds, and the accompanying energy and charge
changes.9 Aer this process, these monomers are nally
© 2025 The Author(s). Published by the Royal Society of Chemistry
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connected together through amide bonds to form a highly
cross-linked network structure.11 Therefore, in order to ensure
that the structure of the nal membrane is consistent with the
experimental results, all aspects of this cross-linking process
must be accurately handled in the simulation. This requires
accurate modeling of force elds, molecular structures, and
reaction mechanisms.

Many existing MD simulation soware (such as GROMACS,
LAMMPS, etc.) require users to have an in-depth understanding
of each step of the simulation, from force eld selection, initial
structure generation to the denition of the reaction process, all
of which require manual settings by users.12–15 To simulate
cross-linking reactions, users must not only accurately dene
the chemical reactions in the system but also congure force
eld parameters for different molecules, which typically
requires extensive experience in molecular simulations.16 For
most membrane material researchers, this highly specialized
operating threshold greatly limits the popularity and applica-
tion of the tools. At the same time, existing tools are relatively
inefficient when dealing with large-scale simulations. Most
tools are not optimized for polymer cross-linking reactions,
resulting in slow calculation speeds when dealing with complex
molecular systems.17

The core function of PXLink is to simulate the cross-linking
process of PA membranes, especially to construct polymer
networks by calculating the formation of amide bonds between
adjacent carboxyl and amino groups. It can effectively generate
cross-linked polymer membranes by combining GROMACS for
energy minimization and MD simulation. This function has
been veried to accurately simulate the structure and dynamic
behavior of cross-linked PA membranes of trimesic acid (TMA)
and m-phenylenediamine (MPD) in water treatment.9

PX-MDsim is based on the principle of PXLink and further
expands its adaptability so that it is no longer limited to specic
monomers. PX-MDsim allows users to simulate cross-linking
reaction process between carboxyl and amino groups,
enabling to construct various polymer cross-linking systems
through amino-carboxyl condensation reaction.

In this paper, we rst present the design concept and so-
ware framework of PX-MDsim. By automating the steps of input
preparation, initial system construction, force eld generation,
functional group identication, and charge distribution calcu-
lation, the repetitive tasks in traditional simulations are
simplied, signicantly improving simulation efficiency and
ease of operation. Furthermore, by simulating the cross-linking
reactions of different monomers (m-xylylenediamine and TMA,
1,4-bis(3-aminopropyl)piperazine and TMA), and analyzing
their properties and structures, the application and reliability of
this platform in the construction of polyamide membrane
structures are demonstrated, providing a new and efficient tool
for the design and optimization of membrane materials.

2. Software description
2.1 Soware overview

PX-MDsim is a highly automated MD simulation platform
specically designed to simulate polymer cross-linking
© 2025 The Author(s). Published by the Royal Society of Chemistry
reactions with amino (–NH2) and carboxyl (–COOH) monomers,
especially suitable for the construction of PA membranes and
simulation of the cross-linking process. The soware integrates
a variety of functional modules and integrates multiple
programs such as GROMACS,12,13 Packmol,18 CGenff,19,20 and
PXLink.9 The entire process from input data preparation, force
eld parameter generation to cross-linking reaction simulation
has been automated. PX-MDsim is designed to simplify user
operation, reduce human intervention, and signicantly
increase the efficiency of large-scale simulations.
2.2 Soware architecture

2.2.1 Data input and preprocessing. PX-MDsim guides the
user to input the necessary monomer information through text
prompts, including the structure les and force eld les of
small molecules with amino and carboxyl groups. The formats
of these les include ‘.pdb’, ‘.mol2’ and ‘.str’ les, which
contain the spatial structure and force eld parameters of the
molecules. We recommend using the CGenFF19,20 platform to
easily obtain ‘.str’ les. Aer that, the soware processes these
les, generates the initial system according to the user's
requirements, and ensures that the input parameters meet the
format requirements required for GROMACS simulation. In
addition, it is necessary to input the force eld le of a molecule
in which an amino molecule and a carboxyl molecule are con-
nected by an amide bond. It is used to obtain the bond angle
parameters and charge changes at the bonding position aer
the cross-linking reaction occurs. Before entering these seven
les, the user needs to name the le with the residue name of
the corresponding molecule. For example, when performing
TMA andMPD cross-linking simulations, the ‘.pdb’, ‘.mol2’ and
‘.str’ les of the corresponding molecules are named TMA and
MPD, and the force eld le of the two molecules connected by
amide bonds is named ‘TMAMPD.str’.

2.2.2 Force eld parameter generation. The soware will
rst extract atomic bonds, angles and other information from
the processed ‘.str’ le and append it to the existing residue
topology le (‘.rtp’ le) to ensure that the new molecular
structure can be correctly processed in GROMACS. PX-MDsim
introduces the cgenff_charmm2gmx script to convert the force
eld parameters in the CHARMM21,22 force eld le into
a format recognizable by GROMACS. The script can automati-
cally parse the molecular structure information in the ‘.mol2’
le, extract the topological information and force eld param-
eters related to the molecule from the .str le, and nally output
the GROMACS topology le (‘.top’ le), which contains all
bonds, angles, dihedrals and charge parameters. Aer that, PX-
MDsim will append the new force eld parameters to the
GROMACS topology le.

2.2.3 Initial system generation. PX-MDsim automatically
generates the initial structure of the simulation system by
calling Packmol. Packmol is a widely used tool in the early
stages of MD simulation. It can arrange the input molecules in
a predened three-dimensional space according to the spatial
constraints and number of molecules specied by the user, and
ensure that all molecules do not overlap and the spacing
RSC Adv., 2025, 15, 5906–5915 | 5907
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between molecules is physically and chemically reasonable,
thereby generating a reasonable initial molecular system
(Fig. 1).

Aerwards, PX-MDsim uses the ‘pdb2gmx’ command of
GROMACS to generate force eld topology information for the
entire system. PX-MDsim is pre-congured with the
CHARMM36 force eld, automatically selects the force eld,
and calls the ‘pdb2gmx’ command of GROMACS based on the
force eld information of the small molecule we added earlier,
to match the atoms, bonds, angles and other information in the
Fig. 1 Flowchart for obtaining the structure of a cross-linked polymer
membrane using PX-MDsim. Optional step is marked with dashed
boxes.

Fig. 2 Structure formula of XLN and TMA monomers and the cross-
linked polyamide.

5908 | RSC Adv., 2025, 15, 5906–5915
initial system with the CHARMM36 force eld. At the same
time, PX-MDsim will automatically prepare an atomic index le
for the system according to the residue name.

2.2.4 Functional group identication and localization. The
essence of a cross-linking reaction is a chemical reaction
between two specic functional groups, usually a carboxyl
group and an amino group, which form an amide bond through
a condensation reaction. By automatically identifying the
carboxyl and amino functional groups in the molecule, the
soware can ensure each cross-linking reaction occurs accu-
rately. At the same time, through this process, PX-MDsim can
precisely regulate the degree of crosslinking (DC) of the poly-
mer. The soware will sequentially identify the carboxyl and
amino functional groups in the molecules uploaded by the user,
as well as the amide bond (C–N) in the bimolecular structure.
Firstly, the soware identies all atoms of carboxyl functional
groups in the molecule. The script parses the bond connection
information in the molecule and constructs a connection
diagram to record the connection relationship between each
atom and other atoms, thereby identifying the carboxyl carbon
atom connected to an oxygen atom and a hydroxyl group, and
further determines whether the oxygen atom connected to it
belongs to the carboxyl oxygen or the hydroxyl oxygen. Secondly,
PX-MDsim will identify the nitrogen and hydrogen atoms in the
amino group. It also constructs a molecular connection
diagram by parsing the bond connection information. Aer
identifying the amino nitrogen atom connected to two hydrogen
atoms, the other atoms connected to the amino group are
recorded. It ensures that the atom types of all atoms involved in
the cross-linking reaction are correctly identied and classied.
Finally, PX-MDsim checks the identied carboxyl and amino
functional groups to determine whether the oxygen atom con-
nected to the carboxyl carbon atom is also connected to the
nitrogen atom in the amino group. By determining the location
of the amide bond formation could produce the cross-linking
parameters in the subsequent process. The atom types in all
identied functional groups will be recorded and replaced in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the PXLink script to ensure that the cross-linking reaction
process can be correctly personalized according to the various
molecules uploaded by users (Fig. 2).

2.2.5 Update charge distribution. Cross-linking reactions
not only involve the formation of chemical bonds, but also lead
to change in the charge distribution in the molecular
system.23,24 To ensure that these changes are accurately reected
in the simulation, PX-MDsim automatically updates the charge
distribution in the molecular system aer each cross-linking
reaction. The soware can extract the charges of the relevant
atoms before and aer the reaction, calculate the difference,
and then update the corresponding force eld le. This step
ensures that the molecular structure generated aer the cross-
linking reaction has a reasonable charge distribution,
ensuring the physical and chemical accuracy of the MD simu-
lation results. The soware rst extracts the atomic charge
values related to the crosslinking reaction from the .str le
uploaded by the user. Specically, it reads the charges of the
relevant atoms in the newly formed amide bond and the charges
Fig. 3 (a) Snapshot of the initial system. (b) Snapshot of the system w
distribution. Red represents the part with a larger pore size, green represe
a smaller pore size. The minimum pore size is 1.1002 Å and the maximu
membranes, the data in the figure are diameters.

© 2025 The Author(s). Published by the Royal Society of Chemistry
of the carboxyl and amino functional group atoms before the
reaction. The soware automatically nds and returns the
charge values of these relevant atoms based on the functional
groups and amide bonds identied in the previous step. Next,
the script compares the charges of these amide bond atoms
extracted with the charge values of the carboxyl and amino
functional groups before the reaction and calculates the charge
difference between the two. This process extracts the atom types
before and aer the reaction from different les and determines
the charge change through mathematical operations. Finally,
the script uses the charge difference as output to update the
force eld le of the molecular system, ensuring that the new
chemical bonds and atomic charges can be accurately described
in subsequent MD simulations.

For example, in the cross-linking process of TMA and XLN,
the charges of carbonyl carbon, carbonyl oxygen, amide
nitrogen, and amide hydrogen aer amide bond formation are
0.327, −0.464, −0.416, and 0.313, respectively. Before bonding,
the charges of these atoms are 0.456,−0.432,−0.818, and 0.338.
ith a density of 1.19 g cm−3 at 40% DC. (c) Visualization of pore size
nts the part with a medium pore size, and blue represents the part with
m pore size is 6.5 Å. (d) Pore size distribution of cross-linked polymer

RSC Adv., 2025, 15, 5906–5915 | 5909
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In addition, the charges of the carbon atoms connected to the
carbonyl carbon and amide nitrogen have also changed. Our job
is to calculate the charge difference of the relevant atoms before
and aer bonding, and update its value in the specied function
in the PXLink program. In this way, aer each new amide bond
is formed during the cross-linking process, the correct charge
change of the atom will be ensured. The automation of this step
ensures the rationality of the charge distribution aer the cross-
linking reaction, thereby improving the accuracy and credibility
of the simulation.

2.2.6 Cross-linking reaction process.We introduced PXLink
to perform the simulation of the cross-linking reaction process.
PXLink is a Python-based automated script specically designed
to simulate the cross-linking process of polymers such as PA
membranes.9 Its working principle is that through integration
with the GROMACS soware, the PXLink script can generate
chemical bonds between the carboxyl and amino functional
groups between molecules to form a three-dimensional cross-
linked polymer network. During the cross-linking process,
PXLink will identify the functional groups at the reactive sites,
determine whether the distance between the two meets the
reaction conditions, and determine whether to generate amide
bonds based on this. Aer generating new chemical bonds, the
Fig. 4 (a) Schematic representation of the order parameter calculation: r
rings, while q(r) denotes the angle formed by the normal vectors of adja
parameter S(r) of the adjacent monomers, and the blue solid line is the ra
and r(r) spectra and their correlation, three representative structures wer
at rz 0.48 nm, and regular bonding rings at rz 0.65 nm. (c) Schematic di
radial distances.

5910 | RSC Adv., 2025, 15, 5906–5915
script will perform energy minimization and MD simulations
through GROMACS to relax the system and bring it to equilib-
rium. PXLink will repeat this process until the DC reaches the
target value or no more atomic pairs that can form bonds can be
found. Finally, PXLink will remove all the remainingmolecules in
the system that have not been cross-linked, and obtain the cross-
linked membrane structure that the user wants.

2.2.7 21-Step compression/relaxation scheme. The 21-step
compression/relaxation scheme is a systematic approach
employed in molecular simulations to achieve a well-relaxed
and stable material structure.25 This method involves gradu-
ally adjusting the system's conditions—typically pressure and
volume—through a series of compression and relaxation cycles
to allow the material to reach an equilibrium state without
sudden energy uctuations or structural collapse. This scheme
is particularly effective for dense materials and those with
complex internal networks, such as polymers, where rapid
transitions can lead to local minima and artifacts in the simu-
lation results. In PX-MDsim, we have built-in scripts to auto-
matically execute the 21-step compression/relaxation scheme,
and users can choose whether to use it as needed. The script
uses the GROMACS tool to perform 21 iterations, each time
generating a new topology le and running a MD simulation
represents the radial distance between the centers of mass of benzene
cent benzene rings at a distance r. (b) The red dashed line is the order
dial density r(r) curve. Based on the distribution of the peaks in the S(r)
e identified: p–p parallel stacking rings at r z 0.38 nm, T-shaped rings
agramof three benzene ring stackingmethods and their corresponding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with the corresponding step parameters. The program gradually
adjusts the simulation conditions by cyclically calling the
‘grompp’ and ‘mdrun’ commands, and checks step by step to
ensure that each step runs successfully, and nally reaches
a stable equilibrium state of the system. This automated
process effectively implements the 21-step simulation and
ensures stable and consistent results.
3. Application examples

To evaluate the proposed procedure, simulations were per-
formed using m-xylylenediamine (XLN) and trimesic acid
(TMA) as well as 1,4-bis(3-aminopropyl)piperazine (DAPP) and
TMA as crosslinking monomer inputs to the soware. XLN is
a versatile crosslinking agent with two reactive amino groups,
enabling it to interact with a wide range of acidic or anhydride
monomers to form highly crosslinked polymer networks.
These crosslinked structures exhibit excellent mechanical
strength, chemical resistance, and thermal stability. DAPP is
a commonly used crosslinking agent with two amino groups
that can react with a variety of acidic or anhydride monomers
(such as TMA) to form highly crosslinked polymer
membranes. These crosslinked membranes show great
potential for application in water treatment, gas separation,
and nanoltration.26–28 TMA has also been widely studied as
a building monomer for crosslinked polymers. Because it
contains three carboxyl groups, it can form stable amide
bonds with polyamine compounds to construct membrane
structures with high mechanical strength and chemical
stability.29,30 Based on its aromatic structure, TMA gives the
membrane material high thermal stability and mechanical
strength, which makes its application under high temperature
and high pressure conditions possible.31,32 In the eld of gas
separation, the combination of DAPP and TMA can improve
the selectivity for specic gases and optimize industrial
separation processes.27

In the application cases of XLN and TMA, we mainly selected
the membrane structure with a 40% DC to deeply study the
internal thin layer structure of the obtained membrane. In the
application cases of DAPP and TMA, we obtained four
membrane structures with different DC value, respectively, to
verify the ability of the program to generate cross-linked poly-
mer membranes with different DC value.
Fig. 5 (a) Structure formula of DAPP and TMA monomers and the
crosslinked polyamide. (b) Snapshot of the initial system. (c) 3D pore
distribution map. The box size is 6.0× 6.0× 6.0 nm3 and the density is
0.8 g cm−3.
3.1 XLN and TMA

3.1.1 Input le acquisition. The structures of monomer
XLN and TMA, as well as the small molecule structure of XLN
and TMA connected by an amide bond, were drawn using the
advanced molecular editor and visualization tool Gaussview33

and exported in ‘pdb’ and ‘mol2’ formats, respectively. The
‘mol2’ structure le was uploaded to the CGenFF platform to
obtain the force eld le in ‘.str’ format.

3.1.2 Initial system creation. Fig. 3(a) shows the initial
system we built. The system consists of 305 TMA molecules and
457 XLN molecules randomly stacked in a 5.0 × 5.0 × 7.0 nm3

cube with an initial density of 1.19 g cm−3 and a 1 : 1 ratio of free
© 2025 The Author(s). Published by the Royal Society of Chemistry
carboxyl and amine groups. The process is automated and the
user only needs to input the necessary parameters.

3.1.3 Results and analysis. By modifying the target DC
value, a membrane system with a 40% DC and unreacted
irrelevant parts removed was obtained. The resulting
membrane structure is shown in Fig. 3(b). We then calculated
the pore size distribution (PSD) of the cross-linked polymer
membrane using zeo++.34–36 Fig. 3(c) shows the three-
dimensional spatial distribution of the pore size in the
membrane, with the color gradient from blue to red corre-
sponding to the change in pore size from small to large. The
minimum pore size is 1.1002 Å and the maximum pore size is
6.5 Å. As seen in Fig. 3(c), the large pore parts (red part) is not
evenly distributed, but is mainly concentrated in the local hot
spot area, showing a certain aggregation. These areas may
correspond to the parts of the membrane material with a low
DC value. The small pore parts (blue and green parts) are more
evenly distributed, covering the main structure of the
membrane, which shows that the overall structure of the
membrane has a certain regularity.

It can be seen from the Fig. 3(d), PSD from the simulation
results exhibits a normal distribution. The main peak value of
pore size ranges between 3 Å and 5 Å, corresponding to the green
and yellow parts in Fig. 3(c). It is consistent with the PSD of the
nanoltration membrane from the experiment,37–40 verifying the
accuracy of the membrane structure obtained by the program. In
addition, secondary peaks are observed in both the small pore
size area (<3 Å) and the larger pore size area (>5 Å). The distri-
bution of small pore regions may be related to the close packing
RSC Adv., 2025, 15, 5906–5915 | 5911
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of polymer segments, while the distribution of large pore regions
may be caused by insufficient local cross-linking.

In addition to this, the order parameter S(r) and radial
density r(r) were evaluated to more accurately investigate the
local structure within the cross-linked thin layer, which is
mainly controlled by the interactions between the phenyl
groups of the bonded and non-bonded monomers.41 Fig. 4
explains the calculation basis of these parameters. Here, r
denotes the radial distance between the centers of mass of the
phenyl rings, while q(r) refers to the angle formed by the normal
vectors of neighboring phenyl rings at a distance r. The order
parameter S(r) is expressed mathematically as

SðrÞ ¼ 3 cos2ðqðrÞÞ � 1

2
(1)

In this context, S(r) = 0 indicates a random arrangement,
whereas S(r) = 1 signies a perfectly ordered packing. The
relative local density of benzene rings, r(r), is calculated using
the equation

rr ¼
rðrÞ
rbulk

(2)
Fig. 6 Pore distribution map of four polymer membranes with DC: (a) 20
the occupied space and the blue areas represent the free volume.

5912 | RSC Adv., 2025, 15, 5906–5915
where r(r) represents the density of benzene rings at a distance
r, and the bulk density rbulk is dened for r > 1 nm.

As shown in Fig. 4(b), the order parameter S(r) exhibits
a sharp peak at rz 0.38 nm, corresponding to the p–p stacking
structure, while a smaller peak appears at r z 0.65 nm, attrib-
uted to regularly bonded benzene rings. On the other hand, the
radial density distribution r(r) reveals a signicant peak at r z
0.65 nm, which corresponds to the distribution of S(r). This
prominent peak in r(r) suggests that the majority of local
structures in the cross-linked polymer lm thin layer are cova-
lently bonded rings with slightly twisted orientations. Addi-
tionally, another peak observed at r z 0.48 nm corresponds to
T-shaped rings, indicating a higher occurrence of bent struc-
tures in the thin layer. These structural differences may result in
larger pore sizes compared to the ordered p–p stacking struc-
tures. These results are basically consistent with the study of
order function in other cross-linked polyamide membranes,
and also verify the rationality of the membrane structure ob-
tained by our procedure.

The position r z 0.38 nm corresponds to the parallel p–p
stacking between benzene rings. At this distance, the molecules
%; (b) 40%; (c) 60% and (d) 80%, respectively. The grey areas represent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tend to be arranged in a regular and orderly manner, and S(r)
shows a signicant peak. Although there are two geometric
stacking modes at r z 0.48 nm and r z 0.65 nm, there may be
a certain degree of rotational freedom between the benzene
rings in these two stacking modes. Different from the p–p

stacking, the molecules in these two models are in a relatively
free or random orientation state, and it reduces the S(r) value.
3.2 DAPP and TMA

3.2.1 Input le acquisition. Similar to the method in the
previous example, the structures of monomer DAPP and TMA,
as well as the small molecule structure of DAPP and TMA con-
nected by an amide bond, were drawn using the advanced
molecular editor and visualization tool Gaussview33 and expor-
ted in ‘pdb’ and ‘mol2’ formats, respectively. The ‘mol2’ struc-
ture le was uploaded to the CGenFF platform to obtain the
force eld le in ‘.str’ format.

3.2.2 Initial system creation. As seen in Fig. 5(b and c), the
initial system consists of 200 TMA molecules and 300 DAPP
molecules randomly stacked in a 6.0 × 6.0 × 6.0 nm3 cube with
an initial density of 0.8 g cm−3 and a 1 : 1 ratio of free carboxyl
and amine groups.

3.2.3 Results and analysis. By modifying the target DC
values, we obtainedmembrane systems with different DC varied
Fig. 7 The PSD data of the four polymermembranes were obtained using
(d) 80%, respectively, with peak values correspond to pore sizes of 4.1 Å, 3
normally distributed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
from 20%, 40%, 60% to 80%. Fig. 6 shows the visualized pore
size distribution of the four polymer membranes. The grey areas
represent the occupied space, while the blue parts represent the
free volume. It can be seen from the gure that the membrane
pores are distributed relatively uniformly in all four systems.
They were then divided into two groups, one group used the 21-
step equilibrium method on the obtained membrane struc-
tures, and the other group performed hydration simulation on
the membrane structures. The PSD of the two groups of cross-
linked membrane systems were calculated using the zeo++34–36

tool, and the PSD diagrams of each cross-linked membrane
were obtained, as shown in Fig. 7 and 8. Fig. 7 shows the PSD of
the membrane structure aer 21-step equilibrium method. It
can be seen that most of the pore sizes are around 0.4 nm, with
peak values of 4.1 Å, 3.8 Å, 4.2 Å, and 4.2 Å, respectively. The PSD
did not show signicant differences with the change of DC. It
indicates that the 21-step equilibrium method can stabilize the
micro-structural properties of the membrane under different
DC conditions, providing a reliable modeling method and
experimental basis for subsequent research.

Fig. 8 shows the PSD of the hydrated membranes.
Membranes with low DC usually have more structural irregu-
larities, resulting in larger holes or aggregate pores, which show
a wider PSD. As the DC increases, more covalent bonds are
formed, resulting in a denser membrane structure. This reduces
the 21-step equilibriummethod with DC: (a) 20%; (b) 40%; (c) 60% and
.8 Å, 4.2 Å, and 4.2 Å, respectively. The data observed in the figure are all

RSC Adv., 2025, 15, 5906–5915 | 5913
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Fig. 8 PSD of the solvatedmembranes formed by DAPP and TMAwith
different DC. Aggregate pores are larger pores formed by loose
packing or incompletely cross-linked regions between polymer
chains. Network pores are small, uniform pores formed by a highly
cross-linked network of polymer chains.
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the free volume within the membranes, effectively reducing the
pore size. Therefore, the PSD becomes more concentrated and
the pore size decreases. These ndings are in strong agreement
with the results reported in related study.42

All the PSD of different membranes exhibit a normal distri-
bution. It is in consistent with the experimental results. The
pore diameter of a general nanoltration membrane is usually
between 0.1 nm and 1 nm (ref. 37–40) from the experiment,
which is in good agreement with the PSD of the nanoltration
membrane in our simulation. At the same time, in another
simulation of a typical polyamide membrane, the researchers
measured the pore diameter of the dry membranemade of MPD
and TMA to be 0.4 nm,9 which is consistent with the pore size
data measured in this case. It conrms that the PX-MDsim is
suitable for building the nanoltration membrane by amino-
carboxyl condensation reaction.

4. Conclusions

In this study, PX-MDsim is proposed, an innovative MD simu-
lation platform designed for the construction and simulation of
PA membranes via automated cross-linking amino-carboxyl
condensation reaction. PX-MDsim effectively extends the func-
tionality of PXLink, providing greater exibility in simulating
a variety of monomers containing amino and carboxyl groups.
This paper introduces two application examples in detail. The
rationality and reliability of the membrane structure obtained
by the soware platform were veried by analyzing the order
parameters and pore size distribution of the PA membrane
obtained by crosslinking XLN and TMA. The exibility and
efficiency of the platform in constructing PA membranes with
different DC values were highlighted by simulating the cross-
linking process of DAPP and TMA and verifying the pore size
distribution of the results.

In future work, we plan to further optimize the algorithm of
PX-MDsim to accelerate the computation and improve the
accuracy of force eld parameter generation. It is worth
emphasizing that PX-MDsim not only provides an efficient
5914 | RSC Adv., 2025, 15, 5906–5915
simulation method for current polymer research and
membrane material design, but more importantly, it can easily
generate a large amount of simulation data. These large-scale
data create conditions for the application of machine learning
and articial intelligence in the design of new materials. By
leveraging the diverse datasets generated by PX-MDsim, we
hope to lay the foundation for AI-driven materials science
research in the future, thereby promoting the process of auto-
mated and intelligent materials development. This prospect will
enable PX-MDsim to play an even more important role in the
modern technology of new material design and optimization.

This soware is free and open to everyone. For specic usage
methods, please refer to the soware documentation in the
repository.
Data availability

PX-MDsim is a free soware and open to everyone. Installation
instructions, source code, latest documentation, and example
usage can be accessed on the GitHub repository (https://
github.com/AI4SCI-HDU).
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