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Abstract Despite extensive research, understanding the formation process of microporous polymer membranes remains an open question. De-
spite computational advances, all-atomic mechanistic studies of phase separation remain challenging. This study employed all-atom molecular
dynamics (MD) simulations to investigate the non-solvent-induced phase separation (NIPS) process in poly(vinylidene fluoride) membrane for-
mation. The simulated microstructure was consistent with that of the experimental ultrafiltration membranes, both exhibiting cylindrical
through-pores with well-defined pore walls and symmetrically connected structures. MD simulations further reveal key parametric effects: in-
creasing the polymer concentration reduces the phase separation rate, with the pore volume decreasing to 50.29% of the initial value at four
times the original concentration. Conversely, increasing the system temperature accelerated phase separation, with the pore volume reaching
111.23% of the original value at a 60 K temperature increase. The analysis of the interaction energy, diffusion coefficient, and atomic concentra-
tion provided mechanistic insights into these observations. These MD simulations enabled atomic-level visualization of the NIPS process, captur-
ing intermediate states that are difficult to observe in conventional experiments and elucidating the formation mechanism of microporous poly-
mer membranes. This not only provides a theoretical basis for preparing highly permeable, highly selective microporous polymer membranes
but also offers technical support for optimizing membrane fabrication processes.
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INTRODUCTION

With the rapid development of the technology industry, poly-
mer membranes have found widespread applications in key
sectors such as energy, environmental protection, and health-
care'! owing to their unique performance advantages, mak-
ing them one of the core materials driving industrial upgrading.
Membrane separation technology is increasingly demonstrat-
ing its strategic value as an important branch of modern materi-
al science. Among the various membrane preparation process-
es, the non-solvent induced phase separation (NIPS) method
has become the mainstream technology for the industrial pro-
duction of microporous polymer membranes owing to its sim-
ple operation, strong controllability, and wide applicability.[”]
The essence of this method is that the homogeneous polymer
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solution undergoes phase separation due to different solubili-
ties, forming a biphasic system consisting of a polymer-rich
phase and a polymer-poor phase. The polymer-rich phase solid-
ifies to form the main framework of the microporous mem-
brane, whereas the polymer-poor phase forms functionally spe-
cific microporous structures after non-solvent removal.®? This
essentially embodies a cross-scale regulatory logic from micro-
scopic molecular behavior to macroscopic membrane structure,
providing a theoretical foundation for the design of functional
membrane materials. However, traditional theoretical analyses
alone and mere experimental research are insufficient to reveal
this complex physical process. The increasingly mature numeri-
cal simulation technology has become an important means of
understanding and investigating the behavior of polymer
NIPS.l'0

Computer simulation is an important method for studying
the formation process of microporous polymer membranes,
and analyzing the formation mechanism of complex three-di-
mensional porous structures is a current research hotspot.
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Cervellere et al.l''l developed a phase-field model to simulate
the formation of porous polymer membranes by using NIPS.
The research object was a polyethersulfone/N-methylpyrroli-
done/water mixture. To verify the predictive ability of the
model, the concentration of N-methylpyrrolidone in the co-
agulation bath was varied and compared with the experi-
mental results. The cross-sectional pore morphologies and
pore sizes of the membranes formed by NIPS were evaluated
using two-dimensional and three-dimensional simulations.
The membranes were prepared experimentally and com-
pared with the simulation results, revealing a consistent de-
pendence of pore morphology on the composition of the co-
agulation bath. Blagojevic et al.l'Z employed a single, highly
coarse-grained model to investigate the sequence of evapo-
ration-induced self-assembly and nonsolvent-induced phase
separation processes. Asymmetric copolymer microporous
membranes were fabricated on Si wafers. The effects of differ-
ent thermodynamic and kinetic properties on the formation
and inhibition of the membrane structures are discussed.
Cervellere et al."3! proposed a phase-field model for thermal-
ly induced phase separation in polymer solutions, and cali-
brated it for a poly(vinylidene fluoride)/diphenyl carbonate
system. Computer simulations were conducted for isotropic
and anisotropic quenching processes. The size and connectiv-
ity of the pore structures were analyzed at different polymer
volume fractions and quenching rates. In the anisotropic
quenching simulations, dense crust formation was observed.
Furthermore, it was found that crust thickness depends on
the temperature of the water and thermal conductivity of the
polymer solution. The above computer simulations, based on
phase-field or coarse-grained scales, elucidate the phase sep-
aration process and bridge the gap between theory and ex-
periment.

The aforementioned simulations of phase separation be-
havior primarily remain at the macroscopic and mesoscopic
scales, whereas the evolution of polymer structures at the mi-
croscopic scale remains unclear. Therefore, it is necessary to
investigate the mechanism of the formation of polymer mi-
croporous membranes at the atomic scale. Liu et al.l'*l em-
ployed molecular dynamics (MD) simulations to investigate
the influence of the polymer structure on phosphate distribu-
tion within polyarylpyrimidine membranes. The results indi-
cate that during phase separation, both the electron localiza-
tion and density of the acid-loving groups within the poly-
mer affect the phosphate distribution. Strong electron local-
ization in acid-loving groups leads to phosphate aggregation
around these groups, whereas phenyl groups exhibit re-
duced attraction to phosphates, thereby promoting phase
separation. Theodorakopoulos et al.l'’! investigated the for-
mation of polyimide films during NIPS using MD simulations.
They compared two organic solvent systems, N-
methylpyrrolidone and y-butyrolactone. The porous polymer
structures formed by both solvents were similar; however, the
pore size distribution of the porous structure prepared using
the y-butyrolactone solvent system was slightly narrower. Ad-
ditionally, the influence of polymer concentration on early
stage membrane morphology was examined. Increasing the
polymer concentration reduces the solvent-accessible sur-
face area and porosity, leading to the formation of more solid

structures. The aforementioned MD simulations of NIPS be-
havior provide a reference for investigating the mechanism of
microporous polymer membrane formation. However, these
simulations lack investigations into the motion and evolution
of polymer chains during phase separation as well as studies
on material properties and environmental factors. Therefore,
employing the MD method to study NIPS behavior in the con-
text of microporous polymer membrane formation has signif-
icant theoretical value and engineering importance.

In this work, we conducted MD simulations and experimen-
tal studies on NIPS behavior during the formation of microp-
orous polymer membranes using poly(vinylidene fluoride)/
N,N-dimethylacetamide/water as the research subjects. The
motion of poly(vinylidene fluoride) (PVDF) molecular chains
and the formation mechanism of micropores during NIPS
were investigated at the microscopic level, with a particular
focus on the effects of polymer concentration and system
temperature on the membrane formation process and micro-
scopic morphology. By integrating MD simulations and ex-
perimental results, this study reveals the evolution mecha-
nism of NIPS behavior, providing theoretical guidance for op-
timizing the process parameters and product structuring in
microporous polymer membrane fabrication.

METHODOLOGY AND SIMULATION DETAILS

NIPS Process

The primary cause of NIPS behavior is the rapid and drastic de-
crease in polymer solubility due to solvent-nonsolvent ex-
change, leading to phase separation, as illustrated in Fig. 1.
When a homogeneous system formed by dissolving the poly-
mer in a solvent is placed in a non-solvent, rapid solvent-non-
solvent exchange occurs, with the non-solvent penetrating the
polymer. Because of the extremely low solubility of the polymer
in the nonsolvent, the molecular chains aggregate and precipi-
tate, forming a polymer-rich phase; water molecules gather in
the pores to form a polymer-poor phase. After drying, water
molecules (polymer-poor phase) were removed from the pores,
and the polymer-rich phase resulting from phase separation
constituted the microporous membrane skeleton.

Models

The process of polymer precipitation in nonsolvents is central to
NIPS behavior, making it essential to conduct in-depth studies
on the interactions between polymers and nonsolvents. This ex-
periment employed MD simulation to uniformly disperse poly-
mers in solvents, followed by solvent replacement with non-sol-
vents to establish an initial model for phase separation. The ini-
tial model was constructed using the Materials Studio software
through the following steps. Initially, a PVDF repeat unit was
created, and a PVDF molecular chain with a polymerization de-
gree of 1000 was obtained using this repeating unit. Subse-
quently, the PVDF molecular chain and N,N-dimethylacetamide
(DMAC) were uniformly dispersed within a box (200 A x 200 A
%100 A) at a specific ratio, yielding a homogeneous system. Fi-
nally, DMAc in the homogeneous system was replaced with wa-
ter molecules to obtain the blend configuration, which served
as the initial model for the phase separation process MD simula-
tion. The modeling process is illustrated in Fig. 2. The modeling
approach that directly replaces DMAc molecules with water
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Fig.2 Schematic diagram of constructing an initial model for the NIPS process.

molecules bypasses the solvent-non-solvent exchange process
during the NIPS procedure. This method is a time-saving and
simplified modeling approach. As such, it may have influenced
the initial phase separation process. Because this study focuses
on the phase separation behavior driven by the incompatibility
between PVDF and water, as well as the pores formed after
phase separation, a simplified modeling approach is appropri-
ate for this study.

To investigate the effects of PVDF concentration and sys-
tem temperature on phase separation during the NIPS pro-
cess, seven MD simulation models were constructed. Four of
these models contained varying numbers of molecular chains
to examine the influence of PVDF concentration on phase
separation. Within identical-volume boxes, the number of
PVDF chains was set to 5, 10, 15, and 20 and designated as
PVDEF-5, PVDF-10, PVDF-15, and PVDF-20, respectively. Addi-

tionally, for the PVDF-10 system, three temperatures were se-
lected to investigate the effect of system temperature on
phase separation: 273, 298, and 333 K. Specifically, a low tem-
perature (273 K) close to the freezing point of water, a stan-
dard temperature (298 K) representing room temperature,
and a high temperature (333 K) used to prepare the casting
solution in the experiments were purposefully selected.
Table 1 lists the composition of the model.

Simulation Process

All. MD simulations were performed using a large-scale
atomic/molecular massive parallel simulator (LAMMPS).l'® The
Polymer Consistent Force Field (PCFF)!'""~"* was employed to
describe  system interactions, primarily designed for
polymersi?°22 but also applicable to simulations involving
small molecules®? such as water. In this study, the PCFF was
employed to describe all atomic interactions, including those in-
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Table1 Composition of the initial model simulating the NIPS process.

Number of PVDF

Number of
Name Temp;rature (g‘?_ilch‘;les DMhi\limm%ﬁ;?&es H,0 molecules concentpr\a/?ic'):n (Wt%)
2H2F2)1000

PVDF-5 298 5 23973 112185 15.33
PVDF-10 298 10 20298 98176 26.58
PVDF-15 298 15 16625 80398 39.87
PVDF-20 298 20 12948 62649 53.16

273K 273 10 20298 98176 26.58

298K 298 10 20298 98176 26.58

333K 333 10 20298 98176 26.58

volving water molecules. The PCFF native water model was
used for the water molecules. To verify its suitability for simulat-
ing the NIPS process, benchmark simulations of the water
molecules were performed at 298 K and 101.325 kPa. The simu-
lated density was 0.986 g/cm?® (experimental value: 0.997
g/cm?), and the diffusion coefficient was 5.3x107° m?/s (report-
ed value in the literature: 5.28x107° m?%/s?4?%)), The simulated
density value agrees closely with the experimental value, with a
standard deviation of only 1.1%, confirming that the PCFF natu-
ral water model can accurately reproduce the thermodynamic
properties of water. The simulated value of the self-diffusion co-
efficient is extremely close to the literature-reported value, with
a standard deviation of only 0.4%, further validating the reliabil-
ity of this model in describing the hydrodynamic behavior of
water. In summary, the PCFF natural water model was suitable
for the NIPS simulations in this study.

The PCFF belongs to the ab initio consistent force-field
family, which also includes the CFF91, CFF, and COMPASS
force fields. The energy calculated using the PCFF consists of
the following five components:

Etotal = Ebond + Eangle + Edihedral + Eimproper + Enon—bonded (1)
where the sum of bond (Eyong), angle (Eyngie), dihedral (Eginedral),
and improper (Eimproper) terms denote the bonded interactions,
and non-bonded (E,onponded) t€rmMs represent the non-bonded
interactions. The bonded and non-bonded interactions are
equal to the total energy (E;qta)-

Utilizing 9-6 Lennard-Jones potential? to calculate the
non-bonded interactions.

Enon-bonded = LJ(V) = 5[2(0/)/)9 - 3(0/V)6:|/ Y <V (2)
where o is the equilibrium distance, € is the equilibrium well
depth, and the cutoff distance r. is set to 10 A. For the interac-
tion parameters between different types of atoms,””! both o
and ¢ are calculated based on the commonly used Lorentz-
Berthelot mixing rule:

Opp = 0.5 (0pp + Ogg) (3)
€pB = VEAAEBB (4)

in the formula, A and B are different types of atoms.

The entire simulation process consisted of two parts: ener-
gy minimization and MD simulations. First, energy minimiza-
tion is performed using the conjugate gradient method.[2228]
This step eliminates unreasonable phenomena caused by ex-
cessive system energy resulting from atoms being too close
in space. Subsequently, an MD simulation of the NIPS process
was conducted by utilizing the temperature and pressure sta-

bility of the NPT collective control system. The simulated sys-
tem exhibited periodicity in all the three dimensions. The
time step was set to 1 fs, with a frame of kinetic results out-
put every 5x10% steps for the analysis.

Unless otherwise specified, the final 1 fs of each trajectory
was used for the analysis, with one frame captured every 50
ps. The Open Visualization Tool (OVITO)2% was employed for
model visualization and post-processing operations. In this
study, repeated simulations were conducted on a single sys-
tem and the results obtained were nearly identical. This is be-
cause the large system size and the use of average data out-
put methods (fixed ave/time) enhanced the stability of the
data in this study. At the same time, this also demonstrates
the stability of the simulation trajectories in this study.

Data Analysis

Interaction energy and solubility coefficient

Compeatibility between PVDF and water is a decisive factor in
the NIPS process. The intermolecular forces determine the com-
patibility of different substances.2” The interaction energy cal-
culated in MD simulations can dynamically capture changes in
the interactions between materials. This enabled the prediction
of the variation in PVDF-water compatibility, further evaluating
the degree of phase separation. The interaction energy calcula-
tion process is expressed as follows:

Einteraction = Etotal - Eintramolecular (5)
where Eiya1and Einyamolecular Efer to the total energy of the sys-
tem and the energy of the intramolecular interactions (bond
lengths, bond angles, dihedral angles, etc.).

During the NIPS process, both the PVDF molecular chains
and water undergo aggregation. The cohesive energy can be
used to compare the binding forces between molecular
chains.B The cohesive energy per unit volume was defined
as the cohesive energy density. The solubility parameters
were calculated as follows:

Econ = —Einteraction (6)
_ Econ

CED = Vv (7)

& = VCED 8

where E_y, is the cohesive energy, CED is the cohesive energy
density, Vis volume, and § is a solubility parameter.

In addition, the Flory-Huggins parameter x is one of the key
methods for directly calculating thermodynamic parameters
related to phase separation.2233! The calculation process is
described by the following equation:

https://doi.org/10.1007/510118-026-3758-7
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X= Vsolvent(épolymer - <5solvent) /(R : T) )

where Vigent is the molar volume of the solvent, R is the gas
constant, and T is the system temperature.

Concentration analysis of PVDF in the X direction

To investigate the motion of the PVDF molecular chains during
NIPS, the atomic concentration distribution along the X-direc-
tion was quantified. The coordinates of all PVDF atoms in the
system are output. The system was partitioned into 20 regions
along the X-axis, and the total number of PVDF atoms within
each region was counted.

Analysis of fluorine atom counts in dynamic regions

During the NIPS process, the PVDF molecular chains aggregate
to form a microporous membrane framework. The degree of
PVDF molecular chain aggregation was investigated by calcu-
lating the number of fluorine atoms in a specific region. The flu-
orine atom in the system served as the study subject, with a
spherical region centered on this atom defined to count the
number of fluorine atoms within it. Note that the position of the
spherical region shifts with atomic movement during the phase
separation. To mitigate the impact of specific atomic locations,
ten atoms were randomly selected from the membrane skele-
ton as test subjects. The average number of fluorine atoms sur-
rounding these atoms was calculated and used as the basis for
analysis.

Analysis of molecular chain mobility

During NIPS, the atoms within the system undergo continuous
motion, ultimately leading to enrichment or separation. To eval-
uate the mobility of the PVDF molecular chains during NIPS, the
mean square displacement (MSD) and the diffusion coefficient
(D) were calculated.B'34 The MSD is a function of time, which
describes the average displacement of atoms over time:

MSD (t) = (Ir; (t) - r; (0)[”) (10)

where t is the counting time, r; (0) is the starting position of the

center of molecule j, r; (t) is the position of molecule i at the cen-
tral moment t and the brackets are the mean values.

The diffusion ability of a molecular chain can be deter-

mined by calculating D536 from the slope of the MSD curve:

1 d

D=(—=]xlim|—|MSD(t 1

(&) jim 5 mso )

To visually observe the mobility of the molecular chains,

the atomic displacements were analyzed using OVITO post-

processing and plotted as atomic displacement contour plots.

Density distribution cloud map

Conducting a density distribution analysis of the results after
NIPS is an effective method for evaluating the degree of phase
separation. The system was divided into 100 segments along
the X- and Y-directions. Along the Z-axis, the system was parti-
tioned into 1x10* grid cells. The number of fluorine atoms with-
in each cell was counted, and PVDF and water atoms were col-
or-coded to generate an atomic density cloud map.

Pore volume analysis

The homogeneous system underwent spontaneous separation
via NIPS to form polymer-rich and polymer-poor phases. Water
molecules were removed from the polymer-poor phase
through drying, forming a porous membrane framework in the
polymer-rich phase. The pore volume is a critical parameter that

affects the permeability, mechanical strength, and functional
applications of porous membranes.F’~3% Use OVITO software to
identify surface atoms and visually represent pore sizes and
morphologies. The pore surface and cross-sectional images
were color-coded with distinct shades to generate the pore
morphology maps. These pore morphology maps were pro-
cessed using OVITO to calculate the pore volume of the porous
membranes.

Experiments

Materials

PVDF (FR-904) with a molecular weight of 6x10° g/mol was ob-
tained from Shanghai 3F New Materials Co., Ltd. (China) and its
molecular weight is 6x10° g/mol. N,N-dimethylacetamide
(DMACc, >99.5%) was purchased from Tianjin Fuyu Fine Chemi-
cal Co, Ltd. (China). Laboratory water was prepared using
deionized water produced in the laboratory.

PVDF membrane prepared via the NIPS process

Dissolve PVDF in DMAc and stirred at a constant speed for 10 h
at 60 °C to obtain a uniform PVDF solution. The PVDF solution
was allowed to stand at the same temperature for 12 h to dissi-
pate bubbles. The liquid was cast onto a glass plate by using a
casting knife with a gap height of 200 um. Transfer the nascent
membranes to a 25 °C water bath to obtain solidified PVDF
membranes through the NIPS process. After spontaneous de-
lamination from the glass plate, the PVDF membranes were
stored in flowing deionized water to remove eluates. The mem-
branes were dried to remove residual moisture, yielding PVDF
ultrafiltration membranes for filtration applications.

PVDF membrane characterization

The morphology of the PVDF membrane, including its surface
and cross-sectional structure, was observed using a field-emis-
sion scanning electron microscope (FESEM, Gemini300, Carl
Zeiss AG, Germany). Cross-sections of the membrane were pre-
pared using liquid nitrogen brittle fracture. All samples under-
went gold sputtering before testing to enhance their conduc-
tivity.

The porosity of the membrane was determined using wet
and dry weighing methods. The specific procedure was as fol-
lows: the membrane was cut into samples of equal area; after
wiping the surface moisture with filter paper, the mass was
recorded as W,, the samples were placed in a vacuum oven
and dried at 60 °C for 24 h, and the mass was recorded again
as Wy. The porosity was calculated as follows:

&= (Wy - Wq) / (puASo) (12)
where ¢ is the porosity of the separation membrane; W,, and Wy
are the wet and dry weights of the separation membrane, re-

spectively; A is the membrane area; §, is the membrane thick-
ness; and p,, is the density of pure water.

RESULTS AND DISCUSSION

Non-solvent Induced Phase Separation Process

To provide a more complete thermodynamic description of the
driving forces behind the phase separation, we estimated the
Flory-Huggins interaction parameter y for the PVDF-water sys-
tem. The core of Flory-Huggins theory describes the change in
the mixing free energy (AG,,,) between the polymer and the
solvent. The Flory-Huggins parameter y incorporates both en-

https://doi.org/10.1007/510118-026-3758-7
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thalpy and entropy contributions, thereby providing a more
comprehensive reflection of the compatibility between the
polymer and the solvent. According to Flory-Huggins theory,
when x>0.5, the polymer and solvent are considered incompati-
ble. The calculated value of x=1.98 > 0.5, providing quantitative
thermodynamic confirmation of the incompatibility between
PVDF and water. This result provides direct thermodynamic evi-
dence for the occurrence of phase separation during the NIPS
process. It is precisely this thermodynamic incompatibility that
drives PVDF molecular chains to aggregate and precipitate from
the solution, forming a polymer-rich phase, while water
molecules aggregate to form a polymer-poor phase, ultimately
resulting in a microporous structure.

The essence of the NIPS process lies in the extremely low
solubility of polymers in non-solvents, which enables the
polymer to precipitate and solidify. The interaction between
the PVDF and water molecules drives this process. The evolu-
tion of the interaction energies over time and snapshots of
the phase separation process are shown in Fig. 3. Simulations
revealed extremely high interaction energies in the PVDF-H,0
system at the initial moment, which monotonically de-
creased as the NIPS process progressed. These data indicate
that the interaction between PVDF and water was most in-
tense during the early stages of phase separation and rapidly
reached a relatively stable equilibrium state over time. The
decreasing trend in the interaction energies over time is pri-
marily attributed to the thermodynamic and kinetic process-
es of NIPS.

During the first stage of phase separation (0-1 ns), a large
number of water molecules instantaneously flood the poly-
mer solution, placing the system in a highly non-equilibrium
state. The initial high interaction energy stems from the in-

stantaneous, extensive contact between water and the PVDF
chains; the subsequent decrease is due to the aggregation of
the PVDF chains, which reduces the contact area. Additional-
ly, strong dipole-dipole interactions and hydrogen bonding
between the water molecules and fluorine atoms on the
PVDF chains are also likely contributors.[40-421

During the second stage of phase separation (1-3 ns), the
PVDF molecular chains aggregate and solidify into a film. This
encapsulates most of the polymer chains within the film, re-
ducing their surface area in direct contact with water
molecules. Consequently, the number of PVDF segments ca-
pable of direct interactions with water molecules decreased
significantly, leading to a rapid decline in the interaction en-
ergy.

In the final stage of phase separation (3-5 ns), the evolu-
tion of the system structure slows down, and the membrane
morphology is established. At this stage, the interactions pri-
marily occur at the membrane interface. Consequently, the
rate of change of the interaction energy decreases significant-
ly and gradually approaches a dynamic equilibrium value.
This indicates that the NIPS process was essentially complete,
and the interaction between PVDF and water reached a rela-
tively stable state.

In summary, the variation in interaction energy clearly re-
flects the NIPS process. This process encompasses the entire
evolution from the initial vigorous motion to polymer solidifi-
cation, culminating in the transition from a non-equilibrium
state to a metastable state.

During the NIPS process, PVDF and water molecules, which
were originally intermingled, underwent phase restructuring
and aggregated to form polymer-rich and polymer-poor
phases, respectively. To quantitatively track this process, Fig. 3
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Fig. 3 Time-dependent interaction energy curves between PVDF chains and water molecules during the NIPS process at 298 K for a system
containing 10 PVDF chains with a polymerization degree of 1000. It also includes concentration distribution curves of the PVDF chain at 0, 2 and 5

ns, along with snapshots at 0, 1,2, 3,4and 5 ns.
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displays the atomic concentration distribution curves of PVDF
along the X-direction at 0, 2, and 5 ns. In the initial state, the
PVDF molecular chains were uniformly dispersed, resulting in
a relatively flat concentration distribution curve along the X-
direction. As the NIPS process progressed, the concentration
distribution curve exhibited significant fluctuations and
formed characteristic peaks. Simultaneously, the aggregation
behavior of the PVDF molecular chains can be directly ob-
served in the corresponding simulation snapshots. Taking the
5 ns time point when phase separation occurs as an example,
the concentration curve displays a sharp peak. This correlates
with the distinct phase separation morphology visible in the
snapshot, collectively indicating that the mixed configura-
tion was disrupted and separated into a water phase and
PVDF phase. The following sections provide detailed analyses
of the kinetic evolution and outcomes of NIPS.

During NIPS, the system undergoes phase separation from
a homogeneous state to a two-phase state. During this pro-
cess, the PVDF molecular chains and water molecules aggre-
gate separately. The aggregation of the PVDF molecular
chains was verified by counting the number of fluorine atoms
within a specific region, as shown in Fig. 4. In the blend con-
figuration, water molecules were uniformly dispersed within
the voids of the PVDF chains, resulting in a low number of flu-
orine atoms within the spherical region at the initial state. As
NIPS progressed, the number of fluorine atoms increased and
then stabilized, confirming the aggregation of PVDF chains
during phase separation. In the later stages of the NIPS pro-
cess, the number of fluorine atoms within the spherical re-
gion ceases to increase, indicating that a stable condensed-
phase structure is gradually formed through phase separa-
tion. The error bars in Fig. 4 reveal larger atomic number er-
rors between 1-3 ns. This is attributed to the significant varia-
tion in atomic motion speeds at different positions, leading to

150

different phase separation rates and consequently larger
measurement errors.

The rich polymer phase formed by NIPS undergoes drying
to create microporous polymer membranes, which are wide-
ly applied in water treatment,[*344 gas separation,[*54¢! bat-
tery separators,[*/] and other applications. Their tunable pore
size, high specific surface area, chemical designability, and
mechanical flexibility enable their broad utilization across
multiple domains.'% This study employed an all-atom MD
simulation method to model the microscopic mechanisms of
the NIPS process, with a particular focus on the pore struc-
ture formed during phase separation. OVITO post-processing
was used to extract the pore volume evolution during the
NIPS. Fig. 5 displays the pore volume evolution curve during
NIPS for a system containing 10 PVDF molecular chains with a
polymerization degree of 1000 at 298 K. Within the initial 0-1
ns of phase separation, the pore volume exhibits a linear in-
crease. Within the 1-3 ns stage, phase separation continued
at a slower rate, with the pore volume rising parabolically. Be-
tween 3-5 ns, the pore volume stabilized as phase separation
formed a stable porous structure. Combining the pore vol-
ume curve with simulation snapshot analysis reveals that the
NIPS process comprises three distinct stages. First, phase sep-
aration rapidly forms multiple small pores. Second, these
small pores rapidly increased in volume and coalesced into
interconnected pores. Finally, the interconnected pores slow-
ly expand, and the pore volume continues to increase until
phase separation is complete.

The key to determining whether the simulation of the NIPS
process is credible lies in whether the porous structure
formed by the numerical study matches the porous structure
formed by the actual experiment. Therefore, the microstruc-
ture formed by the molecular simulation was compared with
that of the experimentally synthesized PVDF ultrafiltration

60

Number of fluorine atoms

30

Time (ns)

Fig.4 Fluorine atom count curve within the dynamic spherical region during the NIPS process at 298 K for a system containing 10 PVDF molecular
chains with a polymerization degree of 1000, along with snapshots of the spherical region at 0, 1, 2, 3, 4 and 5 ns. (Ten fluorine atoms in the polymer
enrichment phase were selected as the subjects, and the number of other fluorine atoms within a 10 A radius of them was calculated.)
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Fig. 5 Pore volume change curve and pore morphology snapshot during the NIPS process at 298 K for a system containing 10 PVDF molecular
chains with a polymerization degree of 1000. And the schematic diagram illustrating the distinction between the polymer-rich phase (membrane

scaffold) and the polymer-poor phase (pore channel).
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Fig. 6 SEM images of the PVDF membrane surface (the separation layer), cross-section, fracture surface (the support layer) and comparison of the

SEM image and the simulated microstructure.

membrane. The laboratory-prepared PVDF ultrafiltration
membrane comprised two key structural layers: a separation
layer and a support layer (Fig. 6). The separation layer, locat-
ed on the surface skin of the PVDF membrane, functions as a
sieve and directly participates in the retention and separa-
tion of impurities. The support layer was thicker than the sep-
aration layer, featuring a loose, porous structure containing
numerous through-pores. This dual-layer design enables
PVDF ultrafiltration membranes to achieve efficient and long-
lasting separation in applications such as wastewater treat-
ment, food concentration, and biopharmaceutical produc-
tion.[48:49]

To compare the molecular simulations with the experimen-

tal results, the final frame snapshot of the simulated NIPS pro-
cess was compared with the electron micrograph obtained
experimentally. The viewing angle of the SEM images distort-
ed the three-dimensional pore structure. To standardize the
viewing angle, operations such as Replicate and Extract were
applied to both the snapshot and the electron microscope
image in Fig. 6. The NIPS process was simulated using MD,
and the resulting pore structure was similar to the pore mor-
phology observed using SEM. Both methods yielded clear
cylindrical through pores with distinct pore walls. The simula-
tion reproduced the key topological structures observed ex-
perimentally, including symmetric pore morphology and con-
nectivity. It can be demonstrated that the PCFF force field
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employed in the simulations effectively describes the interac-
tions between PVDF molecular chains and water molecules.
The simulation parameters were appropriately configured to
capture the pore structure under experimental conditions.
This comparative analysis not only demonstrates the reliabili-
ty of the simulation methodology but also provides a founda-
tion for subsequent predictive studies based on this process.

The comparison between the MD simulation results and
SEM images is qualitative and suffers from a scale mismatch.
Therefore, a quantitative parameter of porosity was intro-
duced to enable a more objective comparison. In this study,
the porosity extracted from the simulation was compared to
the experimentally calculated porosity, as listed in Table 2.
There was a deviation of approximately 6.59 percentage
points between the simulated porosity (79.05%) and the ex-
perimental porosity (72.46%), with a relative error of approxi-
mately 9.10%. This relative error falls within the typical error
range (5%-15%) for all-atom MD simulations, indicating that
the simulation is quantitatively reliable.

Table 2 Comparison of membrane porosity (simulation versus
experiment).
Porosity (%) Deviation
Simulation (PVDF-10) 79.05 0.31
Experiment 72.46 1.47

In summary, the simulations successfully reproduced the
pore morphology observed in the experiments, demonstrat-
ing the qualitative reliability of this study; the errors fell with-
in an acceptable range, providing quantitative reference val-
ues; and the simulations filled the gaps in the dynamic pro-
cesses and molecular mechanisms that could not be ob-

served experimentally. Therefore, the MD simulation method
used in this study is reliable and explanatory, capable of pro-
viding atomic-level theoretical support for the formation
mechanism of microporous structures during the NIPS pro-
cess and offering clear guidance for the optimization of ex-
perimental processes.

Concentration Dependence

To investigate the effect of PVDF concentration on the NIPS pro-
cess, the evolution and aggregation of PVDF molecular chains
were studied across different concentration systems. After
masking the water molecules in the system, the PVDF molecu-
lar chains were labeled with distinct colors. Snapshots of the
NIPS process at 298 K for the systems with different PVDF con-
centrations are shown in Fig. 7. In the initial model, the molecu-
lar chains in the systems of varying concentrations exhibited a
uniform distribution and intertwined states. During the early
stage of phase separation, nearby molecular chains aggregate
to form small PVDF clusters, initially creating multiple microp-
ores. In the intermediate stage, aggregated PVDF chains are at-
tracted to and tightly bonded with each other, causing existing
micropores to coalesce into larger pores. From this point on-
ward, the number of pores remains largely constant. In the late
stage, the continuous thermal motion of the PVDF chains fur-
ther tightened their bonds, causing the formed through-holes
to enlarge gradually until the pore size stabilized. Summarizing
the phase separation process across different concentrations re-
veals that the size of the pores formed after NIPS decreased with
increasing PVDF concentration.

The interaction energy between water and PVDF was used
as a quantitative indicator to calculate the driving force for
the phase separation. MD simulations were conducted to
compute the interaction energy between the PVDF molecu-

1ns

3ns 4ns

PVDF-5

PVDF-10

PVDF-15

PVDF-20

Fig. 7 Snapshots of the NIPS process at 298 K for systems with different concentrations of PVDF molecules having a polymerization degree of

1000.
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lar chains and the water molecules, as shown in Fig. 8(a). The
interaction energies for PVDF-5, PVDF-10, PVDF-15, and
PVDF-20 were all positive, thermodynamically confirming the
repulsive interactions between PVDF and water molecules. In
terms of the magnitude, EPVDF—ZO > EPVDF—'IS > EPVDF—'IO > EPVDF—S'
This indicates that a higher initial PVDF content leads to
greater interaction energy with the water phase, thereby en-
hancing the driving force for phase separation. Furthermore,
the interaction energy curves for all the systems exhibited an
evolutionary pattern characterized by a rapid initial decline
followed by stabilization. This reflects the kinetic evolution of
phase separation: initially, PVDF chains rapidly aggregate and
contract to avoid the unfavorable aqueous environment,
leading to the swift formation and sharpening of the inter-
phase boundary (manifested as a steep drop in repulsive en-
ergy). Subsequently, the dominant phase region forms and
reaches dynamic equilibrium, moderating the interface
changes and causing the interaction energy to stabilize. The
solubility parameters of PVDF in water at 0 and 5 ns were cal-
culated, and their variations are shown in Fig. 8(b). The solu-
bility parameter at 5 ns was lower than that at 0 ns, which re-
vealed the structural evolution of the solution system from
homogeneity to phase separation.

NIPS is a dynamic process involving continuous molecular
motion. Fig. 9 illustrates how the PVDF molecular chain con-
centration affects mobility during NIPS. The MSD curves for
systems with different PVDF concentrations at 298 K are
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shown in Fig. 9(a). The MSD of the PVDF molecular chains ini-
tially increased rapidly and then increased gradually over
time. The high initial interaction energy between the PVDF
and water molecules creates significant repulsive forces be-
tween them. The strong driving force for phase separation re-
sults in high initial mobility of the molecular chains. As the in-
teraction force decreased during the middle and late stages
of phase separation, the mobility of the molecular chains also
diminished. Additionally, an inverse relationship was ob-
served between increasing PVDF concentration and decreas-
ing MSD curves. This indicates that higher PVDF concentra-
tions reduce the molecular chain mobility during the NIPS
process. This phenomenon arises from entanglement effects
(Reputation theory):59->31 adding large quantities of PVDF
chains to the system intensifies chain entanglement. In-
creased entanglement enhances friction, thereby impeding
the molecular chain motion.

The diffusion coefficient was calculated from the MSD
curve shown in Fig. 9(b). At 298 K, the reduced concentration
of PVDF molecular chains resulted in a higher diffusion coeffi-
cient for the chains. Similarly, the atomic displacement cloud
diagram revealed more vigorous motion of the PVDF molecu-
lar chains in the low-concentration system. The diffusion co-
efficient of the PVDF-5 system was significantly higher than
that of the PVDF-20 system, indicating that low-concentra-
tion PVDF chains exhibited greater mobility during the NIPS
process. This is attributed to the following: in low-concentra-
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Fig.8 At 298K, (a) interaction energy-time curves and (b) comparison of solubility parameter changes before and after phase separation for PVDF

systems at different concentrations during the NIPS process.
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Fig. 9 At 298 K, (a) MSD-time curves and (b) diffusion coefficients and atomic displacement contour plots for PVDF systems at different

concentrations during the NIPS process.
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tion systems, the initial entanglement level of the chains is
low. To form a polymer-rich phase, the PVDF chains require
long-range diffusion, which results in a higher apparent diffu-
sion coefficient. Conversely, in high-concentration systems,
the chains are densely packed and severely entangled. Strong
topological constraints significantly limit segment motion,
thereby diminishing their diffusion capacity. This concentra-
tion-dependent difference in the molecular chain diffusion
capability is the key kinetic factor, ultimately leading to the
formation of distinct porous morphologies.

During NIPS, the PVDF molecular chains underwent a grad-
ual transition from uniform dispersion to concentrated en-
richment. The entire NIPS process was visually tracked using a
fluorine atom density cloud map (Fig. 10). In the initial state,
the PVDF molecular chains were uniformly dispersed in the
nonsolvent. When NIPS occurs at 5 ns, the system undergoes
a dramatic phase reconstruction: the polymer precipitates
from the nonsolvent, ultimately forming a two-phase struc-
ture that is significantly different from the initial state. The
morphology of the final-state structure exhibited a signifi-
cant concentration dependence. At low concentrations
(PVDF-5), molecular chains aggregated into discrete island-
like structures connected only by isolated single chains. When
concentration increases to PVDF-10, the bridging transitions
from “line” to “surface,” with sheet-like structures emerging
to link aggregates, initially forming a microporous structure
filled with water molecules. By further increasing the concen-
tration of PVDF-15, the system self-assembled into regular
strip-like structures with uniform width, constructing chan-
nels with a consistent wall thickness. At the highest concen-
tration (PVDF-20), the strip-like structures fused into an un-
evenly thick structure, ultimately resulting in pores with in-
consistent wall thicknesses. The aforementioned morphologi-
cal evolution clearly demonstrates that the initial PVDF con-
centration is the key factor regulating the final microstruc-
ture of the phase separation, which directly determines the
pore morphology and wall thickness.

The final pore structure of the NIPS directly determines the
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performance of the separation membrane. The effects of dif-
ferent PVDF concentrations on pore volume evolution and fi-
nal structure are shown in Fig. 11. Simulation results indicate
that PVDF concentration significantly influences pore volume
evolution and final structure: in the low-concentration sys-
tem (PVDF-5), phase separation occurs rapidly, with pore vol-
ume stabilizing within 2 ns; whereas in the high-concentra-
tion system (PVDF-20), the phase separation process is signifi-
cantly delayed, with pore volume stabilizing after 4 ns. This
phenomenon aligns with the previously mentioned conclu-
sions regarding the chain entanglement density and diffu-
sion coefficient. Severe chain entanglement within high-con-
centration systems restricts molecular chain mobility, there-
by delaying the pore evolution process from “pore nucle-
ation” and “pore coalescence” to “through-pore expansion,”
ultimately slowing the rate of pore volume growth. Further-
more, the PVDF concentration determines the final pore vol-
ume. As the phase separation approaches equilibrium, the fi-
nal pore volumes follow the pattern Vpyprs > Vpyprio >
Vevor.15 > Vpvpr-20- This indicates that higher polymer concen-
trations inhibit pore expansion, resulting in smaller and
denser final pore structures. Using the initial pore volume of
the PVDF-5 system as a reference (100%), the pore volume of
the PVDF-20 system at 5 ns is 50.29% of that of the former.
This finding aligns with the conclusions reported in
literature.l>l A comparison of Figs.11(b)-11(e) also reveals the
same phenomenon.

During the NIPS process, PVDF molecular chains aggregate
to form a membrane skeleton, whereas the regions occupied
by water molecules develop a pore structure after drying. To
study the pore structure characteristics quantitatively, the
system was divided into PVDF and water phases. Fig.12
shows the area comparison between the PVDF and water
phases after phase separation in systems with different con-
centrations. The phase distribution comparison clearly re-
veals that the low-concentration systems (PVDF-5 and PVDF-
10) tend to form fewer but larger pores, whereas the high-
concentration systems (PVDF-15 and PVDF-20) produce nu-
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Fig. 10  Fluorine atom density contour plots of the initial state for PVDF systems at different concentrations at 298 K: (a) PVDF-5, (b) PVDF-10, (c)
PVDF-15 and (d) PVDF-20. Fluorine atom number density contour plots at 5 ns after the onset of NIPS behavior: (e) PVDF-5, (f) PVDF-10, (g) PVDF-15

and (h) PVDF-20.
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merous smaller pores. Quantifying the pore area data from
the figure above yields the proportion of pore area after
phase separation, as shown in Fig. 12(e). The order of pore
area proportions was PVDF-5 > PVDF-10 > PVDF-15 > PVDF-
20. This phenomenon stems from the decisive influence of
the initial polymer concentration on the phase separation
thermodynamics; higher PVDF concentrations result in a
smaller volume fraction of the polymer-poor phase formed
after phase separation. Higher PVDF concentrations resulted
in a smaller volume fraction of polymer-depleted phase
formed after phase separation. This inevitably reduced the to-
tal volume of the pore phase derived from the polymer-poor
phase and the corresponding pore volume, thereby forming a
denser porous structure with finer pore sizes.

Temperature Dependence
To investigate the effect of temperature on the NIPS process,

MD simulations were conducted for systems with identical con-
centrations at different temperatures. Fig. 13 shows visualiza-
tions of the NIPS process in a system containing 10 PVDF molec-
ular chains at temperatures of 273, 298, and 333 K (water
molecules hidden). At 273 K, numerous uniformly sized pores
appear within 1 ns and subsequently coalesce slowly into larger
pores. After 3 ns of NIPS, the number of pores stabilized, where-
as the pore volume began to increase. At 5 ns, phase separation
of the system at 273 K resulted in the formation of a stable
structure. At 298 K, pores of various sizes appeared as early as 1
ns. As phase separation progressed, the large pores in the 298 K
system gradually expanded, while the small pores gradually dis-
appeared. After 3 ns of phase separation, the pore structure re-
mained largely unchanged, indicating that the phase separa-
tion process was complete, and a stable structure was formed.
At 333 K, large pores also appeared within 1 ns, but equilibrium
was reached more rapidly, with phase separation concluding at
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2 ns, and pore shapes no longer changing. Overall, temperature
had little effect on the pore structure formed after NIPS but sig-
nificantly influenced the speed of the NIPS process.

The effect of temperature on the NIPS process was deter-
mined by analyzing the magnitude of the interaction ener-
gies in the same model at different temperatures. Fig. 14(a)
shows the interaction energy variation curves for the NIPS
process at 273, 298, and 333 K in a system containing 10 PVDF
molecular chains with a polymerization degree of 1000. The
interaction energy curve indicates that the influence of the
temperature-dependent interaction energy is negligible in
the initial state, but as NIPS behavior occurs, the interaction
energy decreases. However, the rate of decrease was the
fastest at 333 K, followed by 298 K, with the slowest decrease
observed at 273 K. During the late phase of phase separation,
the interaction energy stabilized and ceased to decrease, with
values ordered as E,;3 ¢ > Eygg k > E333 - This indicates that the
temperature influences the NIPS process, with higher temper-
atures increasing the phase-separation driving force. Similar-
ly, Fig. 14(b) shows the solubility parameters of PVDF in water,
calculated using the interaction energy. The solubility param-

eter at 5 ns was lower than that at 0 ns, indicating the precipi-
tation of PVDF during the phase separation. The difference in
solubility parameter values at different temperatures sug-
gests that temperature has a smaller effect on the interaction
energy than the polymer concentration.

The effect of temperature on the phase separation rate was
determined by studying the mobility of the PVDF molecular
chains in the systems at different temperatures. Fig. 15(a)
shows the MSD curves of the PVDF molecular chains during
the NIPS process at 273, 298, and 333 K. The MSD curves ex-
hibit similar trends, but grow at different rates. The MSD
curve for the PVDF chains at 333 K increased most rapidly, fol-
lowed by that at 298 K, while the curve at 273 K exhibited the
slowest growth rate. This phenomenon arises because the
motion of the PVDF chains within the system is influenced by
molecular thermal motion.[20:551 All the microscopic particles
were constantly engaged in random motion. The kinetic the-
ory of gases serves as a bridge connecting the behavior of mi-
croscopic particles to that of macroscopic phenomena. Tem-
perature influences the thermal motion of microscopic parti-
cles; as the temperature increases, the thermal motion be-
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comes more intense. This further leads to the macroscopic
phenomena of different phase separation rates. The funda-
mental reason lies in the fact that the increased temperature
enhances the free volume of microscopic particles, resulting
in the macroscopic phenomenon of enhanced mobility with-
in the molecular chains.

The thermal motion of polymers includes micro-Brownian
motion performed by independently moving segments, and
macro-Brownian motion performed by the entire polymer
chain.l’¢>71 The diffusion coefficients of the PVDF chains dur-
ing NIPS at 273, 298, and 333 K were calculated from the MSD
curves, as shown in Fig. 15(b). At a fixed concentration of
PVDF chains in the system, the diffusion coefficient increased
significantly with increasing temperature. Similarly, the atom-
ic displacement map revealed that higher temperatures re-
sulted in a greater displacement of the PVDF fragments. The
initial model of the system undergoing NIPS at 273, 298, and
333 K is identical, meaning that the entanglement states of
the molecular chains are consistent. Constrained by entangle-
ment, the macro-Brownian motion of the molecular chains
was suppressed during the NIPS process at different tempera-
tures. However, micro-Brownian motion remains active. This
motion alters the conformation through the internal rotation
of C—C bonds along the main chain, enabling short-range
movements such as hopping and twisting within local chain
segments. The higher the system temperature, the more pro-
nounced is the micro-Brownian motion of the PVDF seg-
ments. This is the primary reason for the increased diffusion
coefficient of PVDF molecular chains at elevated tempera-
tures.

Temperature is a key parameter that influences the NIPS
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process and the final structure. To investigate its role, we sta-
tistically analyzed the elemental distribution during phase
separation and plotted the fluorine atom number density
contour plots at 273, 298, and 333 K, as shown in Fig. 16. Be-
fore phase separation occurs, the fluorine atoms are uniform-
ly dispersed throughout the system. However, after 5 ns of
phase separation, the PVDF molecular chains underwent sig-
nificant enrichment, forming a stable two-phase structure in
the final state. Although the macroscopic morphologies of
the phase-separated structures formed at different tempera-
tures are similar, the areas of the highly enriched fluorine re-
gions (red areas) exhibit significant differences. The surface
area increased with increasing temperature in the following
order: 273 K < 298 K < 333 K. This indicates that at the same
phase separation time, elevated temperatures promote the
aggregation of the PVDF molecular chains. This ultimately
leads to a higher degree of PVDF enrichment. This phe-
nomenon is primarily attributed to the temperature regula-
tion of molecular chain mobility: elevated temperatures pro-
vide the system with greater thermal kinetic energy, signifi-
cantly accelerating the motion and migration rate of PVDF
molecular chains. This enables the molecular chains to move
and aggregate more rapidly under phase-separation driving
forces, thereby achieving a higher degree of enrichment
within the same timeframe.

The influence of temperature on NIPS behavior can be fur-
ther revealed through the evolution of the pore volume and
differences in the final-state structures. Fig. 17 displays the
pore volume variation curves during the NIPS process at dif-
ferent temperatures and the corresponding final state struc-
tural simulation snapshots. The pore volume evolution curves

80

b Low Medium High

Atomic displacement
W W

(o))
o
T

N
o

Diffusion coefficient (A2/ns)
IS
o

273K 298K 333K

Fig. 15 (a) MSD-time curves and (b) diffusion coefficients and atomic displacement contour plots of the NIPS process at different temperatures for
the system contains 10 PVDF molecular chains with a polymerization degree of 1000.
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demonstrate that the temperature significantly affects both
the formation kinetics of the pore structures and the final
pore size. At 333 K, the pore volume increased rapidly and
stabilized after 2 ns, with the final pore volume significantly
higher than that of the other two groups. When the tempera-
ture was lowered to 298 K, the rate of pore volume growth
slowed down, stabilizing after only 3 ns, and the final pore
volume was smaller than that of the 333 K system. At a low
temperature of 273 K, the pore volume growth was the slow-
est, and the final pore size was the smallest among the three.
The aforementioned phenomenon is closely related to the
regulatory effect of temperature on molecular chain mobility;
elevated temperatures significantly enhance the migration
rate of PVDF molecular chains, thereby accelerating the phase
separation process. The higher phase separation rate pro-

motes faster growth of the pore volume, enabling the system
to reach thermodynamic equilibrium more rapidly under
high-temperature conditions and form a more developed
pore structure. The final pore volume significantly increased
with increasing temperature. Specifically, from 273 Kto 333 K,
the 60 K temperature increase led to an approximately
11.23% greater pore volume, further confirming the positive
promotion of pore evolution by temperature during NIPS.
The temperature-dependent pore growth is attributed to
pore coalescence and expansion driven by diffusion. The in-
creased molecular mobility (the temperature dependence of
the diffusion coefficient is shown in Fig. 15). accelerates the
frequency of collisions and mergers between adjacent pores,
thereby forming larger interconnected pores within the same
timeframe. Consequently, increasing the temperature accel-
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erated the rate of pore expansion, further increasing the pore
size.

NIPS behavior separates the homogeneous system into
polymer-rich and polymer-poor phases. The polymer-poor
phase forms pores after drying. To investigate the characteris-
tics of the porous structures obtained through NIPS, the
phase-separated model was divided into PVDF and H,0 phas-
es. Different colors were used to distinguish the PVDF and
H,0 phases, as shown in Fig. 18. At 273 K, the system formed
numerous small pores after the phase separation. When the
temperature was increased to 298 K, the pores formed after
phase separation increased in size, while the number of small
pores decreased. At 333 K, micropores coalesced into macro-
pores. Quantifying the pore area yields the pore distribution
shown in Fig. 18(e). The proportion of micropores decreased
in the order 333 K > 298 K > 273 K. This indicates that as the
temperature of the system increased, the degree of phase
separation also increased. The temperature increase intensi-
fies the molecular thermal motion, accelerating the migra-
tion speed of the molecular chains, thereby enhancing the
phase separation of the system.

CONCLUSIONS

This study employed an all-atom MD simulation to reveal the
microscopic mechanism of the NIPS process at the atomic scale.
This study delves into two variables: polymer concentration and
system temperature. The study delves into the interaction ener-
gy, diffusion coefficient, and pore volume data during phase
separation, and further analyzes their impact on the NIPS pro-
cess. The strong interaction between the water molecules and
fluorine atoms on the PVDF molecular chains thermodynami-
cally confirms the repulsive force between the PVDF and water
molecules. This constitutes the fundamental driver of phase
separation. Furthermore, comparisons were made between lab-
oratory-synthesized microporous polymer membranes and the
simulated pore structures. The MD simulations successfully re-
produced the key topological parameters observed experimen-
tally, such as the symmetric pore structure and connectivity,
capturing the equilibrium structure under experimental condi-
tions. This comparative analysis not only demonstrates the relia-
bility of the simulations, but also provides a foundation for sub-
sequent predictive studies based on this methodology.

MD simulations indicated that polymer concentration influ-
enced both the rate and pore morphology of the NIPS pro-
cess. Higher polymer concentrations within the same volume
lead to more severe entanglement between the polymer
chains, consequently reducing the phase-separation rate. Fur-
thermore, polymer concentration determines the volume
fraction occupied by the polymer-rich phase formed during
phase separation, resulting in distinct pore morphologies af-
ter separation. The pore volumes after phase separation fol-
lowed the order VPVDF—S > VPVDF-10 > VPVDF—15 > VPVDF-ZO' When
the system temperature varied while the polymer concentra-
tion remained constant, the effect of temperature on the
phase separation rate became more pronounced. Under
high-temperature conditions, the thermal motion of the
molecular chains intensifies, thereby accelerating phase sepa-
ration. At system temperatures of 273, 298 and 333 K, the dif-
fusion coefficients of PVDF molecular chains are 17.81, 31.31

and 41.95 A2/ns, respectively. The pore volumes during phase
separation were Vi33k > Vaggk > Vozzk. MD simulations en-
abled the visualization of dynamic processes, capturing the
entire structural evolution pathway. They provided a precise
analysis of the intermolecular interactions and revealed inter-
mediate states that are difficult to observe through conven-
tional experiments. Furthermore, these simulations facilitate
efficient screening by elucidating polymer-non-solvent inter-
action mechanisms and enabling phase separation simula-
tions under highly toxic or extreme conditions, thereby pro-
viding guidance for the experiment.
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