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ABSTRACT: Polyamide membranes are widely used in reverse osmosis (RO)
water treatment, yet the mechanism of interfacial polymerization during
membrane formation is not fully understood. In this work, we perform atomistic
molecular dynamics simulations to explore the cross-linking of trimesoyl chloride
(TMC) and m-phenylenediamine (MPD) monomers at the aqueous−organic
interface. Our studies show that the solution interface provides a function of
“concentration and dispersion” of monomers for cross-linking. The process starts
with rapid cross-linking, followed by slower kinetics. Initially, amphiphilic MPD
monomers di-use in water and accumulate at the solution interface to interact
with TMC monomers from the organic phase. As cross-linking progresses, a
precross-linked thin film forms, reducing monomer di-usion and reaction rates.
However, the structural flexibility of the amphiphilic film, influenced by interfacial
fluctuations and mixed interactions with water and the organic solvent at the
solution interface, promotes further cross-linking. The solubility of MPD and TMC monomers in di-erent organic solvents
(cyclohexane versus n-hexane) a-ects the cross-linking rate and surface homogeneity, leading to slight variations in the structure and
size distribution of subnanopores. Our study of the interfacial polymerization process in explicit solvents is essential for
understanding membrane formation in various solvents, which will be crucial for optimal polyamide membrane design.
KEYWORDS: Interfacial Cross-linking, Polymerization, Polyamide Membrane, Atomistic Molecular Dynamics Simulations, Solvent EYect

1. INTRODUCTION
The process of preparing drinking water from seawater and
brackish water involves many stages, where the final and most
expensive stage is typically reverse osmosis (RO). In RO, water
is forced through a semipermeable membrane under pressure
that exceeds the osmotic pressure of the feed solution. This
pressure-driven process separates water from dissolved ions
and impurities, resulting in purified water. The rate at which
water passes through the membrane, known as the water flux,
is proportional to the applied pressure, while the energy
consumption of the process depends on the total pressure
applied. The critical component of RO membranes is a thin,
nanoporous amorphous polyamide layer, typically on the order
of hundreds of nanometers in thickness. This layer is created
through interfacial polymerization (IP), which involves
reacting m-phenylenediamine (MPD) and trimesoyl chloride
(TMC) in two immiscible solution (aqueous and organic)
phases, resulting in a heterogeneously cross-linked amorphous
film with nanoscale pores essential for filtration. The IP
approach to prepare thin polyamide films was demonstrated by
Mogan first in 1965,1 and Cadotte later used this method to
create the polyamide barrier layer on a microporous support,
forming thin film composite (TFC) RO membranes in 1976.2
Cadotte’s method sparked significant industrial and academic
interests, leading to the commercialization of TFC membranes

for RO applications.3 However, some challenges remain to
fabricate the IP cross-linked membrane with high performance,
i.e., maintaining high water flux and high salt rejection
capability simultaneously, at low energy production cost. A
fundamental understanding of the molecular mechanism of the
IP process is thus critical to future membrane design and
fabrication.
The IP process consists of the di-usion of monomers in

solvent and cross-linking reactions at the aqueous−organic
interface. Solvent composition at the solution interface is
crucial to the orientation, distribution, and structure of
monomers and surfactants during IP. At the microscopic
level, an interface between two immiscible solutions exhibits
thermal fluctuations, which inevitably a-ects the stability of the
cross-linked network and the formation of a uniform thin film.
Experiments have demonstrated that the solution environment
can also a-ect the cross-linking process, altering the micro-
scopic structure and performance of the resulting polyamide
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barrier layer.4−8 The use of organic solvents, such as n-hexane,
cyclohexane, heptane and isopar, was found to influence water
permeation, primarily by a-ecting MPD di-usivity and
solubility during MPD−TMC thin film cross-linking.4 The
addition of poly(vinyl alcohol) to the aqueous phase was
shown to reduce monomer di-usion, resulting in membranes
with a Turing structure, characterized by more corrugation,
voids, and islands, which can enhance water desalination.5
Incorporating ionic liquid molecules into the IP could alter the
membrane’s microscopic structure and improve the desalina-
tion performance, including permeate flux and salt rejection
ratio.6 It was also found that the addition of surfactants
accelerates MPD di-usion into the organic phase resulting in a
more complete IP reaction.9
Atomistic molecular dynamics (MD) simulations o-er

significant insights into atomic-scale details and dynamics
from subnanosecond to microsecond regimes, complementing
experimental developments.10−22 To achieve water-salt sepa-
ration and selectivity, the majority of pores in polyamide
membranes have diameters at the subnanometer scale, which
needs high-resolution atomistic simulations.13,23 Moreover, the
intricate microscopic structure of the polyamide also demands
high-resolution simulations. The molecular backbone packing
of the polyamide membrane features two aromatic packing
motifs: parallel (π−π stacking) and perpendicular (T-
shaped).24,25 Extensive atomistic MD simulations have
previously been conducted to establish cross-linked polyamide
membranes, in which cross-linking reactions were performed in
a vacuum, particularly at high temperature, to ensure a full
structural relaxation during cross-linking.13,14,18,26−29 Monte
Carlo approaches with random walks have also been adopted
to generate cross-linked polymer networks in vacuum.19
Alternative Langevin simulations with coarse-grained (CG)
models in implicit solvent have been applied to study the IP
process.30
Despite immense progress in experiments,3−9,23,25,31−38

theoretical simulations12−14,18,29,39−41 and machine learn-
ing26,42−44 for polyamide RO membranes, the e-ects of the
solution on monomer di-usion and cross-linking reactions in
the solution interface at the microscopic scale remain unclear.
The absence of explicit solvents in previous simulation studies
has limited the ability to accurately represent the solution
interface and its impact on the IP process.13,14 The goal of this

work is to study the molecular mechanism of the IP process at
the aqueous−organic interface and the microscopic structure
(heterogeneity and orientation of aromatic rings) of the
polyamide thin film in di-erent solvent environments using
large-scale atomistic MD simulations. To understand the IP
process, we perform explicit solvents in our atomistic MD
simulations. Specifically, we focus on the initial period of the IP
(less than 1.0 μs), which plays a key role in forming the cross-
linked polymer membrane. This stage involves monomer
di-usion and reactions at the solution interface, and also the
development of a thin membrane (only a few nanometers
thick) that fully covers the surface at the aqueous−organic
interface. The thin film at the solution interface lays down the
structural framework for further cross-linking and the develop-
ment of a membrane with greater thickness.
In our simulations, we use the software of LAMMPS (Large-

scale Atomic/Molecular Massively Parallel Simulator), which
enables the creation of chemical bonds between neighboring
reaction-active sites.45−49 In our simulations, MPD monomers
are initially dispersed in water, while both linear n-hexane and
ring-shaped cyclohexane are used as organic solvents to
dissolve TMC monomers. Our simulations provide new
insights into the critical role of “concentration and dispersion”
of monomers at the solution interface for cross-linking. In
addition to the study of the IP process, we characterize the
structure of the cross-linked polyamide membrane and
compare it to the previous studies to validate the reliability
of our simulations.4,13,14 Our study of the IP process in an
explicit solvent environment is crucial for understanding
experimental measurements involving di-erent solvent envi-
ronments. This new knowledge will facilitate rational design of
cross-linked polyamide membranes for various applications in
water and gas separation.

2. EXPERIMENTAL SECTION
Atomistic MD simulations of the IP process are conducted using
LAMMPS software.45 The OPLS-AA force field, commonly used in
polymer simulations (including polyamide membranes)50−53 is
employed in our simulations. To simulate the condensation reactions
for the formation of a cross-linked polyamide structure (Figure 1A),
we employ the REACTOR protocol to model predetermined
topology changes through standard force fields.46−49 This approach
involves defining topology changes in pre- and post-reaction molecule
templates, including the creation and deletion of bonds, angles,

Figure 1. Configuration of MD simulation. (A) Structure formula of MPD and TMC monomers and the cross-linked polyamide. (B) Initial setup
of the simulation systems. The top purple section is the organic phase consisting of either n-hexane or cyclohexane, while the bottom blue section is
the aqueous phase.
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dihedrals, and improper dihedrals, as well as alteration of atomic
partial charges. Molecular connectivity, atomic partial charges, and the
intra- and intermolecular interactions are updated after the cross-
linking (see Figure S1 and Table S1 in the Supporting Information),
which circumvents the need for quantum mechanical or pairwise
bond-order potential methods, thereby enabling significantly larger
system sizes and faster simulation speeds. Therefore, we can
investigate the entire IP process at large temporal and spatial scales,
including explicit solvents.

Previous experimental studies54−56 showed that the MPD/TMC
condensation reaction is much faster than the reaction of TMC
hydrolysis. Since the goal of this study is to examine the crucial initial
period of film formation within the first microsecond, we ignore the
rare events of hydrolysis and focus only on condensation reactions at
the aqueous−organic interface in our simulations. The condensation
reaction between MPD and TMC involves the breakage of two
covalent bondsspecifically, the N−H and C−Cl bondsresulting
in the formation of a new amide linkage (Figure 1A and Figure S1 in
the Supporting Information). In our simulations, the condensation
reaction is governed by the criterion that a nitrogen atom within the
amino group of MPD and a carbon atom within the acyl chloride
group of TMC must be unreacted and within a cuto- distance of 5.0
Å. This chosen cuto- is small enough to allow for relaxation of the
reacting molecules while also being large enough to achieve
satisfactory cross-linking degrees.47 The degree of polymer cross-
linking (DPC) is defined by the percentage of fully reacted TMC,
where all three amine groups have reacted with MPD monomers,
relative to the initial total number of TMC in the system (Figure
1A).13,14

In this study, two simulation systems are constructed, respectively,
for the n-hexane and cyclohexane systems, as shown in Figure 1B.
Molecular models of MPD, TMC, n-hexane and cyclohexane are
constructed using Moltemplate scripts, which also assigns the
topology information and force field parameters.57 Water molecules
are represented using the TIP3P model. In both systems, a simulation
box with a total dimension of 68 × 68 × 272 Å3 is divided into two
phases. The aqueous phase contains 300 MPD monomers and 19,488
water molecules, with a weight percent of 8.5%. The organic phase
contains 200 TMC monomers and 2,606 cyclohexane/n-hexane
molecules, with a weight percentage of approximately 19%. Due to the
inherent size limitations of MD simulations, the concentrations of
MPD and TMC in our simulations are much higher than
experimental values (typically 0.1% MPD and 0.04% TMC) to

ensure a suTcient number of monomers with the same molar ratio as
in the experiment having adequate membrane thickness. Periodic
boundary conditions are applied along the X- and Y-axes, while fixed
boundaries are assigned to the Z-axis. To prevent particles from
escaping, purely repulsive implicit walls are established at both the top
and bottom boundaries. The addition of an implicit wall has negligible
e-ects on the solution interface because our system has suTcient
length (13.6 nm) in each phase. However, it e-ectively separates the
organic and aqueous phases, allowing monomers to react only at a
single solution interface and enabling the formation of a membrane
with suTcient thickness. van der Waals interactions are modeled using
the Lennard-Jones potential with a cuto- distance of 1.2 nm. Long-
range electrostatic interactions are calculated using the Particle−
Particle Particle-Mesh (PPPM) solver.58 After system construction,
equilibration runs are initially conducted in the NVT ensemble for 2
ns, followed by NPT runs for an additional 3 ns. The system
temperature is maintained at 300 K using the Nose−́Hoover
thermostat, while the pressure is kept at approximately 1.0 atm
using the Nose−́Hoover barostat.59−62 During the initial equilibra-
tion, monomers freely di-use within and between phases, while the
cross-linking reactions remains temporarily inactive. The reaction
simulations are then performed at 300 K for 950 and 780 ns for the n-
hexane and cyclohexane systems, respectively, until the temporal DPC
curves reach plateaus. The simulations apply a time step of 1 fs. The
cross-linking reactions are evaluated every 100 fs, with only one MPD-
TMC pair selected per evaluation to prevent simultaneous bond
formation between adjacent monomers. The H+ and Cl− ions
generate from the condensation reactions are retained in the system
and allowed to di-use freely.

3. RESULTS AND DISCUSSION
3.1. Cross-Linking Dynamics. To investigate the IP

process, which involves the complex coupling of chemical
reactions and monomer di-usion, we perform atomistic MD
simulations using explicit solvents. Monomers of MPD and
TMC are first dispersed in the water phase and the organic
phase (either n-hexane or cyclohexane), respectively. Before
performing the cross-linking simulations, a short equilibration
simulation lasting 5 ns is conducted to allow the simulation
system to relax. As shown in the density profiles of solvents
and monomers in Figure 2, the aqueous−organic interface is

Figure 2. Cross-linking process of polyamide thin films. Representative snapshots and corresponding density profiles of (A) n-hexane and (B)
cyclohexane systems are shown at key time points, respectively. Fully cross-linked monomers are depicted in red and partially cross-linked
monomers in yellow. TMC aggregates are observed in both systems at 100 ns. Final membrane densities (approximately 1.2 g/cm3) are consistent
with experimental measurements (1.1−1.3 g/cm3). “n-hex”, “c-hex”, and “memb” in the legends represent n-hexane, cyclohexane, and membrane,
respectively.
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located at approximately 130 Å < z < 170 Å. As the cross-
linking simulation proceeds, MPD and TMC monomers
continue di-using to the solution interface, where they react
with each other, forming a three-dimensional cross-linked film
that increases the polymer density at the interface. By the end
of the simulations (950 ns for the n-hexane system and 780 ns
for the cyclohexane system), the highest-density regions of the
cross-linked thin layers exceed 1.2 g/cm3 (Figure 2), which is
within the experimental range (1.1−1.3 g/cm3).63
During the IP process, TMC monomers aggregate in the

bulk organic phase (Figure 2A and 2B). This observation
agrees with experiments, which show that TMC monomers
have low solubility and are prone to aggregation.64 In
experiments, monomers are usually dispersed by ultrasound
before initiating cross-linking to prevent aggregation. In our
simulations, the concentrations of monomers are much higher
than that in experiments to reduce computational load, which
can result in increased TMC aggregation in the organic
phase.65 In cyclohexane, the TMC aggregates eventually
dissolve, and the TMC monomers can gradually di-use to
the solution interface and participate in the cross-linking
reaction with the thin film (Figure 2A and Figure S2A in the
Supporting Information). However, in n-hexane, the TMC
aggregates are more stable and eventually di-use to the
solution interface, where they react with the unreacted sites of
the thin film and become part of it (Figure 2B and Figure S2B
in the Supporting Information). It is notable that throughout
the entire course of IP, a small overlap in the density profiles of
water and the organic solvent (n-hexane or cyclohexane) at the
solution interface indicates mixing of the solvents, even though
the solution interface is present (Figure 2). Additionally,
during the process of the IP, water or organic droplets form
near the solution interface and di-use to the opposite phase
(Figure 3), introducing significant heterogeneity in the

molecular dispersion at the solution interface, even though
the aqueous−organic interface remains present throughout the
cross-linking process (Figure 2). As discussed later, the mixing
of solvent molecules at the solution interface causes variations
of solvent interactions with the amphiphilic polyamide thin
film and increases the structural flexibility of the precross-
linked film, promoting further polymer cross-linking at the
solution interface.

Figure 4A illustrates the temporal evolution of the DPC
throughout the simulation, demonstrating the rate of monomer
condensation. The cross-linking process clearly exhibits
distinct stages: an initial rapid cross-linking stage followed by
one or more slower stages (Figure 4A). For cyclohexane, the
cross-linking reactions slow down after around 50 ns, while for
n-hexane, the first slowdown occurs after approximately 40 ns,
with another slowdown observed after around 600 ns (Figure
4A). To more precisely quantify the condensation reaction
rate, we also monitor the total number of bonds formed
throughout the entire process (see Figure S3 in the Supporting
Information), including reactions not counted in the DPC
definition. The temporal profiles of the total number of amide
bonds for both cyclohexane and n-hexane show trends similar
to those of the DPC temporal profiles. Our simulation agrees
with the experimental studies, which also shows a decrease in
the cross-linking rate after the initial stage of fast reactions.66
The initial IP process is very fast due to the rapid accumulation
of MPD at the solution interface and the high reactivity of the
monomers. Subsequently, the reaction rate decreases signifi-
cantly as the forming polyamide layer impedes monomer
di-usion toward the interface due to steric e-ects of the
precross-linked thin film, slowing further interactions between
monomers or between monomers and unreacted sites on the
film. As the cross-linked structure develops, the number of
uncross-linked reactive sites decreases, and those sites buried
within the thin film become less likely to react with each other.
Additionally, the decrease in the concentrations of MPD and
TMC in the bulk solution also a-ects the reaction rate. Further
discussion will be provided in the following sections.
Notable di-erences in the cross-linking rates during the

second stage are observed between the two systems (Figure
4A). After the initial stage, the n-hexane system maintains an
almost linear cross-linking rate until approximately 600 ns,
ultimately achieving about 25% higher DPC than the
cyclohexane system at 750 ns. The faster cross-linking rate
and the two slowdowns observed in the case of n-hexane,
compared to cyclohexane, can be explained by examining the
2D density maps of the polyamide thin layer in the X-Y plane
at the solution interface (120 Å < z < 180 Å), shown in Figure
4B and 4C. Compared to the thin film at the water-
cyclohexane interface at 50 ns, the density of the thin film
initially formed at the water-n-hexane interface at the same
time is more heterogeneous. This indicates that the initial
coverage of the thin film at the water-n-hexane interface is
incomplete, facilitating the di-usion of monomers and
supporting continued cross-linking reactions. Moreover, until
the cross-linked thin film fully covers the interface at
approximately 780 ns (Figure 4B), the cross-linking reaction
rate for n-hexane reaches a plateau (Figure 4A). Additional
density maps illustrating the progression of the cross-linking
process for both systems are provided in Figure S4 in the
Supporting Information. The variation in cross-linking rates is
attributed to the di-ering solubility of TMC in the organic
solvents. The higher tendency of TMC to aggregate in n-
hexane can impede continuous monomer di-usion to the
interface, resulting in a relatively slower initial cross-linking
rate and incomplete formation of the polyamide thin layer. The
water-n-hexane interface is not fully covered before 600 ns,
during which the reaction rate remains linear. After 600 ns, the
reaction rate gradually decreases until reaching a plateau at
approximately 780 ns, due to the steric hindrance at the
jamming limit of molecular packing.

Figure 3. Snapshots of the (A) n-hexane and (B) cyclohexane systems
at 500 ns, showing water and oil droplets forming in the opposite
phase. The blue background represents the water phase (bottom),
while the purple color indicates the organic phase (top). The red
beads in the water phase represents the H+ and Cl− ions produced
during the condensation reaction. The green arrows point to the
water droplets in the oil phase, while the orange arrows indicate the
oil droplets in the aqueous phase.
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The accumulation and conformations of monomers at the
interface prior to cross-linking reactions play a crucial role in
the subsequent polymerization process and ultimately
influence the structural characteristics of the formed polyamide
thin layer. Due to the distinct hydrophobicity at the interface,

MPD, being an asymmetric amphiphilic molecule, exhibits
preferential orientation. To quantify the orientation preference
at the solution interface, we analyze the distribution of MPD
orientations using the two-dimensional orientation distribution
function ω(z,θ) as follows,15,67

Figure 4. Cross-linking dynamics and density distributions in the n-hexane and cyclohexane systems. (A) Temporal evolution of the DPC. Orange
arrows in the inset indicate transition points between the initial rapid cross-linking stage and the extended slow kinetics phase, while the green
arrow denotes the second deceleration in the cross-linking process. The cyclohexane system shows a steeper initial DPC increase rate but achieves a
lower final DPC compared to the n-hexane system. (B and C) Density maps of n-hexane and cyclohexane systems, respectively, at the solution
interface near the end of the first stage (50 ns, left) and the end of the entire simulations (780 ns, right). The images are smoothed using Gaussian
blur.

Figure 5. Dynamics analysis of the two-stage cross-linking process. (A) Schematic representation of the calculation of orientation angle θ. (B) Two-
dimensional orientation distribution ω(z,θ) of MPD monomers at the interface between water and n-hexane (left) or cyclohexane (right) phases
before the initiation of reactions. In both systems, MPD monomers oriented their u⃗(t) vectors toward the negative Z-axis at the solvent interface.
(C-E) Representative snapshots of the cyclohexane system illustrating the stages of the cross-linking reaction (red: TMC, yellow: MPD): (C)
Rapid initial cross-linking of TMC and MPD molecules at the interface during the first stage. (D) Slow cross-linking between the uncross-linked
sites of cross-linked monomers within the polyamide thin layer. (E) Slow cross-linking between partially cross-linked monomers of the polyamide
thin layer and monomer di-using from the bulk. (F) Schematic diagram of reorientation dynamics calculation of cross-linked backbones. n⃗(t) is the
vector normal to the benzene ring’s planes. (G) Backbone reorientation dynamics of benzene rings, P2(t), in the cross-linked thin layer,
demonstrating the evolution of flexibility of the cyclohexane system through the initial to final time of the simulation.
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where z is the coordinate of the center of mass of MPD
monomers along the Z-axis normal to the interface, θ(t) is the
angle between the vector u⃗(t), defined by two neighboring
amino groups (−NH2) on the benzene ring of MPD, and the
negative Z-axis at di-erent times t (Figure 5A), δ(···) is the
Dirac delta function of θ(t) with respect to (θ in the grid on
the 2D density map, and ⟨···⟩ represents the ensemble average
over all MPD monomers at the solution interface for
configurations at di-erent times. Figure 5B shows the analyses
of the MPD monomers after the initial relaxation without
cross-linking. In the bulk water (z < 130 Å), MPD molecules
exhibit random orientations with θ values spanning 0 to 180
deg (Figure 5B). In the organic phase (z > 170 Å), only a few
MPD monomers present with random orientation distribution
(Figure 5B). However, at the solution interface (130 Å < z <
170 Å), MPD monomers adopt a preferential alignment, with
hydrophilic amine groups oriented toward the aqueous phase
and hydrophobic benzene rings toward the organic phase
(Figure 5B). The ordered structure of the MPD monomer at
the aqueous−organic interface is attributed to its amphiphilic
nature (i.e., the coexistence of a hydrophilic amine group and a
hydrophobic benzene ring). Such ordered alignment finally
disappears at the end of the simulations for both systems after
polyamide thin layer formed at the solution interface (see
Figure S5 in the Supporting Information). Further inves-
tigation will focus on the e-ect of the alignment of the isomers
of aromatic diamines (o-phenylenediamine (OPD) and p-
phenylenediamine (PPD)) at the aqueous−organic interface
on the structure and performance of the polymer membrane in
our future studies.68 The di-erences in the position of the
amino (−NH2) groups on the benzene ring for aromatic
diamines (MPD, OPD, and PPD) are expected to lead to
di-erent orientations at the aqueous−organic interface, which
can a-ect their distribution at the solution interface and alter
the cross-linked structure during the initial stage of cross-
linking. Moreover, the addition of surfactants and ionic liquids
also changes the interfacial and bulk properties, as well as the
distribution and di-usivity of monomers.5,68 This study can lay
the groundwork for further research to provide an in-depth
explanation of the experimental results in the future.
We use the case of cyclohexane as an example to illustrate

the IP process (Figure 5C to 5E), since both cyclohexane and
n-hexane display similar general trends. In the initial rapid
reaction stage (t < 50 ns), the absence of a thin film at the
interface allows MPD and TMC monomers to di-use freely,
initiating cross-linking (Figure 5C). As a cross-linked thin layer
forms, covering the aqueous−organic interface, it creates a
steric barrier to advance the cross-linking reaction. This
significantly slows down the subsequent cross-linking process,
which is essential for the full development of a cross-linked
polyamide membrane with suTcient thickness. During the
prolonged slow cross-linking process, uncross-linked or
partially cross-linked sites within the film can still cross-link
with each other (Figure 5D). Reactive sites initially buried
within the membrane can dynamically shift to the surface due
to large structural rearrangements of the membrane, allowing
further cross-linking with monomers from the bulk solution
(Figure 5E). To understand the driving force underlying these
microscopic dynamics in the slow cross-linking process, we
investigate the structural stability of the cross-linked backbone

in the polyamide thin film using the third term of the Legendre
polynomial P2(t),69 which describes the time-dependent
molecular reorientation of aromatic rings,

= + ·
P t

n t t n t
( )

3 ( ( ) ( )) 1
22

2

(2)

where n⃗(t) is defined as a unit vector normal to the plane
surface of an aromatic ring in the cross-linked film at time t,
while n⃗ (t + Δt) is the unit vector normal to the same aromatic
ring after a time interval Δt (Figure 5F). The rate at which
P2(t) decays to zero indicates the flexibility of the entire cross-
linked film. Figure 5G shows that the P2(t) profiles of the
cyclohexane system exhibit a rapid decay at the first stage. This
suggests that the initial precross-linked structure at the solution
interface undergoes significant structural fluctuations, making
the reactive sites in the membrane more readily available for
cross-linking. The fast decay in P2(t) in the second stage
(Figure 5G) is consistent with the microscopic dynamics
shown in Figure 5D and 5E. Driven by the phase equilibrium
and thermal motion, water and n-hexane or cyclohexane
molecules experience large fluctuations at the aqueous−organic
interface. Moreover, the cross-linked backbone of the
polyamide thin film contains hydrophobic aromatic rings and
hydrophilic amide groups, each with di-erent aTnities for
water and n-hexane or cyclohexane. The large thermal motion
at the aqueous−organic interface and the di-erences in
interactions between the hydrophobic and hydrophilic
components (i.e., hydrophilic amide groups and hydrophobic
aromatic rings) of the membrane with the mixed water and
organic solvents at the solution interface result in considerable
structural flexibility, which promotes the dispersion of reactive
sites for cross-linking. Comparison of the P2(t) profiles at
di-erent times during the prolonged cross-linking shows that
as time progresses, the cross-linking degree of the entire
structure increases, and the decay of P2(t) becomes slower
(Figure 5G).
The cross-linked polymer membrane has high conforma-

tional entropy due to the mixing of di-erent segments within
the network, which creates a variety of spatial arrangements.
More importantly, as shown in our study, the interfacial
fluctuations (i.e., fluctuations in water/hexane molecular
distribution, see Figure 2 and 3) and variations in molecular
interactions with mixed solvents (water and cyclohexane/n-
hexane) result in high structural flexibility of the precross-
linked amphiphilic film (Figure 5G) at the solution interface.
This structural flexibility enhances cross-linking at reactive sites
within the film or between these sites and the monomers from
the bulk solution in the prolonged slow cross-linking process.
Our analysis of the entire interfacial polymerization process
highlights the crucial role of concentration and dispersion of
monomers at the aqueous−organic interface for polyamide
cross-linking. This interface concentrates monomers at the
solution interface in the initial stage to enable rapid cross-
linking and later disperses active sites in the cross-linked film,
facilitating further cross-linking as the process continues.

3.2. Structures of the Cross-Linked Polyamide
Membrane. The local structures of the cross-linked thin
layer, primarily determined by the interactions between the
benzene groups of bonded and nonbonded monomers, are
characterized using order parameter S(r) and radial density ρr
calculations. Figure 6A illustrates the schematic diagram for
these calculations, where r is the radial distance between the
centers of mass of the benzene rings, and θ(r) is the angle

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c16229
ACS Appl. Mater. Interfaces 2024, 16, 65677−65686

65682

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16229/suppl_file/am4c16229_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c16229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


between the normal vectors of neighboring benzene rings at r.
S(r) is defined by the following equation,

=S r
r

( )
3cos ( ( )) 1

2

2

(3)

where S(r) = 0 corresponds to a random structure and S(r) = 1
represents a completely ordered packing. The relative local
density of benzene rings, ρr, is determined by Equation 4,

= r( )
r

bulk (4)

where ρr is the benzene ring density at r, and the bulk density
ρbulk is defined as r > 12 Å.
As shown in Figure 6B, the S(r) profiles reveal sharp peaks

at r ≈ 3.7. Å, corresponding to π−π stacking structure, and
smaller peaks at r ≈ 6.5 Å, attributed to regularly bonded
benzene rings. Notably, the S(r) of the cyclohexane system is
consistently lower than that of the n-hexane system across the
investigated distance range, indicating a less ordered overall
structure of cross-linked thin layer in the cyclohexane system.
The radial density profiles ρr show high peaks at r ≈ 6.5 Å,
aligning well with the S(r) profile, and demonstrate that the
majority of local structures in the cross-linked thin layers are
covalently bonded rings with a slightly torsional angle. Another
peak observed at r ≈ 4.8 Å corresponds to T-shaped rings13
with the cyclohexane system exhibiting a higher density in this
region compared to that of n-hexane (Figure 6B). This
suggests more bent structures within the formed thin layer,
which results in a larger pore size in the cyclohexane system
(Figure 6C). Both systems display a distribution peak at r ≈
2.0 Å, which is critical for water-salt separation and is
consistent with both experimental and simulation observa-
tions.13,14,23 However, the cyclohexane system’s curve shows a
lower distribution in the small size range and a wider
distribution in the large size range, corroborating the presence
of more bent structures within its formed thin layer. The pore

size distribution of the polyamide membrane in our study is
slightly broader, compared to previous measurements in the
literature, due to the thinner layer of the polyamide
membrane.13,14,23 In our measurement of membrane pore
size distribution, a larger surface area with larger pores of the
thin film is included because of limited data.
It is noteworthy that our simulation, which covers a time

scale close to 1.0 μs, does not account for the slow hydrolysis
reactions of TMC in water or the heat released during bond
breaking.54,55,70 To reduce the intensive computational load,
the monomer concentrations in our simulation are also higher
than those applied in the experimental conditions, leading to
increased monomer aggregation in the bulk solution. Never-
theless, in comparison to previous experimental measurements,
our simulations of interfacial cross-linking involving explicit
solvents provide consistent results.4,23,25 Our simulations
elucidate three main structural components (neighboring
bonded benzene rings and π−π conformations (parallel
stacking and T-shape)), which are detected in the experi-
ments.25 Due to computational limitations, the simulated
membrane has a thickness (∼5 nm) much less than that of the
membrane fabricated in experiments; however, the overall pore
size distribution is in agreement with experimental measure-
ment.23 The relatively wider pore size distribution observed in
the case of cyclohexane compared to the n-hexane system is
also consistent with the experiments, which showes a larger
water flux for a polyamide membrane cross-linked in
cyclohexane than in n-hexane.4

4. CONCLUSIONS
Understanding solvent e-ects on cross-linking and microscopic
dynamics can guide the design of high-performance mem-
branes for many industry applications. In this study, we
conduct atomistic MD simulations to investigate the cross-
linking process of MPD and TMC with explicit solvents. Our
study shows that the solution interface acts as a mechanism for
concentrating and dispersing monomers, which is critical for
developing a 3D cross-linked membrane structure. The IP
process consists of an initial rapid cross-linking stage followed
by slower kinetics. The aqueous−organic interface accumulates
monomers during the initial stage of cross-linking and
disperses active sites in the precross-linked film to promote
further cross-linking in the extended period. The initial rapid
cross-linking is governed by molecular di-usion. Amphiphilic
MPD monomers di-use to the solution interface, forming an
ordered structure at the aqueous−organic interface to interact
with TMC monomers. During subsequent slow cross-linking,
the solution interface is covered by a precross-linked thin film,
which significantly reduces monomer di-usion and reaction
rates at the interface. However, the cross-linked backbone of
the polyamide thin film, consisting of hydrophobic aromatic
rings and hydrophilic amide groups, exhibits large structural
fluctuations that promote further 3D cross-linking. Interfacial
fluctuations in water/hexane molecular distribution and
variations in molecular interactions with mixed solvents lead
to high structural flexibility in the precross-linked amphiphilic
film. This flexibility enhances cross-linking among the reactive
sites within the thin film, or among the uncross-linked or
partially cross-linked sites in the film and the monomers from
the bulk solution during prolonged cross-linking.
Our study shows that di-erent organic solvents a-ect cross-

linking kinetics and the microscopic structure of the polyamide
membrane. Compared to n-hexane, TMC monomers aggregate

Figure 6. Characterization of the cross-linked polyamide thin layer.
(A) Schematic diagram of the order parameter calculation: r is the
radial distance between the centers of mass of benzene rings, and θ(r)
is the angle between the normal vectors of neighboring benzene rings
at r. (B) Order parameter S(r) and radial density ρr profiles of
neighboring monomers. Three representative structures are identified:
π−π parallel-stacked rings at r ≈ 3.7 Å, T-shaped rings at r ≈ 4.8 Å,
and regularly bonded rings at r ≈ 6.5 Å. The peaks in S(r) and ρr
profiles show strong correlations. (C) Pore size distribution profiles
for n-hexane and cyclohexane systems. Both systems exhibit similar
peak pore sizes at r ≈ 2.0 Å, but the cyclohexane system demonstrates
a wider pore size distribution.
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less in cyclohexane due to higher solubility, resulting in a more
homogeneous film with greater coverage at the solution
interface during the initial rapid cross-linking, which instead,
slows down further cross-linking. In both solvents, major pores
have a radius of ∼2 Å, essential for water-salt separation.
However, the cyclohexane system exhibits more subnanopores
with a T-shaped structure and a slightly wider pore size
distribution than the n-hexane system. The analyses of
membrane structural properties are in agreement with previous
experimental measurements regardless of several assumptions
in our simulations. Our fundamental study of the IP process in
an explicit solvent environment will be critical for future design
of cross-linked polyamide membranes for various applications
in the industry.
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