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Abstract- Polyamide thin film composite (TFC) membranes are well known for their performance and
strength which normally applied in pervaporation dehydration and reverse osmosis field. TFC is
produced by the rapid reaction between aqueous and organic monomer. However, the interaction
between monomers is not well discussed at the atomic level and there is no precise tool to measure the
effectiveness of the selection of organic with the aqueous monomer to form a stable TFC layer. Thus,
this paper aims to analyze the interaction between aqueous monomer and organic monomer using the
Molecular Dynamic (MD) simulation to form the TFC membrane. This work was done by using
Piperazine (PIP) as the aqueous monomer with the combination of Trimesoyl Chloride (TMC) as the
organic monomer in the binary systems. The simulation involved the setting of Ewald Summation
Method, COMPASS force field, equilibrium phase by microcanonical, NVE (constant volumes and
total energy) and run-production stage by NPT (constant pressure and temperature). Analysis by the
Radial distribution function (RDF) explicates the intermolecular interfacial of 5.75 A between the
bonding of N (Amine) - C (TMC) atoms at the distance of 1.0 A. This study suggested that the TFC
formed by the interaction between TMC - PIP is very much stable based on the higher interaction in a
very short distance.

Keywords- Aqueous Monomers; COMPASS Force Field; Dynamic Molecular; Interfacial
Polymerization; Thin Film Composite Membrane

I. INTRODUCTION

Thin film composite (TFC) is generally produced by a rapid interfacial polymerization (IP) reaction
between amine and acyl chloride that represents aqueous monomer and organic monomer, respectively.
Prompt formation of a thin polyamide layer is expected to form when the acyl chloride-based monomer
gets contact with the amine-based monomer at the bi-solution interface. This IP method promotes the
production of a thin selective layer on top of the substrate which directly contributes to the higher
permeate flux and good selectivity. The addition of the thin film layer would not affect the substrate
structure as the substrate only acts as the mechanical support for the TFC membrane and does not
interfere with the mass transport process.

TFC is considered one of the modification methods on the dense membrane structure and commonly
used in the previous researches. This is because the typical dense membrane is easily wetted during
separation processes which shorten the exposure time when contacting with the liquid in the
pervaporation (PV), nano-filtration (NF), reverse osmosis (RO) and other processes. To avert such flaws
with an effective and economical way, TFC is the ideal choice to enclose a thin layer of hydrophilic
polymer on top of the substrate produced by the IP method [1-3]. Zuo et al. applied the interfacial
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polymerization technigue to the TFC membranes with m-phenylenediamine (MPD) and hyperbranched
polyethyleneimine (HPEI) with the trimesoyl chloride (TMC) [4,5]. In some cases, TFC membranes
were found did not enhance the separation factor performances. However, there were few studies found
that utilizing the TFC did contribute to the major escalation in the separation factor [6,7]. This may due
to the loose TFC membrane formed and swipe out during operation. Choi et al. stressed that in the end,
the importance of the fundamental study of membrane structure-performance relationship to
development better TFC membranes [8]. Thus, in addition to the parameter for the interfacial
polymerization mechanism, it is intrinsically to have an accurate selection of monomers.

Molecular dynamics (MD) simulation is purposely used to simulate the interaction between the
molecular structures at the atomistic level. It is widely used in the chemical process and pharmaceutical
field. The study on the compatibility of the materials blended is reported by researchers on
polyvinylmethylether/polystyrene, polymers/carbon nanotubes and Poly (vinyl alcohol) and Chitosan
using COMPASS force field setting [9-11]. Moreover, the system process and error of the actual
process can be firstly estimated using the simulation which assists to reduce the time and cost [12]. MD
is known for its accurate data which compatible with the results obtained from the actual process [13—
15].

Any defects and international stresses on the surfaces could deteriorate the membrane mechanical
strength. As one of the simple and economic alternative, IP provides a good strategy to overcome this
limitation by TFC polymer matrix. Thus it is very important, to ensure a good interfacial binding for
improving the polymer function and properties to be applied to processes. However, the strength of the
interfacial binding very dependable on the selection type of the aqueous — organic monomers. In our
simulations study, we focus on the chemical interaction between TMC and organic monomers
specifically Piperazine (PIP). For that reason, molecular dynamics simulations with the COMPASS
force field were the best for examining intermolecular bonding during the IP process.

Il. MODEL VALIDATION

2.1 Monomers selection using Molecular Dynamic

The membrane simulations were applied to define the interaction of organic and aqueous monomers. In
this study, amines PIP were chosen to undergo IP reaction with TMC to produce the TFC membrane as
shown in Table 1. TMC is considered superior as organic solvents and applied in the most TFC
membrane [2, 3, and 16].

Table 1: Density of TMC-agqueous monomers

Monomers Name Density (g/mol)
Organic TMC 265.47
Agueous PIP 86.14

The best pair of organic and aqueous monomer was analysed by radial distribution function (RDF)
analysis in the MD for the shortest distance for the interaction happen as well as the magnitude of the
attraction forces intra-molecules. The strongest bonding purposed the best depositing of PA TFC on the
subtract membrane. The common molecular structures of the monomers with the different number of
functional groups and chain length were presented in Figure 1. Generally, TMC having three acyl
chloride groups attach to a benzene ring and PIP contains two amine groups to create the polyamide
with the crosslinking structure.
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(b)

TMC PIP
Figure 1: The repeat unit in the monomers chain molecule: (a) TMC and (b) PIP.

2.2 Molecular Dynamic simulations on the Interfacial Polymerization Process
MD simulation study of crosslinking between aqueous monomer-TMC had been performed using
Material Studio version 7.0 software provided by Accelrys. The simulation involved the setting of
Ewald Summation Method and COMPASS force field. The equilibrium phase was performing in the
microcanonical, NVE (number molecules, volumes, and total energy) followed by run-production stage
by NPT (number molecules, pressure, and temperature).

The computer simulations have been performed in three dimensions [17] for an MD cell of a volume
V = (22.810 x 22.812 x 22.814) A2 under both the energy and temperature control ensembles at T = 298
K as shown in Figure 2. Starting with a 10:10 (by molecules) TMC-aqueous monomer solution, with a
corresponding density of about 1.00 g/cm?®. The simulations were run for a 1000 picoseconds (ps) with
the time step set 1 femtosecond (fs) for each NVE and NPT runs. The magnitude of the attraction or
repulsion interaction between PIP — TMC was analysed by Radial distribution function analysis (RDF).

Figure 2: 3D box represent the simulation of crosslinking of 10:10 (a) TMC-PIP in a binary system with the
dimensions.
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I1l.  RESULT AND DISCUSSIONS

3.1 Final cross-linking density

The final cross-linking density of the TFC membranes was computed in the run-production stage by
NPT ensembles for 1000 ps was found about 1.337. This result is in good agreement with the most
simulation works and varies from 1.1-1.38 g/cm3 [18-20]. These validations are acceptable to support
the force field parameters run in these MD simulations. According to Huang et al., higher the cross-
linking density acquired by the shorter aqueous monomers structure [6]. It was revealed in the
simulation of the shortest molecular chain, pointed out the highest cross-linking density. In the
meantime, a lower degree of crosslinking yield higher polymerization rate [21].

3.2 Cross-linking between acyl and amine functional group

Cross-linking is a process of announcing of bonding connection between a component to the pre-
existing polymer to form a large and complex repeating unit of polymer molecules. All network chains
have reacted on both ends, and each end of all chains is attached to the network at different junction
points. There are two main interaction forces involved for cross-link to fabricate TFC membrane which
are intra-molecular and intermolecular interaction. These forces can be identified using RDF analysis
from the MD simulations. Intermolecular is the major attractive forces among the atoms from different
molecules nearby to form larger molecules structure. First, Hydrogen (H) atoms leaving amine main
chain form a covalent bond with Chloride (CI) atoms which drawn from TMC molecule to form by-
product of HCI then Nitrogen (N) from amine have attractive interact with the Carbon (C) from acyl
group as shown in Figure 3. The bonding was assigned by the Van der Waal’s (VDW) parameters.
While intra-molecular is considered as minor atoms interaction. Basically, intra-molecular is the
repulsive forces between atoms with their adjacent atom in a molecule.

Intermolecular between N (Amide) — C (TMC)

R

Intermolecular between H (Amide) — Cl (TMC)

Figure 3: Intermolecular forces existed in the binary system of TMC — PIP, where 1) intermolecular bond
between H from amide group with CI from acryl group, 2) intermolecular bond between N from amide group
with C from acryl group

3.3 RDFs analysis of the intermolecular interaction

Referring to Figure 4, the main correlations to form a polymeric network is the bonding between C
atom TMC molecule and Nitrogen N atom from the amine molecule. Results show that the most
preferential sites of interactions are the between the C atom in TMC with the N atom from monomers
(maximum of the first peak). The trend shows that the distance between N (amine) — C (TMC) atoms
are in the range of 5.75 A to start the intermolecular interaction with the intensity between 1.0 A with
each other. Higher the density of chain packing donated to the larger transformation in the mean-square
bond length and mean-square bond angle which contributed to rising the bond stretching and bond
bending inside the chain [22]. The factors significantly elaborate on the enhancement of the
intermolecular interaction as well.
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Figure 4: Inter-molecular attractions between Carbon atoms of TMC and Nitrogen of PIP at 298K

The finding is considered lower compared with the work by Shen et al., which attained the C — N
atoms binding at the distance of 3.5 A between TMC and m-phenylenediamine respectively using
AMBER Force Field (GAFF) in MD simulation. This can be described by considering the structure of
the PIP [23]. PIP reported to have weakest reaction rate during the interfacial polymerization may due
to the steric hindrance effect. The results obtained agreed with the previous work carried by Huang et
al.,[6]. Existing of the steric bulk effected the IP reaction to become much slower. However, the binding
between TMC - PIP is still considered stable as the interaction occurred within the 10 A distance.

Monomer affinity with each other is an important characteristic to generate a sufficiently thin TFC
layer but excellent perm-selective membranes performance. Both repulsive and attractive forces
presented in the molecules are strongest which also attributed to the thin layer within the nanoscale
which very desirable for solvent-solvent separation relatively [24]. RDFs Trend described that the PIP
owned the alicyclic ring still able to form more stiff TFC molecular chain however TMC-PIP system
only produced semi-aromatic chain [25]. In the PIP-TMC interaction, there were two significant peaks
which at the 5.75 and 10.25 A with an average intensity of 1.11 A suggested that longer time step
required. This also can include that the polymerization rate of this binary system is weak. The stable
and compact TFC membrane is consequently reflected the membrane performances.

TFC membrane chain packing density was significantly related to the IP reaction rate. Furthermore,
according to Tsai et al., (2017) membrane created by lower chain density can be less rigid due to
penetration of aqueous monomers into TMC solution during reaction process compared with an aqueous
monomer which has greater molecule size monomers which resulting to the poor selectivity result[26].

IV. CONCLUSIONS

The idea to form a compact TFC structure on the support membrane is to avoid the loose TFC membrane
and wash away when contacting with the feed solutions. The stability of the aqueous —organic
monomers interfacial polymerization reaction was examined by the intermolecular atomic interaction
analysis. RDFs analysis shows the main bond between N-atoms in PIP and C-atoms in TMC within the
distance of less than 10 A. The high intensity at this short distance indicates that the structures of cross-
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linked PA formed are compact and stable. The RDFs analysis also shows that the interaction between
TMC with PIP depending on the cross-linking density and monomers molecule size.
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