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sights on the role of film thickness
on the physical properties of ultrathin polysulfone
membranes†

S. S. M. Lock, K. K. Lau, * A. M. Shariff, Y. F. Yeong and M. A. Bustam

Although it has been reported that physical properties of polymericmembranes inherit thickness dependent

characteristics, typically when they are subjected to confinement at an ultrathin dimension (<1000 Å),

deviations from their bulk counterpart are still not completely understood. An empirical investigation of

physical properties for an ultrathin membrane at laboratory scale is difficult, time consuming, and costly

which is attributed to challenges to fabricate defect-free films with ultrathin thickness and that requires

special instruments at critical conditions. In our current work, a Soft Confining Methodology for Ultrathin

Films was conducted to simulate ultrathin polysulfone polymeric membranes of varying thicknesses, l, to

resemble their actual size in the thickness dimension. Subsequently, physical properties of the

constructed ultrathin films, e.g., density and glass transition temperature, have been elucidated from an

atomistic insight. Quantitative empirical models have been proposed to capture thickness-dependent

physical properties upon ultrathin confinement. In addition, free volume and cavity distribution was also

quantified in order to elucidate the evolution in membrane morphology and to satisfy a previous

research gap of deficiency in system dimension dependent cavity sizes. On the whole, it was found that

a thinner structure exhibits higher structural density and lower glass transition temperature, as well as

lower free volume and cavity sizes. The findings from the present work are anticipated to propose an

alternative from a molecular simulation aspect to circumvent complexities associated with experimental

preparation and testing of ultrathin polymeric membranes, while providing direct elucidation and

quantification of thickness-dependent physical properties in order to enhance understanding at

a molecular perspective.
1. Introduction

A smaller dense polymeric membrane thickness can be ratio-
nalized as having a smaller resistance through the barrier that
controls the relative rate of transport of various species, which
contributes to larger permeation that can remove impurities
under a smaller membrane area requirement.1–3 To date,
virtually all gas separation membranes are fabricated in the
order of 1000 Å or less to be commercially viable (e.g., large feed
ux and high impurities content).4 Nevertheless, a bottleneck to
further expand usage of ultrathin polymeric membranes in
industrial applications has emerged. A major challenge has
arisen from deviation of thin polymeric lms as compared to
their bulk state,5 typically when the membrane material is
created upon connement (i.e., less than 1000 Å thick). Some
physical properties that have been reported to exhibit thickness-
ent of Chemical Engineering, Universiti
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dependent characteristics in previously published literature
include glass transition temperature, coefficient of thermal
expansion, mechanical modulus and loss, dielectric and
acoustical equivalents, and reduction capacity, as well as rate of
diffusion through the polymeric lm.6 Deviation of thickness-
dependent physical properties upon connement is still not
completely understood and remains an intriguing area of
debate. The empirical investigation of properties for ultrathin
membrane at a laboratory scale is difficult, time consuming,
and costly because of challenges to fabricate defect-free lms at
a smaller thickness that requires special instruments at critical
conditions (such as high rotation speed, and elevated temper-
ature and pressure).7–10 In addition, although in a real experi-
mental set-up nanolms are typically grown on a support,
computationally via modelling free-standing sheets, one can
enquire into the inherent stability and physical properties of
different nanolm structures independently of a specic
support.11

In this context, molecular simulation has been proposed as
a feasible alternative to provide insights into material behaviour
in a conned system from an atomistic point of view, usually
achieved via a coupling of molecular dynamics (MD) and
This journal is © The Royal Society of Chemistry 2017
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a Monte Carlo (MC) technique.12 Several published literature
reports have been devoted to simulation of ultrathin polymer
lms adopting different methodologies in the manner of user-
dened pseudo codes to simulate interactions between a poly-
mer and interfaces; i.e., typically work demonstrated by Mans-
eld and Theodorou, Baschnagel & his co-workers, and Kim &
Yamamoto and Torres et al.13–19 Manseld and Theodorou pio-
neered molecular simulation of free standing thin polymer
lms and compared it to cases of strongly and weekly inter-
acting interfaces in order to study the effect of surfaces on the
equilibrium structure and dynamic behaviour of polymer melts
by means of dynamic Monte Carlo simulation evolving beads in
a lattice model.13 In later work by Baschnagel & his co-workers,
a series of papers have been published in the work of MD for
thin polymer lms through adaptation of the bond-uctuation
lattice model, in which non-entangled polymer melts conned
between two solid walls were simulated.14–16 In later work,
Baschnagel & co-workers also simulated free surfaces through
manipulation of a soer wall potential dened manually by end
users, which resulted in enhanced dynamics next to the
surfaces.17 Kim & Yamamoto conducted MD simulations on
a supercooled liquid to evaluate the effect of nite sizes to the
relaxation adopting periodic boundary condition (PBC) meth-
odology through incremental numbers of interacting atoms
while ignoring the connement effect.18 Their studies depicted
a pronounced size effect observed in the relaxation behaviour at
temperatures below the critical temperature, TC, when size of
the cooperative particle motions becomes comparable to the
unit cell length of the small system. Torres et al. adopted
a coarse-grained continuum representation of unentangled
polymers to simulate free standing and supported polymeric
lms in the near vicinity of glass transition.19 Recently, Nie et al.
employed dynamic Monte Carlo simulations to study local
segmental mobility and local Tgs in ultrathin polymer lms, in
which their simulation results provide new insights into eluci-
dation of key factors underlying the layer Tg from a molecular
level point of view.20 A comprehensive review pertaining to
molecular simulation and modelling of material in conned
geometries has been provided in work by Alcoutlabi &
McKenna.21

From review of previously published literature, it is found
that various methodologies have been proposed to simulate
polymeric structures upon nano scale connement. Nonethe-
less, previous works pertained almost exclusively to imple-
mentation of ultrathin molecular structures as end effects,
while analysis based upon the constructed structures to study
physical properties upon connement received less scrutiny.
This limitation has been attributed to requirements of
complicated user-dened pseudo codes and inevitably high
performance computers to perform molecular modelling of any
reasonably sized system. Complexity associated to molecular
simulation work has hindered further applications in other
elds, such as engineering and pharmaceuticals, in which
physical properties play an important role in governing material
selection. Based on the above motivation, molecular design
soware has emerged over recent years which directly supports
the construction of molecular models in a graphical-interface
This journal is © The Royal Society of Chemistry 2017
manner while providing additional analytical tools to predict
physical properties of a simulated structure. Nonetheless, to
date in order to reduce simulation time in such molecular
systems, the only possible way for researchers is to consider
a smaller simulated structure, which has been compensated by
using PBC and assuming uniform characteristics throughout
the polymeric matrix, to represent its corresponding real system
of any size.22–24 Therefore, it is of paramount importance to
simulate ultrathin polymeric lms through incorporation of
lm thickness effects in order to elucidate physical properties.
The objective is to acquire a better fundamental elucidation
underlying the characteristics of ultrathin polymeric lms,
typically for membrane gas separation considering the adverse
effect of sample sizes to physical properties, which can be
consequently employed in design and selection of membrane
materials.

In particular, it is of utmost vitality to elucidate the physical
characteristic of free volume distribution in amorphous poly-
mers in order to evaluate their spatial arrangement and
membrane morphology. Rather than adopting a single free
volume value that merely describes the amount of free spaces
contained within a polymer structure, cavity distribution
provides additional intuitive information regarding allocated
cavity sizes as a route for channeling a certain gas molecule.25

Among commonly employed methods in locating and sizing
cavities is the Cavity Energetic Sizing Algorithm (CESA), which
was originally developed by in't Veld et al. to determine cavity
size distribution in liquids, including hard sphere (HS) and
Lennard-Jones (LJ) uids, SPC/E water, as well as for two
isomeric polyimides based on energetic considerations. In this
approach, a cavity is dened as the space with a well-dened
centre, whereby a local minimum in repulsive particle energy
eld is dened, while overlapping cavities form clusters, which
are representative of free volume distribution.26,27 The proce-
dure and equations underlying CESA have been reviewed in
Fig. S1 in ESI.†

Wang et al. employed the CESA algorithm to demonstrate
that free volume distribution is vital in characterizing the
separation performance of two high free volume polymers, poly
[1-(trimethylsilyl)-1-propyne] (PTMSP) and a random copolymer
of 2,2-bis (triuoromethyl)-4,5-diuoro-1,3-dioxole (TFE/BDD)
with a similar total free volume but highly distinct perme-
ability performance.28 In another work, Wang et al. also adopted
CESA to study cavity size distribution and diffusion in para and
meta isomers of polymers.29 Jiang et al. adapted CESA to
demonstrate that newly proposed thermally reduced (TR)
polymers have higher cavity size distribution as compared to
their precursors, which further facilitates research work in this
particular material.30 Golzar et al. extended the application of
CESA to determine the free volume distribution of nano sized
silica particles-lled membranes in order to demonstrate
improvement of gas permeability with existence of llers.31 In
our recent work, we adapted CESA to elucidate cavity size
distributions of several polymeric membranes commonly
adapted in gas separation, ranging from low to high free volume
polymers, which have been further correlated with gas perme-
ability data to provide an intuitive explanation related to
RSC Adv., 2017, 7, 44376–44393 | 44377
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disparity observed among transport properties of the polymeric
membranes.25 Similarly, to date, CESA has merely been applied
in a glassy polymer structure with a well-dened periodic
boundary to permit considerable simplication to the model-
ling process. The question of system size dependent cavity size
distribution remains open and one that has not been addressed
yet.

Hence, the objective of this study is to investigate the effect
of connement towards physical properties of polymeric
membranes at the nanoscale dimension in order to elucidate
the appreciably thickness dependent deviation from bulk
structure, which has remained elusive until currently.32 In our
present work, a So Conning Methodology for Ultrathin Films
(SCMUF) was implemented to incorporate the inuence of nite
size effect upon connement in molecular dynamics simula-
tions adopting Materials Studio 8.0 molecular soware. The
“so” terminology earns its name since the physical system
under consideration can be exibly altered and compacted
according to the subjected simulation conditions. The meth-
odology has been evolved and improvised from Liu et al. work
that proposed xenon crystals as a conning layer to compact
a polymeric structure into a well-dened density distribution for
creating molecular models of amorphous polymer surfaces.33

Nonetheless, in this work, rather than refrain the study to
elucidation of merely the polymer surfaces that has provided
scarce information involving the entire molecular structure, the
ideology has been extended to simulate ultrathin PSF
membrane lms of varying thicknesses (<1000 Å). In short, the
novelty of our current work has been highlighted from two
standpoints. First, unlike previous work that adopted a well-
dened periodic boundary condition to simulate bulk poly-
mer membrane without consideration of sample size effects
with Materials Studio molecular soware, a so conning
methodology was adopted to simulate membrane lms at
nanoscale dimensions with varying size, which resembles its
actual thicknesses. Second, physical properties of the con-
structed PSF lms, which include that of density, glass transi-
tion temperature, free volume and cavity distribution, were
analyzed from a molecular perspective and quantied to
address interrogation of thickness-dependent properties and
morphology in polymeric membranes that have not been
resolved in previous works.
2. Methodology

The methodology is subdivided into two major sections: (1)
molecular simulation to construct PSF polymeric lms, and (2)
physical property analysis.
2.1 Molecular simulation

In this section, details of the information and procedure
adopted for model construction of PSF polymeric lms at
varying nite dimensions based on SCMUF through employing
Materials Studio molecular soware are elaborated. Overview
and chronological development underlying the simulation
methodology is provided in Fig. S2 in ESI.† On the whole, the
44378 | RSC Adv., 2017, 7, 44376–44393
methodology proposes combination of a molecular modeling
sequential procedure and a self-dened script to simulate
actual dimensions of polymeric membranes upon connement
with varying thicknesses. In all circumstances the computation
of molecular simulation was performed from 3 initial congu-
rations, and the average value was reported to ensure statistical
certainty. To the best of our knowledge, SCMUF is a pioneering
molecular simulation work that incorporates the effect of lm
thickness to construct ultrathin membrane systems within
Materials Studio, which has surpassed previous works that
merely adopted the periodic boundary condition (PBC).

2.1.1 Force eld. Molecular structures were simulated
through adaptation of Materials Studio 8.0 developed by
Accelrys Soware Inc.34 The selection of force eld plays
a pivotal role in molecular simulation in order to capture
important interactions among molecules while neglecting weak
interactions to ensure adequate accuracy and, simultaneously,
to minimize computational time. The Condensed-phase Opti-
mized Molecular Potentials for Atomistic Simulation Studies
(COMPASS) force eld was adopted consistently in our current
work since it was evaluated in previous simulation work by
Golzar et al. which demonstrated that it can produce structural
density of a PSF membrane under the assumption of PBC,
which is in close agreement with experimental data.31 The
fundamental equation governing the COMPASS force eld is
provided in (S1)–(S4) of ESI.† In this work, the Ewald method
with an accuracy of 0.001 kcal mol�1 was adopted to describe
electrostatic interactions, while the van der Waals interaction
was characterized via the Lennard-Jones-9–6 function.25 The cut
off distances in the x, y, and z directions were set to 7.5 Å, 7.5 Å,
and 45–500 Å, respectively (spline width of 1 Å and buffer width
of 0.5 Å), whereby the range corresponds to less than half of the
cell length.

2.1.2 Construction of single linear PSF chain. It has been
reported in published literatures that polymer architecture,
namely linear, chain, ring and star structures, affects the
packing and dynamics of materials, which ultimately leads to
distinction in property prediction.35–37 In this study, the thin
membrane lm was constructed from a linear polymer chain,
whereby it is mostly comprised of a single continuous structure
of repeat units.38 The adaptation of a linear polymer chain has
been utilized extensively in a previous molecular dynamics
study devoted to simulation of polymeric membrane and thin
lms. It was reported that simple layers are oen made up of
a linear polymeric chain.39 This is especially applicable for
a polysulfone (PSF) membrane since it was reported to be linear
in previously published literature40 to constitute its high density
nature.

The repeat unit of a pure PSF monomer, which was created
in Materials Studio 8.0, was adapted to simulate polymeric
membranes, such as that depicted in Fig. 1.

To simulate a pure PSF membrane, a PSF chain of 20 repeat
units with head-to-tail orientation and isotactic tacticity was
located in the Forcite module of Materials Studio 8.0, which was
subsequently subjected to energy minimization and geometry
optimization.31 A polymeric chain of 20 repeat units was
employed since it has been demonstrated in previous work by
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The chemical structure for a polysulfone repeated single chain;
purple: hydrogen, grey: carbon, yellow: sulphur, red: oxygen atom.
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Golzar et al. to be relatively successful in simulating bulk PSF
polymeric membranes without consideration of sample size
and connement effects. In addition, the relatively shorter
polymeric chain was employed to increase the success rate of
compacting within conned dimensions. An explanation was
attributed to the rationalization that longer chains get entan-
gled together in comparison to their shorter counterparts,41

which increases intermolecular resistance during molecular
treatment within the conned space, further leading to incre-
ments in computational cost and chances of termination
throughout MD. Other than that, it has been demonstrated in
previously published literature that the properties of a physical
system are governed and dominated by mobility of the faster
moving (shorter) polymer chains.42,43 In our current work, the
same number of repeat units to constitute a polymeric chain of
the same length as the initial conguration was adopted
consistently in all simulation cases regardless of the cell
dimensions. A similar approach was employed in previous
simulation work by Neyertz & Brown to elucidate the inuence
of system size without connement in molecular dynamics
simulations of gas permeation in glassy polymers.44 It was re-
ported in their work that this approach is more feasible since
Fig. 2 Procedure for preparing PSF polymeric membrane in a confined
a cell are displayed (rather than images in other neighboring cells), with
both the x and y directions, while z direction characterizes thickness of
provided, with initial dimension from amorphous cell being 15.00 � 15.0

This journal is © The Royal Society of Chemistry 2017
structural properties were found to be virtually chain length
dependent due to bias towards formation of larger cavities in
longer chains, such as that demonstrated in previous works by
Cuthbert et al.45,46 The COMPASS force eld was adopted
alongside the smart algorithm, which is a combination of the
steepest descent, adjusted basis set Newton–Raphson (ABNR),
and quasi-Newton algorithms in a cascadingmanner, in order to
rene geometry of the initial polymeric chain (convergence
tolerance energy of 0.001 kcal mol�1, force of 0.5 kcal mol�1 Å�1,
displacement of 0.015 Å with maximum number of iterations of
500 for an independent optimization).31

2.1.3 Construction of polymeric membrane and xenon
crystals as layer. In order to prepare unit layers of the conned
amorphous PSF membrane, the polymeric lms were subjected
to procedures, as illustrated in Fig. 2.

Initially, polymeric chains with 20 repeat units, as prepared
earlier in Section 2.1.2, were folded into an amorphous cell
module adopting the Conned Layer task with the number of
polymeric chains as summarized in Table 1. The conned layer
was selected to build the thin polymeric lms in order to satisfy
the criterion of mere molecular interactions in the x–y plane,
while movement in the z direction, which is regarded as being
the orientation perpendicular to surface of the polymeric lm,
was restricted. An orthorhombic lattice type was selected,
whereby the conned layer was constructed normally along the
thickness (C) direction. The polymeric chains were embedded in
the hypothetical conned layer at an initial density of 0.6 g cm�3

since ramping from this low density has been suggested to
increase the success rate of compacting the polymeric chains at
the restraint alignment.47
layer, “In-Cell” view of Materials Studio is provided, whereby atoms in
the simulation box corresponding to periodic boundary conditions in
the polymeric film (example to construct �200 Å thickness PSF film is
0 � 476.49).

RSC Adv., 2017, 7, 44376–44393 | 44379
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Table 1 Dimensions and properties of PSF confined layers throughout and at the end of molecular dynamics treatment

Thickness
(Å)

Number
of PSF chains

Average initial layer dimensions of PSF
lms aer cropping the xenon crystal
and relocating the polymers (Å3)

Average nal layer dimensions of
PSF polymeric membrane
lm aer MD (Å3)

Average volume
shrinkage (Å3)

Average chain
end-to-end
distance (Å)

�100 2 16.90 � 16.90 � 129.50 16.03 � 16.03 � 91.87 13 379.50 60.06 (�0.03)
�200 4 16.55 � 16.55 � 235.08 14.89 � 14.89 � 203.34 19 306.06 61.90 (�0.86)
�300 6 15.95 � 15.95 � 358.48 15.72 � 15.72 � 287.77 20 084.95 63.69 (�1.02)
�400 8 15.43 � 15.43 � 496.41 14.99 � 14.99 � 422.54 23 242.94 64.12 (�1.25)
�500 10 15.57 � 15.57 � 602.89 15.17 � 15.17 � 515.68 27 482.68 67.44 (�1.40)
�600 12 15.42 � 15.42 � 729.77 15.14 � 15.14 � 620.92 31 195.05 69.00 (�1.46)
�700 14 15.06 � 15.06 � 880.63 14.73 � 14.73 � 766.48 33 424.67 70.22 (�1.74)
�800 16 14.92 � 14.92 � 1009.63 14.99 � 14.99 � 846.61 34 516.75 73.45 (�1.62)
�900 18 15.43 � 15.43 � 1048.37 15.13 � 15.13 � 933.31 35 950.63 74.90 (�2.09)
�1000 20 15.58 � 15.58 � 1146.52 15.32 � 15.32 � 1026.79 37 312.06 77.60 (�2.53)

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 5
:5

4:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In the work of Liu et al. (2012), they mentioned that xenon
crystals are sufficient to form the conning layer since it has
a at crystal slice, inert characteristic, and hypothetically is
a solid at 298 K and 1 atm,33 which is in good accordance with
simulation conditions of the present study (308.15 K and 2 atm).
It is important to note that, in reality, although a xenon crystal
does not exist at such operating conditions, the hypothetical
structure provided a at surface with inert atoms that are suit-
able for conning purposes, which has been demonstrated with
success in previous literature.33,48 Therefore, xenon atoms
arranged in a crystalline structure were adopted in our current
work to conne molecular movement along the surface direc-
tion. The xenon crystals of a Fm3m space group with a face-
centered cubic (FCC) structure were adopted consistently in
the current study.49 The single crystal unit for xenon employed
in this study is depicted in Fig. 3.

From Fig. 3, it is found that lattice specication within the
cell edge is 5 Å, whereas distance to the nearest xenon atom
neighbor is 3.5 Å, which is in good accordance with values of
previously published works (�6 Å and �4 Å respectively),49–51

while being convenient for replication in all directions to
a create super cell to constitute sufficient repulsive surfaces.
Specication of the xenon crystals, aer expanding in xyz
directions applied in this work for different membrane thick-
nesses, has been kept constant at 15.0 � 15.0 � 50.0 Å3.
Fig. 3 Specification and configuration of one single xenon crystal unit
used as a repulsive surface in the present study.

44380 | RSC Adv., 2017, 7, 44376–44393
Later, the built-in layer function in Materials Studio 8.0 was
employed to insert a PSF polymeric unit in between two xenon
crystal substrates, with the xenon crystalline structure being the
rst and third, while the PSF conned layer was the second
layer, respectively. The layer was constructed by keeping all the
component layers constant at the initial thicknesses and
utilizing orientation from the second layer.

Then, the initial constructed atomistic conguration was
subsequently minimized and optimized adopting a series of
protocols. First, a 10 000 energy minimization step was con-
ducted to remove any undesirable congurations including
overlapping and close contact. Subsequently, the Geometry
Optimization task in the Forcite module was adapted to opti-
mize the structure by proposing a low energy conformation. In
this task, the COMPASS force eld was consistently adopted
with the smart algorithm. Subsequently, in order to achieve the
ideal structure, which is the lowest energy conguration with
the most realistic geometry, a molecular dynamics equilibrium
run was implemented on the amorphous cell structure in the
isothermal–isobaric (NPT) ensemble with a total simulation
time of 1000 ps. The pressure of the system was maintained at 2
atm while the temperature was xed at a constant value of
308.15 K with a Nose thermostat and Berendsen barostat.
Throughout this step, the equation of motion was integrated by
the velocity Verlet algorithm with a time step of 1 fs for all
simulation conditions. Throughout the molecular dynamics
(MD) simulation, the xenon crystal surface functions as
a repulsive wall that arbitrarily rebounds the PSF atoms back
into theMD box if theymove close to it. When the PSF atoms are
shied towards the interior of the MD box, the xenon crystals
naturally occupy the void space le behind by the PSF atoms.
The same ideology holds throughout the MD process, whereby
the iterative repulsion between xenon crystals and PSF atoms
rebound the chains towards the centre of the hypothetical box,
which constrains them inside the conned layer to constitute
a dense PSF polymeric membrane structure, such as that
depicted in Fig. 4.

2.1.4 Construction of polymeric membrane in conned
layer. In this section, the procedure to build a conned poly-
meric lm with pure PSF chains at different nite sample sizes
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Evolution of a Xenon-PSF-Xenon layer structure during molecular dynamics treatment at (a) 0 ps (b) 200 ps (c) 400 ps (d) 600 ps (e) 800
ps and (f) 1000 ps NPT simulation, whereby the Xenon crystals rebound the PSF polymeric chains towards the inner part of the confined layer to
ramp the structure of the PSF dense layer to higher density. “Default view” within Materials Studio has been provided, whereby molecules are
translated so that their centres of geometry are located in the simulation cell. Lines denote periodic boundary conditions in both the x and y
directions, while the z direction characterizes thickness of the polymeric film (example of the�200 Å thickness PSF film with dimension of 16.55
� 16.55 � 235.08 is provided).
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is discussed. Initially, the xenon crystals were removed from the
conned layer by employing built-in “select and delete” func-
tions inherent within Materials Studio. Then, the remaining
vacuum space was cropped off adopting the embedded cell
building feature. Later, the polymeric chains were rearranged
within the revised cell dimensions employing an in-house user-
dened script, whereby a Monte Carlo sampling methodology
was adapted. In this context, the polymeric chains are arranged
in a random manner, while satisfying the criteria of: (1) having
no overlap between the polymeric chains, (2) locating within the
boundary of the conned layer along the z direction, and (3)
austerely being located at a minimum effective distance of 2 Å
with respect to one another. The conguration that contributes
to the lowest energy, as characterized by expression (S1) of ESI,†
would be predominantly selected as the initial structure before
being subjected to a series of molecular treatments, as elabo-
rated on later in this section. The cropping and rearrangement
procedure is iterated until percentage changes in the energy
between succession step, DE, are within a predened tolerance.
Cell dimensions aer cropping the xenon crystal and relocation
of polymeric chains are summarized in Table 1.

An alternate sequence of energy minimization and geometry
optimization was conducted in the Forcite module employing
conditions as summarized in Section 2.1.3. Aer this stage, an
annealing procedure consisting of one annealing cycle was
performed on the polymeric layer by adopting the temperature
cycle protocol inherent in the Anneal task of the Forcite module.
Throughout the cycle, the system was heated and cooled back
with an interval of 20 �C between 353.15 K and 653.15 K (cor-
responding to 15 heating ramps per cycle), which is well above
the glass transition temperature of bulk polysulfone (Tg,bulk ¼
459.15 K). At each temperature, 100 ps NPT were conducted,
which constitute to a total annealing simulation time of 3 ns. At
this step, in order to control simulation temperature at the
designated heating temperature and pressure of 2 atm, the Nose
thermostat with Q ratio of 0.01 and Berendsen barostat with
This journal is © The Royal Society of Chemistry 2017
decay constant of 0.1 ps were employed continuously. Later,
molecular dynamics run at 2 atm and 308.15 K were conducted
in the NPT ensemble of the Forcite Dynamic module with the
Berendsen barostat and Nose thermostat for a total simulation
time of 1000 ps and a time step of 1 fs. When approaching the
endpoint of the NPT run, an additional 500 ps of Canonical
(NVT) ensemble was conducted at a temperature of 308.15 K on
the equilibrated polymeric structure. The NPT-NVT molecular
treatment was repeated until changes in the successive density
values were within predened tolerance. The nal cell speci-
cations for different PSF membrane samples, aer completing
the molecular dynamics treatment, are provided in Table 1.

2.1.5 Construction of polymeric membrane in conned
layer at larger dimensions. Nonetheless, as attributed to
memory constraint of an amorphous cell module in Materials
Studio, the above mentioned simulation procedures are only
sufficient to cater polysulfone thickness of up to �800 Å. For
a larger polymeric system under study (�900 Å and �1000 Å),
a combination of layers evolved from the so conned meth-
odology was adopted. To the best of our knowledge, this is the
rst instance in molecular simulation whereby a layer-by-layer
stacking approach has been employed to create polymeric
structures of larger dimensions. This methodology earned the
ideology from layer-by-layer thin lm deposition in the experi-
mental setup.52 The built-in layer function in Materials Studio
8.0 was incorporated in our current implementation by
combining the polymeric structures created in previous
sections (�900 Å ¼�300 Å + �300 Å + �300 Å; �1000 Å ¼�300
Å + �400 Å + �300 Å). Then, a 1000 ps of 1 fs time step NPT
ensemble at 2 atm pressure and 308.15 K temperature was
carried out to construct the most probable conguration with
lowest energy and to remove the innate periodic boundaries
effect located within the vicinity of the newly constructed
structures that were carried over via a combination of inde-
pendent layers. Similarly, the Berendsen barostat and Nose
thermostat were employed continuously throughout the NPT
RSC Adv., 2017, 7, 44376–44393 | 44381
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simulation to x pressure and temperature at the designated
operating conditions. At the end, an additional 500 ps of
Canonical (NVT) ensemble at a temperature of 308.15 K was
conducted, followed by sufficient NPT-NVT treatment in
succession steps to minimize any internal structural inhomo-
geneity inside the thicker lms.
2.2 Physical property analysis

In this section, simulation processes to study different physical
properties of the simulated polymeric membranes are provided.
Theoretically, the procedures are repeated to ensure reproduc-
ibility in order to validate a reasonable simulation methodology
and to obtain average calculated values.

2.2.1 Molecular structure and density. As described in
Section 2.1, molecular dynamics simulation was executed for all
PSF polymeric lms by keeping the operating parameters at
xed values while the other structure congurations were
constantly updated in quest of determining the most probable
polymeric membrane lm with optimized packing and molec-
ular arrangement. Since the system was initialized from a lower
density of 0.6 g cm�3 without setting any constrictions
throughout the molecular dynamics treatment, the evolution of
structure (e.g., cell dimension, energy, and density) to a stable
value provides intuitive reasoning that the polymeric
membrane has converged towards the most plausible congu-
ration. Hence, by analyzing physical properties of the nalized
molecular structure to the theoretically attained value and trend
with respect to effect of polymeric membrane thickness at the
ultrathin dimension, measured through either published
experimental or molecular simulation work, accuracy of the
molecular simulation methodology can be validated. In addi-
tion to physical properties, the chain end-to-end distance of the
PSF lms at varying dimensions were evaluated since this
property characterizes extent of structural relaxation from
initial conguration, which is an important parameter in
determining polymer characteristics.

2.2.2 Glass transition temperature. In order to study the
effect of thickness on physical properties upon nano conne-
ment, the glass transition temperature, Tg, is the most appro-
priate variable to be evaluated. Motivation underlying the study
is attributed to the fact that Tg, which is the temperature
whereby a polymeric structure undergoes transitional and
relaxation progression from hard glassy to a liquid rubbery like
state,53 was experimentally measured, typically via a differential
scanning calorimetric (DSC) technique, and has been reported
to be highly dependent on thickness of the polymeric sample
especially in constrained dimensions (<1000 Å).54

So far, there is no perfect theory for the glass transition
phenomenon.55 Nonetheless, it has been proposed that Tg can
be determined through varying properties of interest predicted
by molecular dynamics methodology such as density, free
volume, specic volume, radial distribution function, non-bond
energy, torsion energy, mean squared displacement, and
modulus. In this study, Tg was obtained from change in the
volumetric property which, to the best of our knowledge, is the
most common theory put forward by Fox and Flory to date.56
44382 | RSC Adv., 2017, 7, 44376–44393
Nonetheless, limitations in adaptation of molecular dynamics
methodology for determination of Tg, typically those based on
transition in volumetric change, have to be highlighted a priori
for readers’ attention. First, a relatively larger deviation in Tg
prediction is observed within materials with non-homogeneity
in free volume distribution since glass transition is a strong
function of density. In other words, local Tg theoretically
persists throughout the lm that affects its accuracy should it be
determined through adaptation of volumetric behaviour.20,57

The second constraint is related to the time scale of MD
simulation, whence it is merely restricted to relatively short
simulation times (roughly in the regime of several pento to
nanoseconds) to resolve atomic vibrations. On the other hand,
cooling rate has a strong effect on the resulting properties
attributed to the time-dependent response of amorphous poly-
mers, which also needs to be accounted for when comparing
MD simulations and experiments.58 Consequently, cooling rates
are many orders of magnitude faster than those normally used
in experiments, which contributes to deviations between
simulation data and actual laboratory observations. However,
an approach based on alterations in volumetric properties is
still the most common approach for monitoring glass transition
temperature in a MD study.31 The reasons have been rational-
ized through the ndings that Tg in a structure of non-
homogenous free volume can be sufficiently characterized
through the average response of the lm throughout its thick-
ness.59 In addition, the relatively shorter time scale has proven
to be able to provide satisfactory prediction of Tg within an
acceptable limit in several published literatures,31 or minimally
to provide some insightful trends in a qualitative manner60

while a semi-empirical model has to be employed to correlate
experimental ndings to simulation results quantitatively in
such circumstances.57–59 Our simulation work is a typical
example of the latter. Selection of the Tg determination
approach in our MD work coincides with recent ndings by
Mohammadi et al. that volumetric properties are computa-
tionally less expensive while being able to provide agreeable
accordance to experimental observations.61

In this study, Tgs of PSF samples were determined by
mimicking the heating and cooling protocols in a laboratory
scale by adapting a series of thermodynamic treatments in the
Forcite Module. First, the optimized and equilibrated congu-
ration for each dimension was subjected to an additional
Canonical (NVT) ensemble at 308.15 K with a time step of 1 fs
and total simulation time of 10 ps by framing the output every
1000 steps. This procedure aims to obtain the trajectory les of
PSF polymeric lms with 10 frames for each thickness, such
that an average Tg can be deduced to increase accuracy of the
computed value when a series of thermodynamic treatments is
iterated, while calculating an independent Tg for each frame.
Overall, the Tg can be determined by running numerous cycles
of NPT dynamics at different temperatures and plotting the
density at each independent temperature. An individual frame
located within the PSF trajectory was exposed to gentle heating
from 300.15 K to 500.15 K through NPT dynamics at different
temperatures, which surpasses that of the bulk glass transition
temperature of the PSF polymer, with an interval of 1 K. At each
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Schematic representation of the simulated polysulfone poly-
meric filmwithin the confined layer, “In-Cell” view of Materials Studio is
provided, whereby atoms in the cell are displayed (rather than images
in other neighboring cells), with the simulation box corresponding to
periodic boundary conditions in both the x and y directions, while z
direction characterizes thickness of the polymeric film (example of the
�200 Å thickness PSF film with dimension of 14.89 � 14.89 � 203.34
has been provided).
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designated temperature, a 100 ps NPT dynamic ensemble of 1 fs
time step was conducted at 2 atm pressure. Thereaer, the
system is cooled down from 500.15 K to 300.15 K with
a temperature interval of 1 K employing the same NPT ensemble
protocol while computing density of the structure at each
temperature. This protocol is looped over all frames contained
in the trajectory le and eventually the values are averaged at
the end of the simulations.

2.2.3 Fractional free volume. In consideration of the
conguration and morphology of polymeric membranes, two
distinct phases have been identied, which encompass a solid
phase occupied by the polymeric chains and a void space,
commonly known as the free volume.62 Since the transport
phenomenon of penetrants within a polymeric membrane is
dependent upon the empty space phase in the material, it is
essential to elucidate the free volume, which acts as a route for
channeling of a certain gas molecules within the PSF polymeric
matrix. In order to quantify the amount of free space that
characterizes the efficiency of chain packing, fractional free
volume (FFV) is a useful and commonly employed parameter to
elucidate the morphology and conguration of polymeric
membranes, whereby the denition is provided in (1).

FFV ¼ vg � vo

vg
(1)

In eqn (1), vg is specic volume of the polymeric glass at
a specic temperature and vo is occupied volume of the polymer
chain.

In order to separate regions of occupied polymeric chains
and free volume, the Connolly Surface function embedded
within Materials Studio was consistently employed throughout
all polymeric membrane samples by using medium grid reso-
lution, 0.4 Å grid intervals, and 1.3 Å Connolly probe radius.63,64

The probe radius is equivalent to the kinetic radius of gaseous
helium in order to capture any possible free channels in the
polymeric matrix since it has the nest geometry among all gas
penetrants. In addition, the FFV (Bondi) parameter has been
generally evaluated based on Bondi's group contribution
methodology, such as that depicted in expression (2).65

vo ¼ 1:3
Xn

k¼1

ðvwÞk (2)

In expression (2), n is total number of functional groups into
which the repeat unit structure of a polymer is divided, while
(vw)k is van der Waals volume of the group, such as that
proposed by Van Krevelen.66 The specic volume of the PSF
polymer lms of varying thicknesses was computed based on
the reciprocal of the simulated density from MD simulation,
while vo ¼ 0.6903 cm3 g�1 was consistently employed for all
conditions in the current work for FFV (Bondi) computation.

2.2.4 Cavity energetic sizing algorithm (CESA). CESA,
which is a Monte Carlo sampling methodology initially
proposed by in't Veld,26 was employed in this work. The algo-
rithm was implemented adopting C programming within
a Linux environment, which was accessed employing the
This journal is © The Royal Society of Chemistry 2017
Cygwin64 Terminal. A summary of the chronological proce-
dures and underlying phenomenological equations pertaining
to analysis of the cavity size distribution within a PSF polymeric
membrane of varying dimensions is provided in Fig. S1 of ESI.†
In that gure, 40

t is the Lennard Jones 6–12 pure repulsive force,
3ti is the effective potential well depth between test particle and
atom, sti is the effective nite distance where inter-particle
potential between test particle and atom is zero, rti is the
effective distance between them, st, 3t, si and 3i represent the
Lennard Jones 6–12 parameters for both the test particle and
atom, ~rt and ~ri correspond to the vector position of the test
particle and interacting atom while 4t indicates the Lennard
Jones 6–12 interaction force. All these parameters can be
conveniently extracted from Materials Studio simulation so-
ware for subsequent computational work.

3. Results and discussion

In this section, results pertaining to molecular simulation of
PSF polymeric membranes at different thicknesses upon
connement are presented, alongside several analyses of the
simulated structure to elucidate morphology and physical
properties evolution associated with the dimensional changes.

3.1 Molecular structure and density of PSF polymeric lm

An example of the nalized PSF polymeric lm of �200 Å aer
performing the sequence of molecular dynamics treatment is
provided in Fig. 5. As illustrated, the PSF polymeric chains are
conned within the thickness of the lm. The molecules
arrange in a manner to form free volumes within the conned
layer which promote a transport mechanism of gas penetrants
through it. When approaching a region in close proximity to the
free surface of the PSF layers, an area of lower density molecular
structure has been observed. The simulation result is consistent
RSC Adv., 2017, 7, 44376–44393 | 44383
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with previously published literature which report the existence
of a decaying density vicinity that is naturally located at the
polymer's surface.67,68 As summarized in Table 1, insertion of
a different number of PSF chains with constraints along the
thickness is capable of producing polymeric lms of varying
thicknesses. In the current simulation study, it is found that an
increment in 2 polymeric chains contributes to enhancement of
membrane thickness by approximately 100 Å. The xenon crys-
tals are depicted to have greater impact in a thinner structure by
preparing the PSF lms at initial dimensions that are closer to
the nal congurations, whilst that of the thicker polymeric
membranes demonstrates a larger volume reduction aer
molecular dynamics simulation attributed to larger exibility in
the spacial dimension for reestablishment of molecular
arrangement.

In the current study, to preliminarily evaluate that the
simulation time is of considerable length to attain thermody-
namic equilibrium and that the simulated membrane struc-
tures possess the physical properties that are comparable with
experimental conditions, three parameters, such as energy
(potential energy and non-bonded energy), density, and thick-
ness of the molecular structure, were monitored consistently
throughout the course of the MD procedure. The density, non-
bonded and potential energy, as well as cell thickness versus
time step for a PSF lm with cell dimensions of �100 Å, �500 Å
and �1000 Å are provided as examples in Fig. 6.

As seen in Fig. 6, the parameters converge to approximately
xed values typically aer 200 ps time steps of MD simulation in
the�100 Å and�500 Å polymeric structures, while the �1000 Å
molecular structure requires longer simulation time; this can be
Fig. 6 Evolution change during molecular dynamics simulation for (a
dimension in PSF with �100 Å, �500 Å and �1000 Å thicknesses (examp

44384 | RSC Adv., 2017, 7, 44376–44393
rationalized through larger structural inhomogeneity in the
larger lms carried through combinations of smaller structures
via layer to layer methodology. It is seen that density increases
to the equilibrated value in the 1st NPT cycle. Aer relaxation in
the 1st cycle NVT molecular procedure, minimal uctuation is
depicted in the 2nd NPT cycle, suggesting that the systems have
reached thermodynamic equilibrium. The energy parameters
are found to experience decrement during the course of simu-
lation since the most plausible molecular structure is the one
with the least energy conguration. On the other hand, the cell
length is restricted to a smaller dimension when the molecular
system is compacted to an arrangement of higher density. In
addition, it is also depicted that when the system surpasses that
of 1000 ps time steps, the density curves are nearly xed within
a range between 1.23 to 1.25 g cm�3 dependent upon nite size
of the PSF lms.62,69 The values are in close agreement with
previously simulated bulk PSF by Golzar et al. (1.22 g cm�3),31

which supports the claim that these PSF polymeric structures
have been constructed via a high accuracy simulation procedure
since the system was ramped from a low density conguration
without conning any constraints and boundaries throughout
the molecular dynamics process.

From Fig. 6, it is also depicted that the potential and non-
bonded energy of PSF membranes are in accordance with
sample thicknesses, with a larger dimension demonstrating
larger values. This observation is attributed to a larger number
of neighboring and interacting molecules under consideration
within a bigger system. On the contrary, it is illustrated from
Fig. 6(a) that density exhibits a negative correlation, whereby
a thicker PSF polymeric lm results in a lower density. This
) Density, (b) Non-bonded energy, (c) Potential energy, and (d) Cell
le of two cycles 1000 ps NPT molecular treatment has been provided).

This journal is © The Royal Society of Chemistry 2017
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observation is consistent with experimental reports from
previously published literature by Rozenberg et al. and Shish-
atskii et al.; they elucidate the effect of system size upon
connement towards density in their respective polymeric
systems associated to epoxy-polymers and poly(methyl meth-
acrylate) as well as poly(vinyltrimethylsilane) (PVTMS) and
poly(trimethylsilylnorbornene) (PTMSNB).70,71 Variation in
density among polymeric lms of different thicknesses close to
connement has been rationalized through the ease of
a volume relaxation mechanism in thinner structures. This
contention was explained via enhanced mobility of polymeric
chains in the vicinity of a free surface, further promoting the
formation of a more equilibrated and hence denser structure.72

To rectify legitimacy of the claim, chain end-to-end distance
of PSF lms at varying dimensions were evaluated since this
property characterizes extent of structural relaxation from
initial conguration. In this work, the chain end-to-end
distance is dened as the distance between the carbon and
oxygen atoms which are attached, respectively, at the end of the
PSF chain. A PSF polymeric chain of 20 repeat units with end-to-
end distance of 368.62 Å consistently was adopted as the initial
conguration for molecular dynamics simulation (Fig. S3 in
ESI† to guide reader); this is in good agreement with that from
Golzar et al. simulation work with a starting geometry of
337.74 Å31 that demonstrates its applicability in applications of
molecular simulation work in subsequent studies.

Through execution of the procedure as outlined in Section
2.1 and alteration of the polymer conguration throughout the
course of molecular simulation, the average end-to-end
distances of PSF chains in various dimensions of polymeric
membranes are summarized in Table 1, while some examples of
Fig. 7 Effect of film thickness on specific volume of the polymeric film,

This journal is © The Royal Society of Chemistry 2017
nal conguration of the PSF polymeric lms illustrating the
evolution in the chain length of different thicknesses are
provided in Fig. S4 of ESI.† On the whole, the end-to-end
distance of a PSF chain experiences increments with the
thickness of the PSF polymeric lm. The distinction among
chain packing can be rationalized though an explanation of the
presence of an interfacial layer, whereby that is dened as the
interface region in which dynamics differ from bulk and poly-
mer conformations.73 The decreased lm thickness results in an
increase of the fraction of interfacial layers, which have more
free volume or cavity, such as that proven in Fig. 5 of our
simulation study. In other words, the fraction of chains in the
interfacial layer that has stronger mobility will be increased.20

These interfacial chains inherit a exible conguration for an
augmented relaxation mechanism and therefore possess more
conformations; thus the end-to-end distance of polymer chains
decreases. Enhanced relaxation in ultrathin structures has been
supported in various published literatures, be it experimental
observations74–76 or simulation works.77 A shorter chain length
implies that the PSF chains are capable of folding and packing
more efficiently to constitute a denser polymeric structure.

The effect of thickness, l, on specic volume of the simulated
PSF lms, v, is depicted in Fig. 7. It is found to be in a satis-
factory agreement to the inverse proportion with horizontal
asymptote correlation, such as that provided in (3).

v ¼ 1

r0
� b

l
(3)

In eqn (3), r0 ¼ 1.236 g cm�3, is the limiting density of the
PSF polymer while b ¼ 0.6155 cm3. Å g�1 corresponds to
fitted with empirical model (eqn (3)).

RSC Adv., 2017, 7, 44376–44393 | 44385
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a material constant that characterizes the sensitivity of thick-
ness to relaxation of the polymer chains.

According to the model, an increment in specic volume
with lm thickness is especially apparent at smaller dimensions
when the surface effect plays a more pivotal role to enhance
relaxation of polymeric chains and mobility of free volumes to
the free surface.78 Nonetheless, the densication effect at
thinner structure levels with an increment in lm thickness is
attributed to a larger distance between the free surface and
polymeric chains. In addition, a larger number of molecules in
a bigger structure also contribute to greater interacting forces
and spatial restrictions that refrain effective packing of a poly-
meric chain.

A similar experimental observation was reported by Shish-
atskii et al. who studied the effect of thickness to measured
laboratory density of polymers, e.g., PVTMS and PTMSNB, albeit
at a much higher dimension in a micrometer scale.71 The
satisfactory quantication describing impact of thickness to
specic volume of a polymeric lm between a simulated struc-
ture and actual experimental observation demonstrates the
applicability of current molecular simulation procedures to
generate PSF polymeric membranes of varying thicknesses,
which can be applied in further analyses to study the effect of
membrane thickness on physical properties. Nonetheless,
observation of greater simulated densities as compared to pre-
dicted values at thicker polymeric lms, typically within
dimensions of �900 Å and �1000 Å, suggests that diminishing
the surface effect progresses at a lower rate. This reckoning can
be reasoned by the layer to layer methodology used to construct
polymeric structures, whereby inherent deviations in smaller
structures that form the basis for simulation were carried over
to constitute larger uncertainties. This reasoning was supported
via larger standard deviations observed in the �900 Å and
�1000 Å polymeric membranes, which urged further research
in future work to verify the applicability and limitations of the
methodology, particularly in larger structures (>1000 Å). To
preliminarily verify accuracy of the layer to layer methodology,
a �300 Å structure was created via combination of the �100 Å
polymeric structures created in previous sections (e.g. �300 Å ¼
�100 Å + �100 Å + �100 Å), while being subjected to a similar
molecular treatment protocol like the �900 Å and �1000 Å
lms. The evolution throughout MD is provided in Fig. S5 in the
ESI.† It is seen that the structure converges to an approximate
xed value albeit at a longer simulation time (�800 ps) as
compared to a structure created via conventional SCMUF
methodology; this can be rationalized through greater inho-
mogeneity inherent through combination of several indepen-
dent layers. Similarly, the structure exhibits alterations, such as
increments in density and reduction in non-bonded and
potential energy, as well as convergence to nal lm thickness,
such as that explained in Section 3.1. In the same manner, the
amount of uctuation decreases aer the 1st cycle NPT-NVT
molecular treatment, which justies that the molecular struc-
ture has attained its equilibration state, typically in the 2nd NPT
cycle. The nal molecular structure density created through
layer to layer methodology is 1.2401 g cm�3 in 288.4 Å polymeric
lms, which is in good accordance to that created via
44386 | RSC Adv., 2017, 7, 44376–44393
conventional methodology with density of 1.2403 g cm�3 in
a 287.8 Å thick structure.
3.2 Glass transition temperature

In order to further evaluate characteristics of the developed PSF
polymeric membranes, glass transition temperature is another
important property to be elucidated since it characterizes
transitional and relaxation changes in a polymer. As high-
lighted earlier, this property has been widely reported to be
dependent on thickness of a polymer in previously published
literature, which serves as an add-on to validate the accuracy of
simulated structures. The simulation procedures as outlined in
Section 2.2.2 were employed in order to independently compute
Tgs of PSF polymeric membranes with varying thicknesses.
Variations in specic volume versus temperature for PSF poly-
meric membranes at �100 Å, �500 Å and �1000 Å were plotted
and are provided as examples in Fig. 8.

As can be seen from Fig. 8, all the polymeric membranes
experience similar behavior with changes in temperature
regardless of the thickness. Initially, the specic volume
increases linearly with an increment in temperature, and then
shows an abrupt alteration in the value before continuing to
embark in another linear region. Change in linear relationship
is demonstrated through the difference in slope between the
two curves, whereby the rst at lower temperature is represen-
tative of the glassy state region, while the latter describes the
rubbery state. The point at which the glassy and rubbery linear
correlation meet to form an intercept provides a graphical
representation of the glass transition temperature, Tg. The
simulated behavior is consistent with the experimental obser-
vation reported by Zoller et al., who investigated pressure–
temperature–volume relationships in bulk PSF over a wide
range of operating conditions.79

It is found that with an increment in thickness of a PSF
polymeric membrane, at the same temperature, the specic
volume is at a higher value due to lower structural density as
explained in the previous section. The intersection between the
glassy and rubbery state is also shied towards larger values,
contributing to a larger glass transition temperature, Tg, in
thicker PSF polymeric membranes. In other words, the glass
transition evolution does not occur at the same specic volume,
which is consistent with a recent experimental observation by
Huang & Roth that examined the temperature-dependent
specic volume of supported polystyrene with lm thick-
ness.80 In addition, there is generally also a reduced difference
between the liquid- and glassy-state slopes in a thinner lm as
compared to its bulker counterpart, indicating a reduction in
the strength of glass transition upon nanoconnement,
a behavior also seen in previously published literature by
Kawana & Jones and Ellison & Torkelson.81,82

The plot of glass transition temperatures versus PSF
membrane thickness is provided in Fig. 9.

As seen from Fig. 9, the glass transition temperature, Tg,
demonstrates a thickness dependent characteristic, whereby it
increases with increments in the lm thickness, which is in
good agreement with the trend reported by previous works
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Specific volume versus temperature for PSF polymeric membranes of (a) 100 Å, (b) 500 Å and (c) 1000 Å.

Fig. 9 Comparison of glass transition temperatures between simulated data (,), Kim et al. (2000) experimental data (B),67 and Michealis–
Menten empirical model prediction (----).
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describing glass transition temperatures in polymers.54 The Tg
depression is found to be substantially perceptible in the
thinner polymeric lms, typically those beneath 600 Å, while the
glass transition temperature increases asymptotically with
increments in the lm thickness. Keddie et al. and Forrest et al.
also established ndings via experimental observation that
reduction in Tg was exhibited in free standing polystyrene (PS),
This journal is © The Royal Society of Chemistry 2017
poly (methyl methacrylate) (PMMA) on gold-coated silicon, and
PS on hydrogen-terminated silicon surfaces for lm thicknesses
below 600 Å.83–86 It can be depicted that a pattern seems to
follow the form of growth with saturation, which can be
described via the Michealis–Menten (M–M) function, such as
that provided in (4).
RSC Adv., 2017, 7, 44376–44393 | 44387
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TgðlÞ ¼ Tg;b

l

3þ l
(4)

In expression (4), Tg(l) is the thickness-dependent glass
transition temperature, Tg,b characterizes the bulk glass tran-
sition temperature, l is thickness of the polymeric lm, and 3 is
a material constant that describes the function growth satura-
tion rate.

In order to further validate accuracy of the simulated PSF
polymeric structures, the results were compared to published
experimental glass transition temperatures at different thick-
nesses by Kim et al.67 It is found that the simulated data
demonstrates a similar trend to that published by Kim et al.,
which conrms the Michealis–Menten (M–M) correlation to
quantify the dependency of glass transition temperature with
respect to thickness. The parameters to t the Michealis–
Menten (M–M) empirical model for both the simulated and Kim
et al. (2000) experimental data are summarized in Table 2.

As depicted in Table 2, the bulk glass transition temperature,
Tg,b, for both conditions are in good agreement with one
another, and also published values for PSF polymer79 with
percentage deviation of less than 0.1%, which demonstrated
high applicability of this correlation. On the other hand, devi-
ation has been observed between the 3 values of simulated and
experimental data; these characterize the strength and sensi-
tivity of a specic material to depression of glass transition
temperature, whereby simulated structures generally demon-
strate an enlarged effect in comparison to experimental results
by Kim et al. through larger 3 (percentage deviation� 46%). The
relatively higher percentage difference in the 3 physical
parameter between a simulated and experimental observed
condition can be rationalized through their small values,
whereby a small deviation is expected to amplify the percentage
error, and the nature of testing conditions. It has been reported
that there existed a Si substrate as support for the fabricated PSF
polymeric lms in Kim et al. (2000) experimental work, in which
the interaction between substrate and polymeric lm slightly
retards the mobility of polymeric chains, as compared to
simulated PSF membranes with free surfaces. This contention
was supported by Kim et al., who highlighted presence of the
interaction between polymer and substrate but conrmed that
it is not large enough to affect the glass transition behavior
since the reduction with decreasing thickness still persists.
Another reason can be possibly attributed to the limitation in
MD time scale, as explained earlier, that contributes to the
observed deviation. Nevertheless, the consistent behavior
between simulated and experimentally observed phenomena
Table 2 Physical parameters to fit the Michealis–Menten empirical
model for simulated and Kim et al. (2000)67 experimental PSF poly-
meric films with different thicknesses

Polysulfone system Tg,b (K) 3 (Å)

Kim et al. experiment67 458.0 10.30
Simulated structure 457.6 15.02
Percentage deviation (%) �0.09 45.83

44388 | RSC Adv., 2017, 7, 44376–44393
provides satisfactory justication that the developed MD
approach is a reasonable procedure to construct PSF
membranes of different thicknesses. In addition, a difference
between experimental and simulation data in a quantitative
manner emphasizes that polymeric chains within ultrathin
lms with free surfaces exhibit enhanced relaxation (depressed
glass transition temperature when the polymer undergoes
transition from the rubbery to glassy state) in comparison to its
counterpart with support, which was usually employed on
a laboratory scale to grow ultrathin lms. The deviations
thereaer highlighted the importance of molecular simulation
work, whereby the elucidation of a polymeric lm can be done
independently without interference from any specic support,
which is a limitation required in experimental conditions and
has been demonstrated to retard polymeric relaxation.

3.3 Free volume

Fig. 10 depicts some examples of simulated cells for pure PSF
with varying membrane thicknesses (e.g. �100 Å, �500 Å and
�1000 Å).

As shown in Fig. 10, grey indicates the occupied region while
blue characterizes those of the free space. The ratio of blue to
grey area increases with increments in lm thickness, which
reects the rise in existence of free volume, with the area of free
volume in the order of: �100 Å < �200 Å < �300 Å < �400 Å <
�500 Å < �600 Å < �700 Å < �800 Å < �900 Å < �1000 Å. This
phenomenon has been rationalized through enhanced mobility
of PSF polymeric chains in the vicinity of a free surface within
a thinner structure to constitute denser membranes, as
explained in Section 3.1; this further contributes to less free
space within the membrane. A similar observation has been
reported in work by Wang et al., whereby free volume in poly-
imide membrane decreases with increments in membrane
density.87

By employing the Connolly Surface module in Materials
Studio, the occupied, free, and total volume of each PSF slab
with different thicknesses are conveniently computed; these
were adopted to calculate FFV (MS), such as those summarized
in Table 3.

In addition to those, FFV (Bondi) was computed and tabu-
lated in Table 3 as well to provide comparisons with FFV (MS).
FFV deduced from Bondi's manner demonstrates a remarkably
similar trend with thickness as the reported thickness depen-
dence of FFV found through Materials Studio, which conrms
applicability of the methodology. In short, the FFVs demon-
strate an increment with lm thickness, with a rise typically
apparent in thinner PSF membranes, while the increment slows
at higher dimensions due to deterioration of the free surface
effect as explained earlier. The good accordance in trending
stimulates further adaptation of the methodology to determine
quantitative analysis of polymeric membrane free volume in
material mathematical modelling in future work.

3.4 Cavity distribution

As highlighted earlier in Section 1.0, since the transport
phenomenon of penetrants within a polymeric membrane is
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07277e


Fig. 10 A 2 dimensional view for simulating cells of PSF membranes with free volume of (a) �100 Å, (b) �500 Å,and (c) �1000 Å; the grey
indicates the occupied region of polymeric chains while blue characterizes those of the free space, “In-Cell” view of Materials Studio has been
provided, whereby atoms in the cell are displayed (rather than images in other neighboring cells), with the simulation box corresponding to
periodic boundary conditions in both the x and y directions, while z direction characterizes thickness of the polymeric film.

Table 3 Free volume characteristic of simulated polysulfone membranes with different thicknesses

Thickness (Å) Occupied volume, v0 (Å
3) Free volume, vf (Å

3) Total volume, vg (Å
3) FFV (MS) FFV (Bondi's)

�100 19 837.75 3769.25 23 607.00 0.1597 0.14005
�200 37 528.68 7554.26 45 082.94 0.1676 0.14263
�300 59 121.78 11 991.49 71 113.26 0.1686 0.14379
�400 78 676.24 16 268.54 94 944.78 0.1713 0.14483
�500 98 279.73 20 393.14 118672.87 0.1718 0.14490
�600 117782.67 24 544.37 142327.03 0.1725 0.14525
�700 137366.74 28 938.65 166305.39 0.1740 0.14570
�800 156853.16 33 380.19 190233.35 0.1755 0.14611
�900 175959.61 37 690.83 213650.43 0.1764 0.14658
�1000 198267.53 42 722.55 240990.08 0.1773 0.14693
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dependent upon the empty space phase of the material, it is
essential to elucidate cavity size distributions, which act as
routes for channeling of specic gas molecules. The cavity size
distribution was calculated according to the CESA algorithm as
highlighted in Section 2.2.4 since it provides an alternative
means for examining the effect of thickness on cavity charac-
teristics. Fig. 11 shows the computed cavity size in histogram
and cumulative distribution for each PSF membrane thickness.

The cavity size ranges between 0 to 7 Å, which is in good
accordance with previousmolecular simulation results reported
by Wang et al.29 and Golzar et al.31 for bulk PSF membrane. It is
seen from Fig. 11(a) that the cavity size distribution is shied
towards a larger size with increments in the membrane thick-
ness. For instance, the majority of cavity sizes within a �100 Å
membrane, which are found within a 3.25–3.5 Å range, were
This journal is © The Royal Society of Chemistry 2017
reallocated to a larger range of 4–4.25 Å in �1000 Å PSF poly-
meric lm. In summary, a cavity diameter with the highest
probability density has been found in a larger size when
correlated to the membrane thickness. Another spatial param-
eter, which presents the characteristics of cavities in a polymer
structure, is the average cavity size, x, which was computed
based on (5), and further summarized in Table 4.

x ¼

ðN
0

x3PðvÞdx
ðN
0

x2PðvÞdx
(5)

In eqn (5), x is the cavity size and P(v) is the probability
distribution obtained from CESA. As seen in Table 4, through
RSC Adv., 2017, 7, 44376–44393 | 44389
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Fig. 11 Schematic representation of (a) stacked histogram and (b) cumulative size distribution of cavity size in PSF polymeric membranes of
varying thicknesses.

Table 4 Average cavity size of simulated polysulfonemembranes with
different thicknesses

Thickness (Å) Average cavity size (Å)

�100 3.62 (�1.10)
�200 3.66 (�1.10)
�300 3.75 (�1.08)
�400 3.84 (�1.06)
�500 3.88 (�1.08)
�600 3.90 (�1.08)
�700 3.98 (�1.06)
�800 4.00 (�1.10)
�900 4.08 (�1.11)
�1000 4.13 (�1.12)

44390 | RSC Adv., 2017, 7, 44376–44393
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increments in the membrane thickness, the average cavity size
also exhibits increments since a majority of the cavities are
found at larger dimensions in comparison to their thinner
counterparts.

In order to quantitatively compare the cavity size distribu-
tion of PSF polymeric lms with varying thicknesses, the
cumulative distribution was evaluated, such as that provided in
Fig. 11(b). As is seen from the gure, cumulative distributions
for thicker PSF polymeric membranes are moved to larger cavity
sizes. In the�100 Å PSF lm, 50% of the cavities exceed those of
�3.5 Å in diameter, and 50% of the cavities in the �500 Å PSF
slab surpass �3.75 Å, whereas in the �1000 Å polymeric
membrane, half of the cavity diameters go beyond that of �4.25
Å. As depicted in Fig. 10, the blue areas in the �100 Å are
This journal is © The Royal Society of Chemistry 2017
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agglomerated into smaller individual cavities, while those in the
thicker PSF polymeric membranes in �500 Å and �1000 Å are
found to inherit larger and more continuous characteristics.
The observation of larger void elements in bulker PSF polymeric
membranes is rationalized through lower density, which indi-
cates that the polymeric chains are packed less efficiently and
more sparsely with respect to one another, subsequently
contributing to formation of bigger cavity sizes.

4. Conclusion

The objective of this study is to investigate effect of thickness to
morphology and physical properties in ultrathin polymeric
lms, typically those upon connement. In this work, a So
Conning Methodology for Ultrathin Film (SCMUF) was con-
ducted in Materials Studio 8.0 simulation soware to incorpo-
rate the inuence of nite size effect upon connement in
molecular dynamics simulations. This is the rst instance that
a molecular system, which resembles its actual size in the
thickness dimension, has been simulated in Materials Studio to
construct ultrathin polysulfone membranes at varying nite
sizes (<1000 Å). Subsequently, the framework within Materials
Studio was utilized to elucidate the effect of thickness upon
connement to physical properties of a polymeric material. The
density, glass transition temperature, free volume, and cavity
distribution were simulated to elucidate the nature of
thickness-dependent connement towards characteristics and
relaxation of polymeric membranes. We showed the effect of
thickness to the aforementioned parameters is in satisfactory
accordance with those obtained from actual laboratory obser-
vations. It was found that via increments in the polymeric
molecules within bulker structures, the fraction of interfacial
layer that characterizes enhanced structural relaxation and
mobility decreases, which subsequently results in a rise in the
end-to-end distance. This poses higher resistance to polymer
segmental motion throughout the molecular simulation
process, contributing to lower structural density, higher glass
transition temperature, higher free volume, and higher cavity
sizes. The remarkable agreement with actual experimental
observations and intuitive phenomenological explanation
underlying the effect of thickness to characteristics of ultrathin
lms at a nanoscale dimension demonstrated that molecular
simulation methodology is of sufficient reliability to simulate
ultrathin polymeric membranes of varying thicknesses. Overall,
the applicability of simulation methodology suggests that it can
be applied extensively in future work to design any ultrathin
membrane systems to predict their physical properties and
separation performance more accurately. In addition, this
approach can also be employed to study the distinct behavior of
ultrathin membrane lms in various thickness-dependent
phenomena, such as plasticization and physical aging, to
substantiate any further interpretations. This is important
because the question of these size-dependent characteristics
remains open and has to be resolved due to impact of these
non-ideal effects on the separation mechanism of membranes.
In previous studies, it has been reported that a smaller dense
polymeric membrane thickness can be rationalized as a smaller
This journal is © The Royal Society of Chemistry 2017
resistance through a barrier that controls the relative rate of
transport of various species; this contributes to larger perme-
ation to remove impurities under a smaller membrane area
requirement. Nonetheless, it is found that although a thinner
ultrathin polymeric membrane inherits a higher permeance
characteristic, making it a highly sought aer structure as
compared to its bulk counterpart by exhibiting a higher driving
force and hence smaller area requirement, a thinner membrane
also demonstrates the drawback of accelerated relaxation. This
has been demonstrated through depressed glass transition
temperature in the present work, further contributing to larger
density, lower free volume, and cavity sizes. Therefore, the
ndings of our present study suggest that membrane thickness
in ultrathin lms is required to be optimized to improve sepa-
ration efficiency through lower membrane barrier resistance
and higher void spaces that form the channels for transport of
a specic gas penetrant.
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