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We have employed Monte Carlo simulations in the osmotic ensemble to study the solubility of three
different gases (N2, CH4, CO2) in polyethylene. The simulations are performed at temperatures below the
polymer melting point. Although under such conditions, polyethylene is in a semicrystalline state, we
have used simulation boxes containing only a purely amorphous material. We show that under such
circumstances, computed solubilities are 4e5 times larger than experimental data. We therefore intro-
duce an original use of the osmotic ensemble to implicitly account for the effects of the complex
morphology of semicrystalline materials on gas solubility. We have made the assumption that i) the
network formed by polymer chains trapped between different crystallites and ii) the changes in local
density from crystalline regions to purely amorphous regions, may be both represented by an ad-hoc
constraint exerted on the amorphous phase. A single constraint value emerges, independent of the gas
nature, characteristic of the crystalline degree of the polymer. It is concluded that the role of this
constraint is mostly to reproduce the effective density of the permeable phase of the real material,
indirectly giving insights into the morphology of a semicrystalline polymer.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymers are used in many industrial applications as barriers to
protect materials from gas or liquid contamination. The relevant
quantity involved in this process is the permeability, P, which quan-
tifies the amount of matter passing through the polymer phase per
unit time andunit area. Permeability is the product of two terms: the
solubility, S, describing the solute concentration into the polymer
phase and the diffusion coefficient, D, describing the solute mass
transport inside the polymer. Therefore, a complete description and
understanding of permeability requires the knowledge of both
solubility andmass diffusion of permeant into the permeable phase.

Molecular simulation is an attractive tool to calculate such
properties as it relies onmethodswith fewassumptions and is based
onwell-defined molecular characteristics. Thanks to the increase of
available computing power and to new methodological develop-
ments, several authors have investigated the modelling of gas
permeability in polymers at a molecular level. Almost two decades
ago, Suter and coll. [1] computed the solubility at infinite dilution of
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methane in frozen glassy polycarbonate. Müller-Plathe [2] used
a test particle insertion method similar to Widom’s method [3] to
compute Henry’s constant of different gases (helium, hydrogen,
nitrogen, oxygen and methane) in models of amorphous atactic
polypropylene. A few years later, de Pablo et al. [4] went beyond the
computation of Henry’s constant: using Gibbs ensemble Monte
Carlo simulations and configurational bias moves, the solubility of
short chain alkanes was computed in polyethylene melts, at gas
pressures above Henry’s regime. Amongst the pioneers in this area,
Boyd and coll. [5] investigated the transport properties of small
penetrants in amorphous polyethylene and polyisobutylene. In the
following years, several studies have followed, considering many
different penetrant gases and more complex polymers such as
polypropylene [6], polystyrene [7], poly(styrene-alt-maleic anhy-
dride) copolymer, poly (styrene-stat-butadiene) rubber [8], poly-
imides [9], polyethylene terephtalate and more [10].

In the present work, we would like to put emphasis on the
computation of solubility of penetrant molecules into a semi-
crystalline polymer. Indeed, in most of the previous works pre-
sented above, solubility has been obtained either in melt or purely
amorphous polymer, or, in the case of semicrystalline materials,
within the assumptions that i) the amorphous phase is the only
permeable phase and ii) the amorphous phase characteristics are
not affected by the presence of the crystalline regions.
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The first hypothesis is strongly supported by experimental
evidences. Experiments by Michaels and Bixler [11] on different
polyethylene grades with different degrees of crystallinity
permitted to establish the following relationship between the
solubility in the semicrystalline material, S, versus the solubility in
the amorphous phase, Sa:

S ¼ Sað1� cÞ; (1)

where c is the (volume or mass) fraction of the crystalline
regions. Some recent work by Compañ et al. [12] suggests that the
above rule is confirmed in the case of ethylene and propane in
linear low density polyethylene although some slight deviations
are observed. However, from a quantitative point of view, devia-
tions from equation (1) remain negligible.

The second hypothesis clearly doesn’t hold. In semicrystalline
materials, the amorphous phase is perturbed by the presence of
crystallites. These perturbations can be separated into two different
contributions: an “elastic” effect and a “local density” effect.

The first contribution comes from the fact that some polymer
chains leaving a crystalline region may be trapped in an other
different crystalline region. The network formed by these tie
segmentshasbeen considered as cross-links, restricting the swelling
of polymer during the sorptionprocess [13,14]. This effect, called the
elastic effect, has been invoked by several authors to correct the
predicted solubilities from the amorphous to the semicrystalline
solubility. The correction term isusually introducedas a contribution
term to the activity of the penetrant. A modified equation of state is
thereforeused thatallowscalculationof thermodynamicsproperties
including the elastic effect contribution [13,15e17].

The local density effect is related to the interfacial complex
morphology of semicrystalline materials. It was put forward during
the late 40’s by Flory [18], then working on lattice models: “The
tacit assumption that the internal order changes abruptly from
crystalline to complete randomness within one layer of lattice cells
at the end of a crystallite is inherently fallacious. Such a sharp
disappearance of order cannot occur in the lattice model, and this
aspect of the model probably holds for the actual polymer as well.
Some degree of order may persist for several layers beyond the end
of a crystallite”. In the following years, many experimental studies
have demonstrated the presence of an appreciable interfacial
region characterised by the partial ordering of chain segments (see
e.g. the review paper by Mandelkern [19] and references therein).
This continuous change from an ordered region to a disordered
amorphous phase must be accompanied at least by a change in
density and local chain mobility with important consequences on
solubility and transport properties [20].

Indeed, several authors have reported large deviations between
experimental data and theoretical predictions when they assume
that the amorphous phase properties remain unaffected by the
crystalline regions. Using Monte Carlo simulations, Nath and de
Pablo [21] found that crystallinity can severely impact the solubility
of small molecules in semicrystalline polyethylene, especially for
highly soluble gases. Using the same molecular approach, Hu and
Fried [22] also reported solubility coefficients of small gas mole-
cules in poly (organophosphazenes) five times larger than what
would be expected by extrapolating values reported for semi-
crystalline samples to 100% amorphous content.

Therefore, it would be relevant to undertake a molecular simu-
lation with an explicit representation of a semicrystalline polymer.
Unfortunately, the length scale involved in the description of such
system is out of range of standard computers. Today’s routinely
accessible simulation box sizes for dense systems are of the order of
5 nm, below the typical dimension of a single crystallite. This led us
to the development of an original methodology where crystalline
regions are not explicitely described whereas their overall effect on
the amorphous phase is accounted for. Our reasoning (hypothesis) is
the following: elastic effects and changes in local density may be
represented by an ad-hoc constraint exerted on the amorphous
phase. This constraint must be characteristic of a material with
a given crystallinity. We propose a method to obtain this constraint
value so as to reproduce the solubility of experimentally well
referenced systems.Wewill apply thismethodology topolyethylene
(PE), because of itswideuse in industrial applications and its relative
simplicity as a molecular model. The solubility of three different
gases will be investigated: carbon dioxide, methane and nitrogen,
mostly chosen because of their different solubilities in PE.

In the next section, we will present the methodological aspects
of this work. In Section 3, we will rapidly review the experimental
solubility data we have used in order to calibrate and validate our
approach. In Section 4, we will present our simulation results on
gas solubility and associated polymer swelling. A discussion on the
magnitude of the proposed constraint value is also provided.
Section 5 gives our conclusions.

2. Methodology

2.1. A specific use of the osmotic ensemble

The experimental situation we would like to describe is that of
a polymer sample in equilibrium with a gas or a gas mixture at
a given temperature T and pressure P. The polymer rich phase must
be allowed to swell and the gas composition in the gas phase, {xi},
must be constant during the permeation process. The so-called
osmotic ensemble [23e26] is perfectly adapted to describe such an
experimental situation. In this ensemble, a single phase (in our
case, the polymer rich phase) is represented. This phase contains
a fixed amount of polymer chains, Np, in equilibrium with a gas or
gasmixturewith imposed chemical potential mi for each gas species
i. Temperature and pressure are also imposed. This requires
a preliminary simulation of the gas mixture at P, T and {xi} in order
to obtain the chemical potential of each species in the gas phase
under the “experimental conditions”.

The osmotic ensemble presents several advantages over other
statistical ensembles typically employed in the study of gas solu-
bility in polymers. In the Henry’s regime (low gas pressure), the
solubility of a solute can be related to its excess free energy [2,4],
a quantity that can be obtained in molecular simulations using the
Widom insertion tests method [3]. Because no gas molecules are
effectively inserted in the gas phase, deviations from the ideal
behaviour cannot be observed. Simulations in the Grand Canonical
ensemble are conducted at constant volume, hence, no swelling
effect can be observed. Simulations in the Gibbs ensemble [27] can
be performed at constant pressure so that non ideal effects and
swelling can be studied. However, the gas phase composition is
a result of a Gibbs ensemble simulation and therefore is not
imposed. Moreover, it requires the simultaneous simulation of two
boxes, the polymer rich phase and the gas phase, an unnecessary
condition in the osmotic ensemble.

The osmotic ensemble has an other advantage in our case study.
The pressure imposed to the polymer rich phase can be seen as an
isotropic constraint siso. In usual applications of the osmotic
ensemble, the isotropic constraint value is set to the gas pressure. In
this work, wewill make an original use of the osmotic ensemble by
distinguishing the gas pressure from the total constraint applied
ontothepolymerphase. Thedifferencewill correspond to thead-hoc
constraint s that we want to apply to model implicitly the effect of
crystallites onto the amorphous phase. Asmentioned above, the gas
pressure (along with its temperature and composition) will be
controlled by the chemical potential of the different species as
computed in a separate simulation.
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In the osmotic ensemble, the number of polymermoleculesNp is
kept constant whereas the number of molecules of the n gas species
is variable. The configurational part of the partition function in this
ensemble is given by the following expression:

Q ¼
X
V

X
Ni

X
U

exp

2
4� bU þ

Xn

j¼1

bmjNj � bsisoV

3
5 (2)

where b ¼ 1/kBT with kB the Boltzmann constant. Ni is the number
of molecules of gas species i, V is the volume of the simulation box,
mi is the chemical potential of the gas species i and U is the potential
energy of the system. This expression is consistent with those
found in previous works [25,26].
2.2. Monte Carlo moves

An efficient sampling of the configurational space of polymer
chains requires the use of Monte Carlo moves specifically designed
for long chain molecules. In this work, we have used Concerted
Rotation (ConRot) [28], Double Bridging (DB) and Internal Double
Rebridging (IDR) [29e32] moves. The DB move has been pro-
grammed for the strictly monodisperse case. Beside these three
moves, reptation [33], configurational bias regrowth [34] and flip
moves [35] have been used to sample the configurational space of
the polymer chains. Translational and rotational moves were used
for gas molecules as well as biased insertions and deletions to reach
chemical equilibrium. Volume changes are applied to the system to
maintain the imposed pressure (or equivalently the isotropic
constraint siso). Finally, the parallel “tempering” technique [36] has
been used with 4 osmotic replica running independently, each one
using regular osmotic ensemble moves. All replica are run at
identical intensive and extensive variables, but the isotropic
constraint. For randomly chosen pairs, an exchange between
replica configurations having different isotropic constraint values is
attempted. The reader is referred to thework by Banaszak et al. [26]
for more details about the implementation of this move.
Table 1
Non-bonded interaction parameters used in this work.

3LJ/kB (K) sLJ (�A) dAUA (�A) q (e)

PE
CH2 86.29 3.461 0.38 e

CH3 120.15 3.607 0.22 e

CO2

C 28.129 2.757 e þ0.652
O 80.507 3.033 e �0.326
N2

N 36.0 3.31 e e

CH4 149.92 3.733 e e
2.3. Force field description

The polymer studied in this work is a model of a linear poly-
ethylene (PE) with 70 carbon atoms per chain. Selected gases are
carbon dioxide, nitrogen and methane. Dispersion and repulsion
interactions are described using a LennardeJones potential:

UðrÞ ¼ 43LJ
h�sLJ

r

�12��sLJ

r

�6i
for r < rc;

¼ 0 else;
(3)

where rc is the cutoff radius, r is the interparticle distance and 3LJ
and sLJ are the LennardeJones parameters. The cutoff radius
value was fixed to 12 �A and standard tail corrections were
applied [37]. LennardeJones parameters for all unlike interac-
tions were obtained using Kong’s combining rules [38] which
have shown to give good predictions of fluid phase equilibria for
several systems [39e42]. For carbon dioxide, the quadrupolar
moment was described using partial charges. Coulombic poten-
tial energy, U(r) ¼ qiqj/4p30r was considered between these
charges, where qi is the value of the partial charge on atom i and
30 is the vacuum permittivity. Electrostatic interactions were
computed using a standard implementation of the Ewald
summation method [37]. A real space cutoff for electrostatic
interactions of half the box size was used and other parameters
were chosen such that the relative error in the reciprocal and
real space be of the order of 10�5.
The EPM2model fromHarris and Young [43] is used for CO2. The
molecule is treated as a rigid linear body, with CeO distance equal
to 1.149 �A. Three LennardeJones sites and three partial charges
located on each atom are used to represent dispersionerepulsion
and electrostatic interactions. Nitrogen is modelled as a rigid
dumbbell [21] with two LennardeJones centres separated by
a distance of 1.0897 �A. Methane is described as a single Len-
nardeJones site [44]. The anisotropic united atoms model AUA4
[45] has been used to describe dispersionerepulsion interactions
for CH2 and CH3 groups in polyethylene. This potential has been
shown to adequately describe liquidevapor equilibria of pure
hydrocarbons [46] and of hydrocarbons with different gases
[45,47]. In the AUA4model, CH2 and CH3 groups are represented by
a LennardeJones particle and the hydrogen atoms are implicitly
taken into account by shifting the centre of force from the carbon
atom towards hydrogen atoms by a distance daua. The non-bonded
interaction parameters are listed in Table 1. Polyethylene chain
flexibility is reproduced using bending and torsional [48] contri-
butions. Carbonecarbon bond lengths are kept constant at 1.535�A.
Analytical expressions and parameters for intramolecular poten-
tials for polyethylene are given in Table 2. Finally, intramolecular
dispersionerepulsion interactions were considered between sites
separated by at least four bonds.
3. Selected experimental data

In our approach, the ad-hoc constraint s exerted on the amor-
phous phase is obtained so as to reproduce the solubility of
experimentally well referenced semicrystalline systems. Because
we expect that the constraint value is dependent upon crystallinity,
we selected in the available literature experimental data obtained
in the same range of temperature and crystallinity. The gathered
data set is briefly presented below. From these data, the average
solubility for each gas has been computed and used to obtain the
constraint value and validate our methodology.

In order to quantify precisely the amount of absorbed gas in
a polymer matrix, several experimental setups have been proposed
in the literature, relying on two classes of methods. i) The
dynamical approachwhere a pressure gradient is applied across the
sample and the quantity of penetrant passing through the sample
per time and area unit is monitored. Using the time lagmethod [49],
solubility and diffusion coefficients are then obtained. ii) The static
approach where the amount of dissolved gas is determined using
either gravimetric or volumetric measurements.

Michaels and Bixler [11] measured the solubility of several
simple gases (including CO2, CH4 and N2) in semicrystalline poly-
ethylenes with the two methods mentioned above. Data exist at
298 K, 0.1 MPa and crystalline volume fraction in the range
0.41e0.78. Both methods give results in good agreement. Ash et al.
[50] also compared both methods and obtained a good agreement
for CO2 and N2 solubility in a 45% crystallinity sample of



Table 2
Bending and torsion potential functions and parameters used in this work for
polyethylene. CHx stands for methyl or methylene group. Energetic parameters Kq

and ai are expressed in Kelvin.

Bending CHxeCHxeCHx

VðqÞ=kB ¼ Kq

2 ðcos q� cos q0Þ2 q0 ¼ 114�

Kq ¼ 74900
Torsion CHxeCHxeCHxeCHx

VðfÞ=kB ¼ P8
i¼0 aicos

iðfÞ a0/./a8 ¼ 1001.36/2129.52/
�303.06/�3612.27/2226.71
11965.93/�4489.34/�1736.22/2817.37
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polyethylene. Flaconnèche et al. [51] used both static and dynam-
ical approaches in the study of CO2 permeability in polyethylene
sample with 51% crystallinity. Naito et al. [52] using a dynamical
approach with a 43% crystallinity sample, also obtained solubilities
in very good agreement with Michaels data for several gases
including CO2, CH4 and N2. Solubility data in the amorphous phase
(i.e. corrected from the crystalline amount) are gathered in Table 3.

Using a static approach, von Solms et al. [53] have recently
measured solubilities under high pressure using a microbalance.
The absorption cell is immersed in glycerine to maintain the
temperature. Solubilities for CH4 and CO2 up to pressures of 16 MPa
in polyethylene sample with a crystalline fraction of 63% are
reported.

Using the samemethod, Li and Long [54] obtained solubilities in
samples of 0.55 crystallinity at 298 K in the pressure range
2e8 MPa. As can be seen in Table 3, Li and Long values are quite
different from those obtained by other authors.

In order to reduce the loss of gas between the absorption and
desorption periods involved in the static approach, some
enhancements have been proposed. Togawa et al. [55] introduced
the freeze-purged-desorption technique, characterised by three
periods of time based on the stepwise change in the system
temperature. Using this method, they observed solubility notably
higher than those observed by other authors. According to Togawa,
this is related to the fact that their method avoids any gas loss
during the transfers. Their measurements in a semicrystalline
polyethylene with a crystalline fraction of 0.53 are reported in
Table 3.

As can be seen from Table 3, there is an overall good agreement
between gas solubilities obtained from these authors, with
different methods and apparatus with the exception of Li and Long
values. Consequently, we excluded this set of data from the
computation of average solubilities for CH4 and N2. In order to
account for the discrepancies between different author results, we
computed the standard deviation of themean. In the following, this
last value will be used as an estimate of the error on the experi-
mental data.
Table 3
Solubility constant of gases in amorphous phase of semicrystalline polyethylene, in
g/100 g/MPa, evaluated from available experimental data as given in cited papers. All
solubilities have been corrected from the crystalline fraction of the samples (see
equation (1)).<Sa> is the average of all the data except for CH4 and N2 where Li et al.
values have been discarded. dSa is the standard deviation. These solubility data have
been measured at 298 K except that of Flaconnèche which have been obtained at
293 K.

Gas CO2 CH4 N2

Li [54] e 0.233 0.260
Michaels [11] 0.932 0.153 0.054
Naito [52] 0.966 0.143 0.052
Ash [50] 1.180 e 0.061
Togawa [55] 1.379 e e

von Solms [53,56] 0.772 0.096 e

Flaconnèche [51] 0.911 e e

<Sa> 1.023 0.131 0.056
dSa 0.081 0.014 0.002
4. Simulation results and discussion

We present on Fig. 1 CO2 and CH4 concentrations in amorphous
polyethylene at 293 K and 298 K respectively, obtained from
simulations in the osmotic ensemble. During these simulations, the
isotropic constraint siso is equal to the gas pressure, meaning that
no additional constraint s is imposed to the polymer rich phase.
The values are compared with experimental data from Flaconnèche
(CO2) and Michaels (CH4). Although a good agreement was
observed at high temperature on the same systems modelled with
the same methodology [42], the situation is less favourable at low
temperature. Predictions clearly overestimate the absorbed quan-
tities, roughly by a factor 4e5. As mentioned in the introduction,
this behaviour was already observed in molecular simulations of
amorphous polymer phases [21,22]: even with a correct force field,
simulations at low temperature do not reproduce experimental
solubilities.

We present on Fig. 2 the results of simulations in the osmotic
ensemble for CO2 in amorphous polyethylene at 293 K versus the
additional constraint s. Three different gas pressures have been
investigated in the range 0.8e5 MPa. As expected, increasing s

decreases the gas concentration inside the simulated system. By
applying an increasing constraint value, gas molecules are expelled
from the polymer rich phase until the experimental concentration
is recovered at some constraint value. Although this general
behaviour is quite obvious, the interesting result is that the
constraint value is independent of the gas pressure. Moreover, the
same behaviour is observed with methane and nitrogen, as can be
seen on Figs. 3 and 4. Therefore, a unique constraint value emerges,
independent of the gas nature and pressure (at least in the pressure
range investigated), with a value in the range 70e90 MPa. This
result validates the assumption that was initially made: an ad-hoc
constraint may reproduce an intrinsic property of the semi-
crystalline material.

An interesting feature of the osmotic ensemble (over the Grand
Canonical ensemble for example) is its ability to give the swelling
degree of the polymer phase, Qa defined as:

Qa ¼ Va
swell � Va

bulk
Va
bulk

: (4)

where Va
bulk is the volume of the amorphous phase of the pure

polymer and Va
swell is the volume of the amorphous swollen phase.
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Fig. 1. CO2 and CH4 concentration in amorphous polyethylene at 293 K and 298 K
respectively, versus gas pressure in the osmotic ensemble. The total isotropic constraint
siso is equal to the gas pressure, or equivalently, the additional constraint s is equal to
zero. Data are compared with experimental results of Michaels [11] for CH4 and of
Flaconnèche [51] for CO2.



Fig. 2. CO2 concentration in amorphous polyethylene at 293 K versus the additional
constraint s. Three different gas pressures have been investigated, in the range
0.8e5 MPa. Shaded areas correspond to average experimental values and standard
deviation of the mean. The computed value at zero additional constraint for a gas
pressure of 5 MPa is equal to 22.2 g/100 g PE. It is not reported here for clarity
purposes.

Fig. 4. N2 concentration in amorphous polyethylene at 298 K versus the additional
constraint s. Three different gas pressures have been investigated, in the range
2.9e8.4 MPa. Shaded areas correspond to average experimental values and standard
deviation of the mean.
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Va
swell is directly obtained from simulations in the osmotic

ensemble, whereas Va
bulk can be obtained from simple NPT simu-

lations of the pure polymer. If one considers that the crystalline
phase is not permeable to gases, the amorphous phase alone
contributes to the total swelling Q of the semicrystalline material.
We can simply write Q ¼ faQa where fa is the volume fraction of
the amorphous phase in the pure semicrystalline material.

The swelling degree of the studied systems is given in Table 4, at
the highest gas pressure investigated. Three different quantities are
given: Qa computed without additional constraint (s ¼ 0) and
under the constraint which reproduces experimental solubilities
(s ¼ 80 MPa), and Q. This last quantity was obtained from an
amorphous phase content fa ¼ 0.5 and with the Qa value obtained
at s ¼ 80 MPa. As evidenced by the concentration values obtained
for s ¼ 0, a large amount of gas is dissolved under such conditions,
leading to a very high swelling for these systems. When the addi-
tional constraint is applied, much smaller swelling degrees are
observed. We didn’t find experimental swelling degree data for the
systems studied. Boyer et al. [57] measured the solubility of CO2 in
semicrystalline polyethylene (fa ¼ 0.55) and fitted their data using
the SanchezeLacombe equation of state (SL-EOS) by adjusting the
Fig. 3. CH4 concentration in amorphous polyethylene at 298 K versus the additional
constraint s. Three different gas pressures have been investigated, in the range
2.9e8.4 MPa. Shaded areas correspond to average experimental values and standard
deviation of the mean.
binary interaction parameter k12 between CO2 and polyethylene.
The SL-EOS was then used to predict the swelling degree upon
absorption. Q has been estimated to 2.1 percent at 333 K and 5MPa,
in good agreement with the value computed in this work.

The small swelling degree observed for the three gases studied
here, reveals that solubilities in this pressure range could be
obtained from constant volume simulations, e.g. from Grand
Canonical ensemble Monte Carlo simulations (GCMC). It is impor-
tant to notice here that the density of the pure polymer phase is
a crucial input of the simulation. If the density of the pure amor-
phous polymer phase calculated without additional constraint is
used, solubilities will be overestimated for semicrystalline mate-
rials. If the density of the pure polymer phase obtained under the
additional constraint s is used, computed solubilities are in good
agreement with those obtained in the osmotic ensemble (see
Supplementary informations for details). Nevertheless, simulations
in the osmotic ensemble are the most appropriate, especially if
significant swelling is expected.

The additional constraint s deduced from our simulations is
a priori supposed to account for both elastic and local density
effects. The elastic effect contribution must be related to the
swelling degree. Because the additional constraint value is inde-
pendent of the swelling degree, we can conclude that s, at least in
the pressure range investigated here, accounts mostly for the local
density effect: the applied stress acts on the effective density of the
permeable phase. This effective density is found to be 873 � 3 kg/
m3 at 298 K under the additional constraint which corresponds to
an increase of 3% compared to the non constrained value. The mean
end-to-end square distance is not significantly affected by the use
of this extra constraint (< R2ee >¼ 1275� 9 �A2 at s ¼ 0,
< R2ee >¼ 1289� 8 �A2 at s ¼ 80 MPa). This is consistent with the
small density change introduced here.
Table 4
Swelling degree of polyethylene with N2, CH4 and CO2 at given pressure and
temperature. Qa is the amorphous phase swelling computed directly from Monte
Carlo simulations. Q is a prediction of the semicrystalline material swelling given an
amorphous volume fraction of z0.5.

N2 CH4 CO2

P (MPa) 8.4 8.4 5
T (K) 298 298 293
Qa, s ¼ 0 5% � 2.8 11.2% � 2.6 20% � 1.6
Qa, s ¼ 80 MPa 1% � 1 2.4% � 1.4 3% � 0.8
Q, s ¼ 80 MPa 0.5% � 0.5 1.2% � 0.7 1.5% � 0.4
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Avariety of experimental methods have shown that a significant
interfacial region exists in semicrystalline polymers, between
crystalline and disordered regions. Mandelkern et al. [19], using
Raman internal and longitudinal acoustical modes, measured the
thickness of the interfacial region in linear polyethylene. The
thickness is found to depend on the polymer molecular weight. For
a molecular mass of the order of 105 g/mol, the interfacial region
thickness is w25�A while the crystallite and the disordered regions
have respectively thicknesses of 150 �A and 110 �A. These results are
in good agreement with small-angle-X-ray scattering (SAXS)
experiments [58]. Using 13C NMR, Kitamaru et al. [59] were able to
distinguish between three different regions and found an interfa-
cial thickness of the order of 15e20�A. From theoretical expressions
based on a lattice model, Kumar and Yoon [60] concluded that the
interfacial thickness should range between 10 and 30 �A in most
cases. In a more recent work, Hedesiu et al. [61] have investigated
the effect of temperature on phase composition (crystalline,
amorphous and interfacial regions), molecular mobility and thick-
ness of domains in high density polyethylene using different
experimental techniques. The domain thickness determined by
NMR is in good agreement with those measured by SAXS and
transmission electron microscopy (TEM) on the same sample. It is
shown there that the fraction of crystalline regions decreases with
increasing temperature in the range 40e110 �C, while content of
interfacial and amorphous phases increases.

Therefore, as the morphology of semicrystalline polymers
evolves with temperature, we expect that the effective density
(hence s) of the permeable phase changes with temperature (or
with the crystalline fraction of the material). In order to evaluate
the influence of the temperature on s, we have computed solubility
of N2, CH4 and CO2 in polyethylene at 333 K. We used osmotic
ensemble simulations, at a single gas pressure of 5 MPa, for several
siso values. The additional constraint value was determined using
experimental data from Ash [50] and Serpe [62] and the same
methodology as described above. It is important to notice here that
less data are available at this temperature, which makes the
determination of smore uncertain. However, the general tendency
is a net decrease of the constraint value, from 80 � 10 MPa at low
temperature (293 and 298 K depending on the gas) to roughly
60 � 10 MPa at 333 K. The corresponding curves calculated at a gas
pressure of 5 MPa for the three studied species are given in
Supplementary informations. This behaviour supports our inter-
pretation of the meaning of the additional constraint s: with an
increase in temperature, the crystalline fraction decreases along
with the effective density (hence s).

A final comment must be done about the magnitude of the
additional constraints. Because the role ofs is tobring the simulated
amorphous phase to an effective density of the real permeable
phase, every factor which affects the density of the polymer model
will affect the value of s. Therefore, the values obtainedhere for s are
meaningful only in the case of the particular force field used here.

5. Conclusion

We have employed Monte Carlo simulations to study the solu-
bility of simple gases in semicrystalline polyethylene. Our motiva-
tion was to investigate the influence of the complex morphology of
semicrystalline polymers onto gas solubility. Based on experi-
mental evidences [63,59,20,64,61], it is known that semicrystalline
polymers exhibit crystalline, amorphous and interfacial regions, the
permeable region being formed by both the amorphous and the
interfacial regions.

Our simulations confirm, in agreementwithpreviousworks, that
the solubility computed in thepure amorphousphase is significantly
larger than experimental measurements. From simulation results in
themelt state for the same systems,whichhave proven tobe in good
agreement with experiments [42], we can conclude that these
differences cannot be attributed to the force field or theMonte Carlo
sampling used. Clearly, the problem comes from the description of
the permeable phase in the semicrystalline state.

By using the osmotic ensemble in an original way, we have been
able to show that experimental solubilities are reproduced when
a single additional constraint value, s, is applied to the polymer
phase. The important point is that the applied constraint does not
depend on the gas pressure (in the range 0e8 MPa) or nature (for
N2, CH4 and CO2). Rather, it is a characteristic of the polymer at
a given temperature and crystallinity degree. We have seen that
this constraint has to be applied even with weakly soluble gases
(like N2) at low pressure, where almost no swelling is observed. We
can therefore conclude that the role of the ad-hoc constraint is to
reproduce the effective density of the real material.

The predictive capability of molecular simulations for the
calculation of solubility in semicrystalline state is therefore limited
by the knowledge of this effective density. The methodology
employed here, based on the evaluation of this quantity from some
experimental data and coupledwithMonte Carlo simulations in the
osmotic ensemble is a possible route, although a precise description
at a molecular level of the structure of the interfacial region would
be the method of choice.
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