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Abstract

The objective of this study is to investigate the relationship between gas permeability and the chemical structure and conformational

properties for copolymers of styrene and its homopolymer. The diffusion and the solubility coefficients of small gas molecules (He, H2, Ne,

O2, N2, CH4, Ar, CO2) in amorphous structures of poly (styrene-alt-maleic anhydride) copolymer (SMA), poly (styrene-stat-butadiene)

rubber (SBR), and atactic polystyrene (PS) are investigated by the transition state approach. Simulation results are found to be in good

agreement with the experimentally measured values. The transport behavior of H2O molecules is also studied in the same bulk structures by

fully atomistic molecular dynamics simulations. In general, the diffusion coefficients of the gases in these matrices decrease in the following

order: SBR . PS . SMA, whereas the solubility coefficients follow the reverse order. The differences in the mobility of the matrices seem

to be the dominant determining factor for diffusion. And the solubility coefficients depend on the free volume distribution of the matrices.

q 2003 Published by Elsevier Science Ltd.
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1. Introduction

The research on diffusion, sorption and permeation of

small molecules in polymeric materials has always been

fundamental, since there are many industrially important

processes that utilize polymeric materials as membranes or

barriers, such as food packaging, gas separation and

encapsulation of electronic components [1,2]. In the last

decade, it has become possible to establish structure–

property relationships by means of molecular simulations

[3], which would aid the design and material selection for

the applications mentioned above.

Molecular dynamics (MD) simulation is an approach,

which is effective for the investigation of the equilibrium

and dynamic properties of polymeric microstructures. MD

has been extensively used over the last 10 years in order to

examine the diffusion mechanism of small gas molecules in

polymers. The diffusion mechanisms of small molecules in

polymer structures of poly(ethylene) [4,9], poly(propylene)

[5,6], poly(isobutylene) [7–10], poly(dimethylsiloxane)

[11–13], poly(butadiene) [14], poly(styrene) [15], poly-

(imide) and poly(amide imide) [16,17], poly(vinyl alcohol)

membranes [18], poly(vinyl alcohol) hydrogels [19],

poly(benzoxazine) [20], poly(2,6-dimethyl-1,4-phenylene

oxide) [21], poly[1-(trimethylsilyl)-1-propyne] [22], poly-

(organophosphazenes) and poly(dibutoxyphosphazenes)

[23], poly(ether-ether-ketone) [24] have already been

investigated.

Transition-state approach (TSA) [25,26] is an alterna-

tive, efficient method that is commonly used to predict the

diffusion coefficients and the solubility values, based on the

transition-state theory. TSA is especially effective for

polymeric systems with lower permeability coefficients,

where MD simulations would not produce statistically

reliable results due to computational time limitations

[27–29].

In this work, the gas transport parameters, i.e. the

diffusion coefficients and solubility values, for small

penetrant molecules (He, H2, N2, Ne, O2, CO2, CH4, Ar)

in the amorphous structures of atactic polystyrene (PS),

poly(styrene-alt-maleic anhydride) (SMA) and poly-

(styrene-stat-butadiene) (SBR) are determined by means

of TSA. In addition, the diffusion of water is studied in these
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matrices using fully atomistic MD simulations, which

provide insight about the local structural relaxation and

the free volume distributions of the matrices. Moreover, the

specific interactions of the water molecules among them-

selves and with the matrices are investigated using pair

correlation functions.

PS, a commodity polymer used in packaging, domestic

electrical appliances, electronic equipments, and SBR, a

copolymer of styrene widely used in products ranging from

rubber bands to automotive tires, have both already been

well-characterized experimentally. The experimental solu-

bility, diffusion and permeability coefficients for most of the

small penetrant molecules in PS and SBR are available.

Another copolymer of styrene, SMA, used in auto parts and

appliances, has been an active topic of research during

recent years. To our knowledge, there have been no fully

atomistic MD or TSA studies performed on SMA and SBR.

Therefore our results will provide insight about the proper-

ties of SMA and SBR at the molecular level. There are

several MD simulations performed on the PS matrix [15,

30–32], but TSA results and the diffusion of H2O in this

matrix have not been reported so far. Although the three

structures have the styrene monomer in common; PS (glass

transition temperature, Tg ¼ 100 8C) and SMA ðTg ¼ 170 8

CÞ are glassy, while SBR (Tg ¼ 220 8C; when the weight

percentage of styrene:butadiene is 50:50) [33] is rubbery at

room temperature.

We would like to quantitatively compare these matrices

with the aim of pinpointing those equilibrium and/or

dynamic properties that play dominant roles in determining

the differences among the gas transport parameters of these

matrices. TSA will be particularly useful for the estimation

of the diffusion coefficients of gases in the glassy systems

due to its computational efficiency, whereas MD will

provide more detailed information about the equilibrium

and dynamic properties of these systems. As a result, the

two copolymers containing styrene, SBR and SMA, will be

characterized at a molecular scale, specifically in terms of

gas transport properties.

2. Simulation details

2.1. Construction of polymer microstructures

Bulk structures of atactic polystyrene (PS), poly(styrene-

alt-maleic anhydride) (SMA) and poly(styrene-stat-buta-

diene), also called styrene–butadiene rubber (SBR), were

generated and simulated by using the commercial software

of Accelrys (Insight II-Discover) [34]. The COMPASS

(Condensed-phase Optimized Molecular Potentials for

Atomistic Simulation Studies) forcefield was applied in all

simulations [35]. The calculations were performed on SGI

O2 workstations.

Monomers and single chains. The structure of maleic

anhyride monomer was built by the BUILDER module of

InsightII [34]. The fundamental repeat units of styrene,

maleic anhydride and trans-1,4 butadiene (cis-1,4 butadiene

and 1,2-butadiene not shown) are given in Fig. 1(a)–(c),

respectively. The potential types of the atoms for these

repeat units (except hydrogen atoms) are also indicated in

Fig. 1 according to the COMPASS Forcefield [35]. The

structures of all monomers were initially subjected to energy

minimization.

The general procedure used during all the energy

minimization stages in this study starts with steepest-

descent and changes to conjugate-gradient as the energy

derivative on any atom decreases to 1000 kcal/mol. As this

value reaches to 10 kcal/mol, it switches to Newton–

Raphson, and then stops when it is below 0.001 kcal/mol or

when at least 50,000 steps are completed.

After the energy minimization of monomers, single

chains of required length and composition were formed by

the POLYMERIZER module [34], and were subsequently

subjected to energy minimization. The degree of polym-

erization values, DP, and the total number of atoms, Natom;

including H atoms, for the constructed chains are given in

Table 1.

The homopolymer chains of PS were built using a

mesodyad probability of 0.48. The chains of SMA and SBR

were formed using the chirality inversion probability and

probability of flip for the styrene monomer as 1.0 and 0,

respectively. The repeat units of SMA chains (styrene and

maleic anhydride) alternate along the chain, the weight

percentage of styrene:maleic anhydride is 51.5:48.5.

SBR chains contain styrene (50% by weight), and three

types of butadiene repeat units (50% by weight in total): (i)

trans-1,4 (ii) cis-1,4 and (iii) 1,2 or vinyl butadiene. The

statistical copolymer chains of SBR are formed by using the

reactivity ratios of 0.8 and 1.4 for styrene and butadiene,

respectively [36]. SBR-1 chain consists of 50% styrene,

35.5% trans-butadiene, 6.3% cis-butadiene, 8.2% 1,2

Fig. 1. The repeating units (a) styrene, (b) maleic anhydride, (c) trans-1,4

butadiene rubber with the COMPASS potential type assignments of atoms

(the hydrogens are not explicitly shown).
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butadiene. SBR-2 chain has 50% styrene, 35.5% trans-

butadiene, 5.0% cis-butadiene, 9.5% 1,2 butadiene.

Amorphous cell packing and annealing. The amorphous

cells of the single chains were developed at 300 K by the

AMORPHOUS_CELL module of InsightII [34]. In order to

minimize chain end effects, each cell contains only one

minimized polymer chain rather than several chains

confined to the same volume, which would lead to increased

density of chain ends. The amorphous cells are constructed

using the method of Theodoreou and Suter [37]. In order to

avoid generation of high energy configurations; the look-

ahead feature of the AMORPHOUS_CELL module was

used with a value of 5, with all 5 added at each step and the

maximum number of look-ahead configurations was set to

50. The choice of states for PS was made according to the

conventional interdependent RIS [38] model, while for the

copolymer systems it was made automatically, according to

the torsional potential for rotation about a given backbone

bond.

Amorphous cells of PS, SMA and SBR were constructed

at reduced densities of 0.85, 0.90 and 0.82 g/cm3,

respectively. The increased free volume at the lower density

was sufficient for the generation of catenation-free struc-

tures. Following the cell construction at the initial density,

NPT dynamics (DISCOVER, [34]) is performed at 0.5 GPa

and 300 K to scale the cells to the specified experimental

densities ðrexpÞ; which are given in Table 1.

The cells were refined by the Basic_Refine Protocol of

Insight II [34], which employs an initial energy minimiz-

ation, a brief NVT run at 300 K and a final energy

minimization. Later annealing was performed by NPT

dynamics procedure at 1 bar using the Temperature Cycle

Protocol of Insight II [34]. During annealing, the cells were

first heated by 50 8C increments from 300 K to a

temperature that is well above the glass transition

temperature ðTgÞ of the polymer, chosen as 1000, 800 and

600 K for SMA, PS and SBR, respectively. Then the

annealed cells were cooled back to 300 K using 50 8C

increments. The duration of the NPT dynamics simulations

at each temperature was 5000 fs.

Further equilibration. The annealed cells of the glassy

polymers (SMA and PS) were later put through a stage-wise

equilibration procedure. First each cell was pressurized at

300 K to increase its density well above the experimental

one, and then the pressure was decreased in several stages to

1 bar. The aim was to obtain a refined system that would

relax at the experimental density of the amorphous polymer

at 1 bar and 300 K. Each stage consisted of three

consecutive runs in the following order: (i) an NPT run at

300 K and a specific pressure, (ii) an NVT run at a high

temperature well above Tg (800 K for PS and 1000 K for

SMA), and (iii) an NVT run at 300 K. The pressures of the

NPT run (step i) at different stages were sequentially set at

P ¼ 0:5; 3.0, 1.0 and 0.5 GPa. Each of the three consecutive

runs in all stages was applied for 50,000 fs in SMA-1, SMA-

2 and PS-1. In PS-2 cell, shorter runs of 25,000 fs were used

instead.

In the case of rubbery SBR, each annealed cell was

briefly compressed at 1 GPa for 5000 fs, followed by NVT

at 300 K for 50,000 fs.

Finally, all systems, whether rubbery or glassy, were

relaxed by NPT dynamics at 1 bar and 300 K to ensure that a

constant density has been reached. This final equilibration

step is carried out for 85,000–110,000 fs in the case of

glassy polymers and for more than 200,000 fs in SBR. The

average cell densities and the equilibrium cell lengths using

the last 30 ps of the final NPT run are given in Table 1. The

error between the experimental and the average predicted

densities of the equilibrated cells are 1.54, 0, 0.95, 1.1, 1.02,

and 3.1% for PS-1, PS-2, SMA-1, SMA-2, SBR-1 and SBR-

2, respectively.

In all runs, Andersen method was used for temperature

control [39]. In NPT runs, the pressure was controlled by

Berendsen’s method, where 0.1 ps and 0.5 GPa21 were used

as the pressure scaling constant ðtÞ and system compressi-

bility value ðbÞ; respectively [40]. During these simulations,

the cutoff for the nonbonded interactions was taken as

11.5 Å for PS, 13 Å for SMA and 12 Å for SBR. The spline

and buffer widths were 2 and 1.5 Å. And the time step was

1 fs.

2.2. MD simulation of water diffusion

Diffusion coefficients of H2O molecules in the equili-

brated cells of PS-2, SMA-1 and SBR-1 were determined by

NVT dynamics at 300 K.

For this aim, five H2O molecules were inserted into the

equilibrated PS and SBR microstructures, whereas eight

H2O molecules were used for SMA. The water molecules

were positioned at the free volume sites of the cells such that

the distance between any pair of H2O was at least 8 Å for

PS, 9 Å for SMA and 10 Å for SBR. After insertion of water

molecules, the systems were subjected to energy minimiz-

ation first by fixing the polymer atoms and afterwards by

setting them again free. For the SMA and SBR cells, after an

NVT dynamics of 105,000 fs, the systems were relaxed by

NPT dynamics at 1 bar for 1500 fs. The resulting densities

Table 1

Details of the simulation systems

System DP Natom rexp (g/cm3) rsim
a (g/cm3) Cell lengthsb (Å)

PS-1 80 1282 1.04 1.024 23.82

PS-2 80 1282 1.04 1.040 23.67

SMA-1 140 1752 1.27 1.258 26.53

SMA-2 140 1752 1.27 1.256 26.55

SBR-1 120 1448 0.98 0.970 24.46

SBR-2 120 1448 0.98 0.950 24.65

a Equilibrium density of each system is calculated as an average over the

final 30 ps of the equilibration NPT runs. Standard deviation varies in the

range of 0.006–0.009.
b Calculated as an average over the final 30 ps of the equilibration NPT

runs.
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of PS, SMA and SBR cells including the H2O molecules

were 1.05, 1.27, 0.97 g/cm3, respectively. These cells were

later subject to NVT dynamics for 2 ns (Discover_3). The

data collection started after 75,000 fs for PS and after

60,000 fs for SMA and SBR.

In these calculations, the velocity Verlet algorithm was

used with a time step of 1 fs. Andersen temperature control

was used with the same parameters. The cut-off for non-

bonded interactions was set to 11 Å, using respective spline

and buffer widths of 2 and 1.5 Å.

From the trajectories recorded at 1 ps intervals, the

consecutive positions of the water molecules diffusing in the

polymer matrix are computed as a function of time. The

diffusion coefficients of the water molecules can be

calculated by means of the Einstein relation

D ¼
kr2l
6t

; t !1 ð1Þ

Here kr2l ¼ klrðtÞ2 rð0Þl2l is the mean square displacement

(MSD) of the penetrants over time, t: The brackets show that

the average was taken for all the penetrant molecules over

all time origins.

2.3. Diffusion and solubility of small gases by TSA

TSA [25,26] is used to compute the solubility values and

diffusion coefficients for various kinds of gases in

amorphous polymer microstructures. The COMPASS for-

cefield and the programs gsdif and gsnet are used for all the

TSA calculations [41]. The Lennard–Jones parameters, si

and 1i; used for the united atom representations of

COMPASS forcefield are given in Table 2 for eight

different penetrant molecules.

The method assumes that gases diffuse through dense

polymer systems by a series of activated hops, which are

independent from the structural relaxation of the polymer

matrix and depend only on the elastic motion of the matrix

[27]. This assumption is only valid for the diffusion of small

molecules (not larger than methane) through the polymers.

The isotropic elastic motion of the matrix is characterized

by a smearing factor, kD2l; which represents the fluctuations

(MSD) of the polymer atoms around their equilibrium

positions. An identical kD2l is used for all the atoms in the

matrix.

An amorphous cell (equilibrated by the methods

described in Section 2.1) is transformed into an orthogonal

lattice with a constant spacing of 0.3 Å. The solute

distribution function in the matrix, rðrÞ; is evaluated by

calculating the Helmholtz free energy between a gas

molecule inserted at each grid point and all the atoms of

the polymer matrix that are subject to elastic fluctuations.

As a result, the local maxima in rðrÞ are identified as

different free volume sites in the matrix. The rate constants

and the probabilities for the penetrant jumps from one free

volume site to another are then determined together with the

residence times in each site.

In this study, the smearing factor, kD2l; is computed

using the self-consistent field procedure (SCF, auto-

smearing) option of gsnet [41]. The MSD of all polymer

atoms is obtained as a function of time from a short NVT

dynamics (20 ps) without penetrant molecules. In SCF

procedure, an initial guess is made for kD2l in order to

calculate the distribution of the penetrant residence times in

the free volume sites. The most probable residence time is

used to determine the MSD of atoms from the NVT

dynamics results, hence the new kD2l: The same process is

repeated until a convergence of kD2l values is obtained.

Once the smearing factor and the corresponding jump

probabilities are determined, the trajectories of the penetrant

molecules are calculated by a Monte Carlo (MC) type

procedure. The diffusion coefficient is then obtained by

using Eq. (1), as an average over 1000 independent MC

trajectories.

For low pressures ðp ! 1Þ; the solubility, S; can be

computed by using the TSA [27],

S ¼
1

kTV

ð
rðrÞdV ð2Þ

Here k represents the Boltzmann’s constant and T is the

temperature. The integral over the volume of the amorphous

cell is actually a summation over all the lattice sites.

Once the diffusion and solubility values are computed,

the permeability, P values can be calculated by the relation

(3)

P ¼ DS ð3Þ

3. Results and discussion

3.1. Evaluation of the TSA results

Table 3 lists the smearing factors calculated by the self-

consistent field procedure for all types of penetrant

molecules in each cell. These values fall in the same

range with the smear factors used by Gusev et al. for glassy

Table 2

Lennard–Jones parameters used for the penetrant molecule interactions in

TSA [41]

Penetrant si (Å) 1i (kcal/mol)

He 2.90 0.0203

H2 2.93 0.0735

Ne 3.13 0.0709

O2 3.46 0.2344

N2 3.70 0.1889

CH4 3.82 0.2945

Ar 3.84 (3.65)a 0.2464

CO2 4.00 (3.70)a 0.4500

a The data in parentheses are modified according to the correlation

presented in Fig. 2.
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atactic polyvinylchloride and rubbery polydimethylsiloxane

structures [27].

Table 4 gives the computed densities of the specific

snapshots, chosen for TSA calculations. The free volume

percentages and solubility parameters, dðsimÞ; of these cells

are also listed together with experimental solubility

parameters, dðexpÞ:

Diffusion. The diffusion coefficients, Dsim; calculated by

TSA at 300 K for various gases, are compared with the

available experimental data ðDexpÞ for PS [15,42–44] and

SBR [33] in Table 5. We could not find any experimental

diffusion coefficients for SMA in literature. In the case of

SBR, experimental results are for statistical copolymers

with butadiene/styrene content of 77:23 (wt:wt parts%),

whereas the SBR composition in our simulations is 50:50. In

general, there is very good agreement between experimental

and simulation results for the relatively smaller gases. For

the comparatively larger gases, Ar and CO2, the diffusion

coefficients are underestimated by more than one order of

magnitude. In the following, we will show that these errors

could be minimized by small adjustments of the s

parameters.

Teplyakov and coworkers have developed the following

correlation based on extensive experimental data with

different gases and polymer matrices [45]

log D ¼ K1 2 K2d2
eff ð4Þ

Here, deff is the effective penetrant diameter. The correlation

coefficients K1 and K2 depend on the chemical and physical

properties of the polymer matrices. This correlation holds

for both glassy and rubbery polymers, as well as for

homopolymers and copolymers.

Fig. 2 shows the correlation between deff values adopted

by Teplyakov and Meares [45] and the s values used in TSA

calculations in Table 2. In this figure, the empty diamonds

denote the original s values assigned to each gas. The

original s values for Ar and CO2 seem to be slightly higher

than those depicted by deff : After a modification of these s

values, which are indicated in parentheses in Table 2 and by

the filled diamonds in Fig. 2, the correlation coefficient

increased from 0.94 to 0.98. More importantly, Dsim for Ar

and CO2 (given in parentheses in Table 5) are now closer to

Dexp within acceptable limits.

In TSA calculations, the linear gases, i.e. O2, N2 and

CO2, are also represented as spherically symmetric

molecules. For these gases, the effective s parameter used

in the Lennard Jones potential would be highly weighted

towards the longest axis of the linear molecule, resulting in

an overestimation of the minimal cross-sectional area of the

molecule. Consequently, the diffusion coefficient, being

more sensitive to the minimal cross-sectional area, might be

underestimated in TSA, specifically in the case of CO2.

In Fig. 3, the logarithms of Dexp (at 298 K) and Dsim (at

300 K) are plotted as a function of d2
eff to check if the

correlation holds for our amorphous systems. For a clearer

representation, the diffusion coefficients for Ar and CO2 are

those calculated with modified s parameters, i.e. the values

given in parenthesis in Table 5. The open circles, squares

and triangles give the computed diffusion coefficient ðDsimÞ

values, averaged over the two cells of SMA, PS and SBR,

respectively. The lines represent the least squares fit through

average Dsim values for each matrix with R2 values of 0.98

in all cases.

Dexp are also shown on the same plot for PS (filled

Table 3

The smearing factors kD2l1=2 (Å) calculated for the different gases in each

matrix

Gas matrix He H2 Ne O2 N2 CH4 Ar CO2

SBR-1 0.49 0.46 0.56 0.60 0.58 0.55 0.60 0.61

SBR-2 0.48 0.46 0.54 0.57 0.56 0.54 0.58 0.61

PS-1 0.44 0.42 0.51 0.55 0.54 0.51 0.55 0.56

PS-2 0.40 0.38 0.44 0.46 0.46 0.45 0.47 0.47

SMA-1 0.37 0.35 0.40 0.42 0.42 0.42 0.42 0.42

SMA-2 0.37 0.34 0.40 0.40 0.42 0.40 0.42 0.43

Table 4

Properties of the specific cells chosen for TSA calculations

System ra

(g/cm3)

Free volume%b Solubility dðexpÞ

(MPa)1/2

Parameters dðsimÞ

(MPa)1/2

SBR-1 0.974 4.9 17.5–17.8c 14.9

SBR-2 0.957 7.2 15.9

PS-1 1.026 10.1 17.5–18.7d 13.4

PS-2 1.029 10.2 12.5

SMA-1 1.268 7.7 16.2–19.7e 16.4

SMA-2 1.251 12.8 8.2

a Density of the specific cell used for TSA.
b Free volume% ¼ (Vf /total volume of the amorphous cell) £ 100.
c Experimental data for butadiene/styrene 60:40 [36].
d Experimental data from Ref. [36].
e The value is obtained by three different group contribution methods

[36].

Fig. 2. Correlation between the effective penetrant diameter ðdeff Þ from Ref.

[45] and Lennard Jones parameters ðsiÞ used in TSA calculations. The solid

diamonds represent modified ðsiÞ values for CO2 and Ar.
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squares) [12,15] and for SBR (filled triangles) [33]. In

general, there is good agreement between experimental and

computed diffusion coefficients. For PS, the factor Dsim=Dexp

changes between 0.6–1.5, except for the larger gases Ar

ðDsim=Dexp ¼ 0:2Þ and CO2 ðDsim=Dexp ¼ 0:3Þ: For SBR, this

factor is found to lie in almost the same range. However, the

styrene content of SBR used in our simulations is higher

than that reported in the experiments, which can be a reason

for the underestimation in the case of larger gases. In

summary, all of our systems, whether glassy or rubbery,

conform to Eq. (4).

The correlation coefficients K1 and K2 are given in Table

6 for both experimental and computed data. K1 is much less

sensitive to the polymer properties than K2; as also indicated

by Teplyakov and Meares [45]. Our results show that K2

ðSMAÞ . K2ðPSÞ . K2ðSBRÞ; which follows the general

trend proposed as: K2 (glassy polymers with polar side

groups) . K2 (glassy polymers with nonpolar side

groups) . K2 (rubbery polymers) [45]. In these polymeric

systems that possess quite different K2 parameters, the

differences between the diffusion coefficients of the

Table 5

Experimental ðDexpÞ and simulated ðDsimÞ diffusion coefficients (cm2/s) for SBR, PS and SMA

Gas type Cells Dexp £ 108 (SBR) Dsim £ 108 (SBR) Dexp £ 108 (PS) Dsim £ 108 (PS) Dsim £ 108 (SMA)

He Cell-1 – 2600 1040a 1400 680

Cell-2 2100 1500 680

H2 Cell-1 900b 1400 436a 510 170

Cell-2 1000 600 170

Ne Cell-1 – 620 240c 210 50

Cell-2 340 160 50

O2 Cell-1 140b 160 11a 24 1.2

Cell-2 39 8.0 1.2

N2 Cell-1 100b 90 6d 6.1 0.2

Cell-2 13 2.1 0.3

CH4 Cell-1 – 39 1.6e 1.2 0.03

Cell-2 3.7 0.4 0.03

Ar Cell-1 – 51 (86)f 24c 2.0 (7.3)f 0.03 (0.2)f

Cell-2 4.7 (17)f 0.5 (2.1)f 0.04 (0.3)f

CO2 Cell-1 105b 18 (40)f 5.8a 0.3 (3.3)f 0.0006 (0.03)f

Cell-2 1.3 (7.3)f 0.03 (0.6)f 0.002 (0.06)f

a Ref. [42].
b Ref. [33]. Butadiene/styrene (wt:wt parts%) 77:23.
c Ref. [43]. The values are read from a figure.
d Ref. [44].
e Ref. [15].
f The values for the two gasses (Ar and CO2) that are given in parentheses are computed by the sAr and sCO2

of Table 2 shown in parentheses.

Fig. 3. Experimental and computed diffusion coefficients as a function of

the squared effective penetrant diameter ðd2
eff Þ for SBR, PS and SMA

systems. The lines are drawn through the TSA results according to Eq. (4).

Table 6

Correlation coefficients evaluated for Eqs. (4) and (5)

Polymer Styrene (wt%) Method K1 K2 K3 K4 £ 102

SBR 8 Exp.a 24.24 18.4 27.05 0.72

SBR 23 Exp.b 24.11 20.6 26.89 0.79

SBR 40 Exp.a 24.00 25.3 27.28 0.85

SBR 50 TSA 23.64 30.0 26.67 0.89

PS 100 Exp.c 23.54 41.7 26.73 1.04

PS 100 TSA 23.23 46.4 26.36 0.94

SMA 50 TSA 22.94 64.2 26.44 1.30

a Correlation coefficients from Ref. [45].
b Coefficients found by curve fitting through the experimental data from

Ref. [33].
c K1; K2 found by curve fitting through the data from Ref. [42], and K3;

K4 from Ref. [47].
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structures increase as the effective penetrant diameter

increases.

Moreover, the K1 and K2 parameters increase as the

styrene content in the SBR increases and our simulation is

also very consistent with this trend. In fact, our TSA results

for SBR compares much more closely with the correlation

provided for butadiene/styrene 60:40 [45], which is clear

from the K1 and K2 parameters in Table 6.

At first glance, the K2 values for our systems seem to

increase as the glass transition temperature increases. This

effect is related to the local mobility of the matrices

represented by the smearing factors in TSA (see Table 3).

For example, increasing the smearing factors for O2 in

SMA-1 and SMA-2 to the value for PS-1, resulted in

comparable diffusion coefficients for SMA and PS. The Dsim

of O2 in SMA increased to 21 £ 1028 cm2/s. However, the

Dsim of O2 in the rubbery matrix decreased (from

160 £ 1028 to 93 £ 1028) but not to the levels of diffusion

in PS, when the smearing factor of PS-1 is adopted for SBR-

1.

However, the glass transition temperature cannot be the

only determining factor. For example, poly(phenylene

oxide) with a higher Tg (220 8C) than SMA has a K2 value

of 37.3 [45] and a much higher diffusion coefficient than

expected [21,46]. As a result of numerous experimental

data, Teplyakov and Meares [45] have indicated that K2

increases as the cohesive energy density (CED) of the

polymer matrices increase. Hence, we report the solubility

parameters ðdÞ for our matrices, defined as d ¼ ðDE=VÞ1=2;

where DE is the cohesive energy and V is the molar volume.

The solubility parameters of the specific snapshots chosen

for TSA are given in Table 4, together with the experimental

ranges obtained from literature. The reported range for

SMA is determined by using three different group

contribution methods [36]. Looking at the solubility

parameters obtained from literature, we cannot detect

appreciable differences between the three matrices in

order to draw conclusions about the relationship between

cohesive energy density and diffusion. Comparison of

simulation results (averaged over two cells) with the d

values from literature indicates errors in the ranges of 26–

31% for PS, 24–38% for SMA and 12–13% for SBR. In

general, the solubility parameters of our cells are under-

estimated, with the errors being higher for the glassy

matrices, which represent non-equilibrium, frozen states.

Specifically, SMA-2 has a very low d value compared to

SMA-1 with a closer d value to the group contribution

predictions. However, we cannot observe a significant

difference between the diffusion coefficients of these two

SMA cells that have very different CEDs.

In general, the diffusion coefficient estimates from TSA

seem to be quite good (much closer than one order of

magnitude to the experimental values) for all the penetrants

considered. So far, the smear factors of the matrices, i.e. the

local mobility, seem to be the dominant factor for the

differences in the diffusion values obtained by TSA. In what

follows, we would like to analyze the differences in free

volume distributions of the matrices and their possible

effects on gas transport properties.

Free volume distributions. The free volume calculations

were done by the transition state approach of Gusev and

Suter [25–27]. As explained before, the amorphous cell is

divided into equally spaced lattice sites. Then, each lattice

site is assigned either as an unoccupied or an occupied site

by the polymer chain depending on the Helmholtz free

energy between the probe molecule (helium) located at this

site and the polymer matrix. A steepest-descent gradient

path is started from each unoccupied grid point, which

would terminate at a local minimum of the Helmholtz free

energy. Thus, the collection of grid points belonging to each

local minimum determines a specific free volume site and its

corresponding volume, Vi: The free volume distribution in

each cell, i.e. the number of the free volume sites ðNiÞ

having a certain size ðViÞ is determined. As a result, the total

free volume of the cell is calculated asVf ¼
P

Ni £ Vi: The

accessible free volume ðVaÞ is defined as the summation of

the free volumes of those sites having sizes equal or greater

than a threshold volume ðVtÞ; which would allow the

diffusion of a specific penetrant with volume Vt; i.e. Va ¼P
Ni £ Vi; for Vi $ Vt: The accessible free volume fraction

ðfaÞ is given as [23]

fa ¼
Va

Vf

ð5Þ

In Fig. 4, the accessible free volume fraction is plotted as a

function of the threshold free volume size for each cell. As

expected, fa decreases as the threshold value or the diffusing

penetrant size ðVtÞ increases in all cells. The glassy

structures of PS and SMA have higher accessible free

volume contents than rubbery SBR. This is also related to

the underestimation of the CED values in glassy matrices,

discussed in the preceeding section on diffusion. The total

free volume percentage of each cell is listed in Table 4

Fig. 4. Accessible free volume fraction, fa; as a function of site free volume

for each cell (refer to Eq. (5)).
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taking He as the probe molecule. Again, SMA-2 with the

highest free volume content has the lowest CED among all

the matrices, which reflects the fact that it is highly

unrelaxed. Yet, the diffusion coefficients in SMA-2 are

almost the same as SMA-1, which has a much lower free

volume percentage. Thus, the free volume content of the

matrices is not a distinguishing factor for the observed

differences in diffusion coefficients among the different

matrices. In Section 3.2, we will also consider possible

correlation between free volume distributions and solubility

values.

Solubility. Table 7 lists the experimental ðSexpÞ [33,47]

and computed ðSsimÞ solubility values for the polymeric

systems. In general, Ssim values are higher than the

experimentally measured values by a factor ranging

between 1.5–2.7 for PS and 1.6–3.0 for SBR (no values

reported for SMA). Similar differences between experimen-

tal and computed solubility values have been observed in

previous TSA studies, as well [27,28].

Solubility of gases in a specific polymer matrix increases

as the effective value of the Lennard–Jones potential-well

depth ð1=kÞ of the gas increases (listed in Table 2). The

logarithms of Ssim values for various gases are plotted in Fig.

5 as a function of ð1=kÞ of each penetrant, according to the

correlation [45]

log S ¼ K3 þ K4ð1=kÞ ð6Þ

Ssim values in Fig. 5 are the averages of the solubility values

for the two equilibrated cells of each matrix. Again the lines

representing the least squares fit through the Ssim values

(with R2 ¼ 0:99; 0.97, 0.99 for SMA, PS and SBR,

respectively) are drawn and the correlation coefficients, K3

and K4; are listed in Table 6. The K3 values of these matrices

do not differ too much, while K4 values slowly increase in

the order: K4ðSMAÞ . K4ðPSÞ . K4ðSBRÞ: The compi-

lation of Teplyakov and Meares has shown that K4 for

different polymers varies in the range of 0.72 and 1.47, with

the polar matrices having higher values [45]. Our TSA

results are in conformity with this trend.

Even though Sexp are not available for SMA structure,

Eq. (6) provides a good fit for Ssim values of the copolymer

structure. The Ssim values for SMA are significantly higher

than the values for PS, especially for the gases with higher

Lennard–Jones potential-well depth. In summary, our

Table 7

Experimental ðSexpÞ and simulated ðSsimÞ solubility values for SBR, PS and SMA (S is in cm3(STP)/cm3 Pa)

Gas type Cells Sexp £ 108 (SBR) Ssim £ 108 (SBR) Sexp £ 108 (PS) Ssim £ 108 (PS) Ssim £ 108 (SMA)

He Cell-1 – 21 – 43 34

Cell-2 33 44 51

H2 Cell-1 34.2a 40. – 89 77

Cell-2 67 92 120

Ne Cell-1 – 28 – 73 73

Cell-2 54 82 110

O2 Cell-1 91.1a 150 – 570 970

Cell-2 390 770 1500

N2 Cell-1 47.3a 53 131.2b 290 540

Cell-2 180 430 860

CH4 Cell-1 – 150 946.7b 1100 2800

Cell-2 660 1800 4300

Ar Cell-1 – 70 (120)c – 520 (630)c 1400 (1300)c

Cell-2 320 (390)c 870 (930)c 2000 (2000)c

CO2 Cell-1 885.7a 400 (1100)c 3453.2b 4600 (6200)c 26000 (19000)c

Cell-2 2500 (3700)c 9800 (9800)c 30000 (27000)c

a Ref. [33]. Butadiene/styrene (wt:wt parts%) 77:23.
b The Sexp of the three gases (CO2, CH4, N2) in PS are the values for very low pressures from Ref. [47].
c The values for the two gasses (Ar and CO2) that are given in parentheses are computed by the sAr and sCO2

of Table 2 shown in parentheses.

Fig. 5. Experimental and computed solubility values as a function of the

penetrant Lennard–Jones potential well depth ð1=kÞ for SMA, PS and SBR

systems. The lines are drawn through the TSA results according to Eq. (6).
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TSA results at low pressures indicate the following trend:

SðSMAÞ . SðPSÞ . SðSBRÞ:

The free volume distributions of the matrices emerge as a

factor that affects the solubility of gases (see Fig. 5).

Comparison of the two different cells of SMA indicate that

SMA-2 with the higher free volume content and distribution

leads to higher gas solubilities. Similar results are obtained

for SBR. The average free volume distribution of two cells

in each matrix (not shown) decreases in the following order:

SMA . PS . SBR.

Simulations on glassy polystyrene matrices have shown

that solubilities of larger gases (CO2 and CH4) are affected

by the periodic system size chosen [30]. Specifically, the

larger cavities that can accommodate these gases are formed

in larger boxes and as a result the solubility predictions are

closer to experimental values. Another simulation study on

glassy polypropylene cells with various sizes has indicated

significant system size effect on the solubility of larger

gases, but no effect on the diffusive behavior of penetrants

[6]. These results on glassy polymers are in conformity with

our TSA results, which designate that the free volume

distributions affect the solubility values but not the diffusion

coefficients. Moreover, our simulation sizes seem proper for

the estimation of diffusion coefficients, but may be not large

enough for the estimation of the solubility parameter of the

larger gases (CO2 and CH4), in view of these previous

studies [6,30].

Permeability. Table 8 compares the experimental and

simulated permeability coefficients for the three matrices. In

general, the computed values are higher than experimental

ones, which mainly result from the overestimations of

solubility. Only in SBR, the permeability for the larger

gases (N2, CH4, Ar and CO2) is underestimated due to the

lower predictions of diffusion. Again we should mention

that the reported experimental values for SBR are obtained

from a sample with a higher butadiene (77%) content than

our simulations (50%), which would mean that Dexp . Dsim:

The only experimental data that we could obtain for

SMA are permeability coefficients for O2 and CO2 in a

sample containing 25 wt% maleic anhydride. Our predic-

tions seem to fall into a reasonable range of these data,

which indicates that TSA result on diffusion and solubility

of the SMA matrix should be reliable, i.e. within an order of

magnitude of the experimental data.

3.2. Evaluation of the MD simulation results

Diffusion. In Fig. 6, the MSDs of water molecules are

shown as a function of time during the 2 ns trajectories in

each matrix. In these plots, MSDs are averaged over all

water molecules and over all time origins. The general trend

of the diffusion in SMA , PS , SBR is also observed for

water.

In general, the long time limits of a trajectory are

statistically unreliable, and the non-Einstein (anomalous)

diffusion regime is observed at very short times [27]. As a

result, in the intermediate region, the Einstein diffusion

regime can be observed for relatively fast diffusing

molecules and mobile matrices given that the slope of the

log(MSD) vs. log(time) plot reaches unity. In Fig. 6, the

Table 8

Experimental ðPexpÞ and simulated ðPsimÞ permeability coefficients for SBR, PS and SMA (P is in (cm3(STP) cm/cm2 Pa s)

Gas type Cells Pexp £ 1015 (SBR) Psim £ 1015 (SBR) Pexp £ 1015 (PS) Psim £ 1015 (PS) Pexp £ 1015 (SMA) Psim £ 1015 (SMA)

He Cell-1 1725a 5700 1400b 5900 – 2300

Cell-2 7000 6800 3400

H2 Cell-1 3080a 5800 1700b 4500 – 1300

Cell-2 6700 5500 2000

Ne Cell-1 – 1700 – 1600 – 360

Cell-2 1800 1300 610

O2 Cell-1 1275a 2500 200b 1400 45–50c 120

Cell-2 1500 610 190

N2 Cell-1 473a 480 59b 180 – 12

Cell-2 250 88 25

CH4 Cell-1 1580a 590 58.5b 130 – 9.7

Cell-2 250 66 11

Ar Cell-1 – 360 (1100) – 100 (460)d – 3.4 (26)d

Cell-2 150 (660) 41 (200)d 7.7 (54)d

CO2 Cell-1 9030a 710 (4500) 790b 140 (2000)d 36–54c 1.6 (56)d

Cell-2 320 (2700) 26 (610)d 4.6 (160)d

a Ref. [33]. Butadiene/styrene (wt:wt parts%) 77:23.
b Ref. [36].
c Ref. [43]. Maleic anhydride/styrene (wt:wt parts%) 25:75.
d The values for the two gasses (Ar and CO2) that are given in parentheses are computed by the sAr and sCO2

of Table 2 which are shown in parentheses.
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slope of log(MSD) vs logðtÞ curve increases approximately

to unity after 500 and 350 ps for PS and SBR, respectively.

The estimated diffusion coefficient of H2O in PS is

0.52 £ 1026 cm2/s, which is close to the experimental

value of 0.14 £ 1026 cm2/s [36] and it is 1.38 £ 1026 cm2/s

in SBR. On the other hand, since the Einstein diffusion

regime is not reached during 2 ns of simulation time, the

diffusion coefficient of H2O in SMA is not calculated.

However, we should note here that three-dimensional

diffusion is not observed looking at the motion of individual

water molecules. Following the path of individual pene-

trants in the 2 ns range, the principal moments of the radius

of gyration tensor indicate one-dimensional diffusion rather

than three, with one principal moment being much greater

than the other two. Increasing the simulation time of PS to

4 ns indicated two-dimensional diffusion for most pene-

trants. In short, the diffusion coefficients reported above

should be taken with caution, since they do not represent

random walk of individual penetrants in three-dimensions,

which may be a result of inadequate simulation time and

aggregation of water molecules in PS and SBR.

The displacement of a specific gas molecule from its

initial position at t ¼ 0 to its final position at time t; i.e.

rðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lrðtÞ2 rð0Þl2

p
, can be plotted as a function of time to

observe its diffusive behavior. Fig. 7(a)–(c) show the

displacements of water molecules in SMA, PS and SBR,

respectively. Three representative water molecules are

chosen from each cell, named as H2O-1, H2O-2 and H2O-

3. For better visualization, the curves for H2O-1 and H2O-2

molecules have been shifted vertically by 11 and 6 Å in

SMA, by 11 and 8 Å both in PS and SBR, respectively. In

SMA, four out of eight molecules have not made any jumps,

such as H2O-3 molecule in Fig. 7(a). On the other hand, all

molecules show at least one jump in PS and SBR. In the

glassy matrices, there is an abundance of back-and-forth

hopping between neighboring free volume sites, which does

not contribute to the overall displacement of the molecules.

This phenomenon has been observed in previous work and

attributed to the fact that the channels connecting neighbor-

ing free volume sites have much longer life times in frozen-

glassy polymers than in rubbery polymers [28].

At the end of the 2 ns runs, three out of five water

molecules (H2O-1 and H2O-2 are two of them) aggregated

Fig. 6. Logarithmic plot of MSD vs. time for the diffusion of H2O molecules

in SBR-1, PS-2 and SMA-1 at 300 K. The thin lines with the slopes of

m ¼ 1:05 and 1.03 are drawn for PS-2 and SBR-1, respectively.

Fig. 7. Displacements of H2O molecules from their original positions in (a)

SMA, (b) PS, (c) SBR matrices. Three representative molecules are chosen

from each cell. The displacements of the first and second molecules are

shifted vertically, for clarity.
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in PS, whereas the water molecules in SBR aggregated in

two separate groups, each containing two and three

molecules. Aggregation of water molecules, which is also

seen in previous MD simulations on polybenzoxazine

matrix [20], does not take place in the polar SMA matrix

during 2 ns. In fact, some of the aggregated water molecules

also dissociate during the 2 ns trajectories, and dissociation

is more frequent in SBR due to its mobility. We will look at

this phenomenon in more detail in the section on pair

correlation functions of water molecules.

Local relaxation of chains. The local dynamics of the

matrices are studied using the rotational (orientational) time

correlation function that is described by [48,49]

mðtÞ ¼ kuðt0Þ·uðt0 þ tÞl ð7Þ

Here uðtÞ denotes a unit vector that characterizes the

orientation of the main or side chain of the polymer at a

given time, t: The ensemble average is evaluated on the

basis of an ensemble of snapshots at various starting times,

t0:

The averages of the rotational time correlation functions

for SMA, PS and SBR over their 2 ns dynamics in the

presence of water molecules are computed. The local

relaxation of the main chain is monitored by looking at the

vectors that connect any CðiÞ to Cði þ 3Þ atoms in SMA and

PS, which represent all the three-bond segments along the

backbone. Also, the average relaxation of all the backbone

bonds that connect CðiÞ and Cði þ 1Þ in SMA, PS and SBR

is calculated. The relaxation of side chains are observed

through the vectors that are fixed at the first and last carbon

atoms of each c43 – c3a – c3a – c3a sequence, which

describes the average relaxation of the phenyl rings in

each matrix. (see Fig. 1(a)).

In Fig. 8(a), there is no considerable structural relaxation

of the main chain segments in the glassy systems, i.e. PS and

SMA. However, a slight difference can still be observed in

the local dynamics of these matrices in the short time scales

of 50–100 ps. The initial decay in the orientational

autocorrelation of the main chain vectors is faster in PS

compared to SMA, even though both functions level off to

almost the same value.

In the case of side chain relaxations, the orientational

autocorrelation of the phenyl rings exhibits a relatively

faster and more appreciable decrease in PS than in SMA

(lower two curves in Fig. 8(a)). Thus, the differences in the

local mobility of the two glassy matrices may (at least

partially) explain the slower diffusion of water molecules in

SMA compared to PS. Because the fast hopping events of

the penetrant, which occur in several ps, should be sensitive

to these differences in local dynamics in the 50–100 ps time

scale.

In comparison to the glassy matrices, rubbery SBR

exhibits much faster and cooperative relaxations of the

main and side chain vectors, as shown in Fig. 8(b). The

long-time relaxation behavior of PS and SMA over the

1000 ps range is indistinguishable, so only PS is plotted

here for comparison to the rubbery matrix. Moreover,

the curves for SBR do not level off to constant values

(in the range of 0.98–0.99) as in the case of glassy

polymers, but show continual decay. Thus, the high

mobility of the rubbery matrix is a reason for the faster

diffusion observed.

Structure of the matrices. In Fig. 9(a), the simulated

X-ray scattering patterns are compared for different

amorphous cells, as a function of the scattering vector q:

For PS, the experimental peaks located at q ¼ 0:75; 1.4 and

3.0 Å21 are detected within 0.1 Å21 accuracy in our

simulations (PS-2 shown) [50,51]. Moreover, the relative

intensities of these three peaks fall into the ranges presented

in previous work [32]. The first two peaks observed at the

lower q region are sensitive to intermolecular packing and

structural relaxations [32,50,51]. Similar peaks are observed

in SMA structures, with the location of the lowest q peak

being appreciably different between SMA-1 ðq < 0:5 �A21Þ

and SMA-2 (q < 0:8 �A21; not shown), which also have

quite different solubility parameters (Table 4).

The COMPASS forcefield includes a Lennard–Jones 9–

6 potential for van der Waals type interactions and a

Coulombic term for the electrostatic interactions. Partial

charges are assigned to the H and C atoms on the backbone

and the phenyl ring in a similar fashion to the forcefield used

Fig. 8. The rotational time correlation function during NVT dynamics for

the main and side chain vectors of (a) PS, SMA (b) PS, SBR.
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by Rapold and Suter, which are stated to be important for

ring–ring interactions and intermolecular packing in PS

[52]. We should also note that the amorphous cell method

[37] used in this work is known to lead to deviations from

rotational isomeric state (RIS) models [38,53] for glassy

polymers with bulky side groups, such as PS [54]. Even

though the PolyPack algorithm [55], which seems more

suitable for the packing of PS, is not used here, still the

predicted diffusion coefficients are close to experimental

results, i.e. not affected by probable deviations from theta

state or RIS conformations.

Fig. 9(b) compares the pair correlation function, gðrÞ; of

the two repeat units of SMA. The dashed line gives the

intermolecular gðrÞ for carbon (c3a) atoms of the phenyl

ring. This form is very similar to what is observed in SBR

and PS for the aromatic carbons. In the same figure, the solid

line gives intermolecular gðrÞ for the carbonyl oxygen atoms

(o1y) on the maleic anhydride repeat unit. Here, the peak at

around 3.5 Å indicates the clustering of maleic anhydride

repeat units. Investigation of the local SMA structure

around specific water molecules does not show any clear

difference among the water molecules that exhibit and do

not exhibit jumps, such as respective H2O-1 and H2O-3 in

Fig. 7(a).

Pair correlation functions of water molecules. The

interactions between H2O molecules and some selected

atoms of polymer chains are shown in Fig. 10(a)–(c). In all

following calculations, the interaction site for the water

molecule is chosen as the oxygen atom (o2p). In Fig. 10(a),

the pair correlation function, gðrÞ; between water molecules

and the o1y potential type assigned oxygen atoms of SMA

shows a sharp peak at a distance of <2.85 Å, which is the

sum of the hard sphere radii of two oxygen atoms. This

indicates the occurrence of the hydrogen bonding between

water molecules and carbonyl oxygens of SMA. The pair

correlation function between the o2b potential type assigned

oxygen atoms and water molecules also shows a peak at the

hydrogen bonding distance of 3.15 Å and a second peak at

4.95 Å, possibly resulting from the water molecules that

form H-bonds with the carbonyl oxygens of SMA. Other

than the distributions that indicate the H-bonding capacity

of SMA, Fig. 10(b) shows the interactions between water

molecules and the carbon atoms of the phenyl side chains

(c3a) in the different matrices. The peaks located at around

3.6 Å indicate the exposure of phenyl side chains to the

water molecules residing in the free volumes. The

probability of these specific interactions with water

molecules, given by the height of the peaks, can be

compared in different matrices as SBR . PS . SMA.

The interactions among different water molecules (o2p

atoms) residing in the same cell are displayed in Fig. 10(c)

for PS, SMA and SBR. The high peaks located at about

2.85 Å indicate that there is appreciable self-aggregation

among water molecules in the nonpolar systems: PS and

SBR. In comparison, the excessive hydrogen bonding

among the maleic anhydride residues and water molecules

and slower penetrant diffusion in SMA possibly hinders the

self-aggregation of water molecules, as a result of which a

relatively small peak is observed around 2.85 Å.

4. Concluding remarks

Transition state approach is used to calculate the

diffusion coefficients ðDÞ and the solubility values ðSÞ of

simple gases in SMA, PS and SBR matrices, and also

predict the permeability coefficient ðPÞ as the product of D

and S: As a result, gas transport parameters in these matrices

are estimated with reasonable accuracy, i.e. within less than

an order of magnitude of the experimental results. The

permeability of these matrices to simple gases decreases

in the following order: PðSBRÞ . PðPSÞ . PðSMAÞ: The

diffusion coefficients, which decrease in the same

order, are more dominant in determining the perme-

ability coefficients compared to solubility coefficients

of the same gases, which follow the reverse order as:

SðSBRÞ , SðPSÞ , SðSMAÞ:

Our TSA results on simple gases are in conformity with

Fig. 9. (a) X-ray scattering patterns for PS-2, SMA-1, SBR-1 as a function

of scattering vector q (Å21), (b) the intermolecular pair correlation

function, gðrÞ; of carbon (c3a) atoms and oxygen (o1 ¼ ) atoms of SMA.
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the correlations that relate the diffusion coefficient to the

effective penetrant diameter and the solubility values to the

effective Lennard–Jones parameter of the gases [45].

Inspection of the correlation coefficients for diffusion in

different matrices (see Eq. (4) and Table 6) indicate that K2

(SMA: glassy, polar) . K2 (PS: glassy, nonpolar) . K2

(SBR: rubbery), in conformity with a previous compilation

of experimental results [45]. In general, the difference between

the diffusion coefficients in the three matrices becomes more

pronounced as the effective penetrant diameter increases.

Local mobility of the polymer chains, given by the smear

factors in TSA, seems to be the dominant factor that

determines the diffusion coefficients in these matrices,

especially in the glassy ones. In contrast, the free volume

distribution of the matrices affects the solubility values, but

not the diffusion coefficients, in agreement with previous

work on glassy polypropylene [6].

MD simulations on water diffusion indicate the same trend

as TSA results on simple gases, i.e. SBR . PS . SMA. We

could not estimate a diffusion coefficient for SMA, because the

Einstein diffusion regime is not reached during the 2 ns

trajectory. The orientational autocorrelation functions of the

backbone bonds and the side chains (phenyl rings) show

substantial relaxation in the rubbery matrix compared to the

glassy ones, as expected. And the local mobility of PS is higher

compared to SMA. Inspection of the displacement paths of

specific water molecules shows that the back-and-forth hops

between neighboring free volume sites are abundant in glassy

matrices due to long-living channels, which has been

previously indicated by Hofmann et al. [28]. In PS and SBR,

we detect aggregation of water molecules in groups of two or

three, and also the dissociation of aggregated molecules during

the trajectories. In SMA, water molecules form hydrogen

bonds with the maleic anhydride residues.

In summary, our work provides estimates of D and S for

SMA, which has not been reported before at least to our

knowledge. Moreover, the equilibrium and dynamics

properties of the two copolymers, SBR and SMA, are

characterized on a microscopic scale in relationship to the

transport of gases in these matrices.
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