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Abstract

Nitrile rubber (NBR, 39:61 wt% of acrylonitrile:butadiene) and styrene butadiene rubber (SBR, 50:50 wt% of styrene:butadiene) matrices
have been equilibrated by molecular dynamics (MD) simulations. Transition-state approach is used to calculate the diffusion and solubility co-
efficients of small penetrants in these matrices, indicating quite low values in NBR and reasonable agreement with experimental results. MD
simulations have been performed to analyze water diffusion in these matrices. Aggregation of water molecules is observed in the hydrophobic
matrix SBR. MD simulations with fictitious nonpolar water molecules inhibit aggregation and lead to enhanced diffusion in SBR. In NBR there
is a slight increase in diffusion for fictitious water molecules. The lower diffusion constants in NBR result from slower local relaxation of the
matrix due to tighter intermolecular packing and higher cohesive energy density. The free volume distribution that affects solubility coefficients
is not a major determining factor for the diffusion coefficients in these matrices.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(acrylonitrile-stat-butadiene), also called nitrile rubber
(NBR), is a rubbery matrix having gas permeability close to
glassy polystyrene. NBR is mainly utilized for products used
in contact with hydrocarbon liquids, oils or greases. While
glassy polymers usually show considerably lower constants
of diffusion and sorption for small gas molecules than rubbery
matrices, NBR being rubbery at room temperature, has lower
permeability values compared to most of the glassy matrices.
The reasons for the low permeability values of the rubbery
NBR structure will be investigated in this study for the first
time on a molecular basis.

Experimental and computational research on diffusion and
sorption of small molecules in polymeric materials is essential
due to the important applications of polymeric materials as
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membranes or barriers [1,2]. In order to understand the mech-
anisms of gas transport in the various polymers of interest, it is
useful to relate the chemical composition of the polymer and
its morphology to the sorption isotherms and diffusivities of
penetrants within it. In this respect, molecular simulations
have significant benefits in understanding the sorption and dif-
fusion phenomena in polymers at the molecular scale [3].

Molecular dynamics (MD) simulations are valuable for the
investigation of equilibrium and dynamic properties of poly-
meric microstructures at the molecular scale. MD has been ex-
tensively used in order to investigate the diffusion mechanism
of small gas molecules in polymer matrices including
poly(ethylene) [4,5], poly(propylene) [6,7], poly(isobutylene)
[5,8e10], poly(dimethylsiloxane) [11e13], poly(butadiene)
[14], poly(styrene) [15], poly(imide) and poly(amide imide)
[16,17], poly(sulfones) [18,19], poly(benzoxazine) [20],
poly(organophosphazenes) and poly(dibutoxyphosphazenes)
[21,22], poly(ether-ether-ketone) [23], poly(styrene-alt-maleic
anhydride) and poly(styrene-stat-butadiene) [24], poly(ethyl-
ene-co-vinyl alcohol) [25].
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Transition-state approach (TSA) [26,27] based on the
transition-state theory is a computationally efficient, alter-
native method that is commonly used to predict the diffusion
coefficients and the solubility values of small penetrants in
polymer matrices. TSA is especially effective for polymeric
systems with lower permeability coefficients, where MD sim-
ulations would not produce statistically reliable results due to
computational time limitations [28e30].

The NBR structure used in this study consists of 61%
butadiene and 39% acrylonitrile by weight. Our aim here is
to understand the reasons underlying NBR’s relative low
permeability in comparison with another rubbery copolymer e
styrene butadiene rubber (SBR: 50% butadiene and 50%
styrene by weight). The glass transition temperatures of NBR
(39%:61%) and SBR (50%:50%) matrices are �30 �C and
�20 �C, respectively [31]. This specific SBR matrix has been
investigated together with poly(styrene-alt-maleic anhydride)
and polystyrene matrices in our previous work [24], where
relatively short (2 ns) MD simulations have been utilized. In
the current work longer simulations (6e10 ns) are performed,
as a result of which aggregation of water molecules in the
nonpolar SBR will be observed here for the first time.

First TSA will be utilized to determine the diffusion and
solubility coefficients of small penetrants in the amorphous
cells, which will give a clear indication of whether the cells
have been adequately equilibrated. Next MD simulations
of water diffusion in the equilibrated cells will be performed
to study the aggregation of water molecules in SBR and the
effects of hydrogen bonding on the diffusion constant in the
polar matrix NBR. We will also assess the relative importance
of chain packing, free volume distributions and local chain
mobility in relationship with gas transport properties in these
rubbery matrices.

2. Simulation details

Bulk structures of poly(styrene-stat-butadiene) and poly-
(acrylonitrile-stat-butadiene) were generated and simulated
by using the commercial software of Accelrys (Insight II-Dis-
cover) [32] using the COMPASS (condensed-phase optimized
molecular potentials for atomistic simulation studies) force
field [33].

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 [34]. Since each chain generated has a different
random configuration (sequence), the weight percentages of
different repeat units vary slightly among chains. The ratios
of butadiene repeat units are adjusted according to the values
given by Roff et al. [31], same as our previous study [24].

NBR chains also contain three types of butadiene repeat
units (61% by weight in total): (i) trans-1,4, (ii) cis-1,4 and
(iii) 1,2 or vinyl butadiene, and acrylonitrile (39% by weight).
The copolymer chains of NBR are formed by using the reac-
tivity ratios of 0.06 for acrylonitrile and 0.1 for butadiene [34].
The butadiene repeat units in NBR have similar ratios to those
of SBR chains.

The degree of polymerization values, DP, and the total
number of atoms, Natom, including H atoms, for the
constructed chains are given in Table 1.

2.1. Construction of amorphous cells

The generation of amorphous cells and their equilibration
follows exactly the same procedure as described for SBR in
our previous study [24]. The steps of this procedure can be
summarized as follows: (i) formation of single chains of re-
quired length and composition, (ii) energy minimization of
single chains, (iii) packing of isolated chains into periodic
cells at reduced densities, (iv) NPT dynamics at 0.5 GPa and
300 K to bring the cells to the specified experimental densities,
(v) energy minimization of cells, (vi) annealing of cells well
above glass transition temperature, (vii) brief compression of
cells (at 1 GPa for SBR and 0.5 GPa for NBR) followed by
brief NVT dynamics both at 300 K, (viii) final equilibration
by NPT dynamics at 1 bar and 300 K (more than 200 ps).

The average cell densities and the equilibrium cell lengths
using the last 30 ps of the final NPT run are given in Table 1.
As shown, densities obtained from dynamics, are very close to
the experimental values.

In all runs, Andersen method was used for temperature
control [35]. In NPT runs, the pressure was controlled by
Berendsen’s method, where 0.1 ps and 0.5 GPa�1 were used
as the pressure scaling constant and system compressibility
value, respectively [36]. During these simulations, the cutoff
distance for the nonbonded interactions was taken as 12 Å
both for SBR and NBR. The spline and buffer widths were
2 and 1.5 Å. The electrostatics were handled using atom-based
approach. The time step was 1 fs in all simulation stages.

2.2. MD simulations of water diffusion in SBR and NBR

Diffusion of H2O molecules in the equilibrated cells of
SBR-1, SBR-3 and NBR-1 were monitored by NVT dynamics
at 300 K. For this aim, five H2O molecules were inserted into
the equilibrated SBR and NBR microstructures. The water
content corresponds to 1% by weight in all these structures.

Table 1

Details of the simulation systems

System DP Natom rexp

(g/cm3)

rsim
a

(g/cm3)

Errorb

(%)

Cell lengthsc

(Å
´

)

SBR-1 120 1448 0.98 0.970 1.0 24.46

SBR-2 120 1448 0.98 0.950 3.1 24.65

SBR-3 120 1448 0.98 0.960 2.0 24.54

NBR-1 164 1450 1.00 0.974 2.6 24.67

NBR-2 164 1450 1.00 0.962 3.8 24.78

NBR-3 164 1450 1.00 0.963 3.7 24.76

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

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

of 0.006e0.009 during this period.
b Errorð%Þ ¼ jðrexp � rsimÞj � 100=ðrexpÞ:
c Calculated as an average over the final 30 ps of the equilibration NPT runs.
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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 10 Å. After insertion of water molecules, the systems
were subjected to energy minimization first by fixing the
polymer atoms and afterwards by setting them again free.

In these calculations, the velocity Verlet algorithm was used
with a time step of 1 fs. The cutoff distance for nonbonded in-
teractions was set to 11 Å, using respective spline and buffer
widths of 2 and 1.5 Å.

The diffusion coefficients, D, of the water molecules can be
calculated by means of the Einstein relation.

D¼ hr
2i

6t
; t/N ð1Þ

here hr2i ¼ hjrðtÞ � rð0Þj2i 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. TSA

TSA is used to compute the solubility values (S ) and diffu-
sion coefficients (D) for various kinds of gases in the gener-
ated amorphous polymer microstructures [26e28]. The
COMPASS force field and the programs gsdif and gsnet are
used for all TSA calculations [37]. The methodology used
here is the same as in our previous study [24].

TSA 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 [28]. 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, which represents the fluctuations (MSD) of the polymer
atoms around their equilibrium positions. A smearing factor,
which is taken as identical for all the atoms in the matrix, is
calculated for each gas using the self-consistent field proce-
dure option of gsnet [37].

An equilibrated amorphous cell is transformed into an
orthogonal lattice with a constant spacing of 0.3 Å. The solute
distribution function in the matrix, r(r), is evaluated by calcu-
lating the interaction energy between a gas molecule inserted
at each grid point and all the atoms of the polymer matrix that
are subjected to elastic fluctuations. As a result, the local
maxima in r(r) 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.

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 pro-
cedure. The diffusion coefficient, D, is then obtained as an
average over 1000 independent MC trajectories.

For low pressures ( p� 1), the solubility, S, can be
computed by using the TSA [28],
S¼ 1

kTV

Z
rðrÞdV ð2Þ

here k represents the Boltzmann’s constant and T is the tem-
perature. 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
P¼DS.

3. Results and discussion

3.1. Evaluation of constructed amorphous cell structures
by TSA

Our first step is to determine the diffusion and solubility
values of small gases in three equilibrated amorphous cells of
NBR (NBR-1, NBR-2 and NBR-3) by using TSA and compare
these values with the experimental results in literature. Pro-
vided that these physical properties are satisfactory, we will
further assess the molecular dynamics simulations performed
with these cells. The TSA results for the other rubbery matrix
SBR, which has a much higher permeability, are also provided
here for comparison. In this section, the averages for SBR are
taken over the same two SBR structures (SBR-1 and SBR-2)
from our previous study [24], plus another independent cell,
SBR-3. The reason for using three independent structures
instead of two is to better observe the effect of different
random copolymer sequences on the physical properties of
NBR and SBR.

Table 2 gives the computed densities, free volume percent-
ages and solubility parameters, d(sim), of the specific snapshots
chosen for the TSA calculations. The free volume calculations
were done by the TSA of Gusev and Suter [26e28]. The free
volume percentage is the ratio of the total free volume of the
cell (Vf) to the total volume of the amorphous cell. The solu-
bility parameters (d¼ (DE/V)1/2 where DE is the cohesive en-
ergy and V is the molar volume) computed for NBR and SBR
are slightly underestimated. The errors vary between 10 and
11% for SBR, and between 12 and 13% for NBR. The higher
solubility parameter of NBR compared to SBR arises from the
favorable interactions of polar acrylonitrile groups belonging

Table 2

Properties of the specific cells chosen for TSA calculations

System ra (g/cm3) Free volumed

(%)

Solubility parameters

d(exp) (MPa)1/2 d(sim)
e (MPa)1/2

SBR-1 0.974 4.9 14.9

SBR-2 0.957 7.2 17.5e17.8b 15.9

SBR-3 0.960 7.0 16.9

NBR-1 0.985 4.2 19.3

NBR-2 0.976 4.8 21.1e21.4c 17.6

NBR-3 0.970 4.6 19.1

a Density of the specific cell used for TSA.
b Experimental data for butadiene/styrene 60:40 (wt:wt parts %) [34].
c Experimental data for butadiene/acrylonitrile 61:39 (wt:wt parts %) [34].
d Free volume %¼ (Vf/total volume of the amorphous cell)� 100.
e d(sim)¼ (DE/V)1/2.
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to different chains. The higher solubility parameter and the
relatively smaller side groups of NBR lead to a reduced frac-
tional free volume.

Averages of the diffusion and solubility values of small
penetrant molecules in these structures computed by TSA
are plotted according to the correlations of Teplyakov and
Meares [38].

log D¼ K1 �K2d2
eff ð3Þ

log S¼ K3þK4ð3=kÞ ð4Þ

The correlation of D with the effective penetrant diameter
(deff) is illustrated in Fig. 1, whereas the correlation of S
with the LennardeJones potential well-depth (3/k) is shown
in Fig. 2. The correlation coefficients K1eK4 depend on the
chemical and physical properties of the polymer matrices [38].

The filled circles in Fig. 1 represent the Dexp values of NBR
[34,39]. The factor Dsim/Dexp is in the range of 1.3e2.0 except
for the smaller gases He (Dsim/Dexp¼ 2.5) and H2 (Dsim/
Dexp¼ 2.8). Diffusion coefficient estimates by TSA seem to
be in fairly good agreement with the experimental values.
Dexp values for SBR [31] are provided for 23% styrene content
by weight rather than the 50% styrene content used in our sim-
ulations, indicating reasonable agreement between computa-
tions and experiments. A more detailed comparison with
other experiments has been provided for SBR [24]. Further-
more, the contribution of the new SBR-3 to the average of
the two cells used in our previous study [24] resulted in a slight
decrease of the average diffusion coefficients especially for the
larger gases. This indicates the importance of averaging over
several independent cells for property estimation, which corre-
sponds to different local minima of the conformational energy
surface. Averaging may be even more crucial in the case of
random copolymers with bulky side groups, where each amor-
phous cell contains a single chain with a different sequence.

The filled circles in Fig. 2 represent the Sexp values of
NBR. The computed solubility coefficients (empty circles)
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are generally higher than the experimental values. The factor
Ssim/Sexp changes between 1.7 and 3.4 with the exception of
CO2 (Ssim/Sexp is 0.79 for CO2) in NBR. Similar differences
between experimental and computed solubility values have
also been observed in previous TSA studies [28,29].

The lines in Figs. 1 and 2 are drawn through the TSA
results according to Eqs. (3) and (4) and represent the least
squares fit through average Dsim and Ssim values for each
matrix with R2 values of 0.98 in all cases.

In general, the TSA results shown in Figs. 1 and 2 seem to
be in reasonable agreement with the experimental values, i.e.,
there is less than one order of magnitude difference. Therefore,
it can be concluded that the amorphous cells represent realistic
bulk structures. Even though the SBR and NBR structures are
both rubbery, their gas transport properties differ considerably.
Both the diffusion and the solubility coefficients of NBR are
smaller than SBR and the differences between the diffusion
coefficients of the two structures increase as the effective
penetrant diameter increases.

Up to this point, gas transport coefficients for the final
equilibrated SBR and NBR cells in Table 2 have been identi-
fied. Since these matrices are rubbery, there is considerable re-
laxation of the chains compared to the frozen glassy matrices
during MD simulations. It is known that the size and shape of
the free volume sites in rubbery polymers change considerably
with time [13]. Therefore, variations should be observed in the
free volume distributions, and possibly in gas transport proper-
ties calculated by TSA, if different snapshots are taken during
the course of NPT dynamics after equilibration. In contrast,
the CED of a cell does not vary significantly during a specific
MD run, since its value is initially determined by the amor-
phous packing of the single chain. In what follows next,
four to six snapshots are taken from the last 50,000 fs of the
final NPT (at 1 bar and 300 K) dynamics of each amorphous
cell. The cells are characterized in terms of their total free
volume percentages and gas transport coefficients by TSA.

The diffusion and solubility coefficients of O2 gas calcu-
lated by TSA are plotted as a function of the total free volume
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percentage of specific snapshots in Fig. 3(a) and (b), respec-
tively. In Fig. 3(a) the scattering of Dsim values for SBR snap-
shots is much more pronounced compared to NBR cells.
A significant correlation is not observed among the diffusion
coefficients and the total free volume percentages of the
individual snapshots. However, looking at the average Dsim

values for SBR (64� 40� 10�8 cm2/s) and NBR (22�
13� 10�8 cm2/s) snapshots indicates that NBR having smaller
free volume content has also a smaller average Dsim for O2.
Thus, we cannot rule out the free volume of rubbery matrices
as a factor affecting the diffusion coefficients, especially when
the size of the gas molecule is considerably large.

Fig. 3(b) indicates a high correlation (linear correlation
coefficient R2¼ 0.82) between the total free volumes and the
solubility coefficients of the individual snapshots. As the total
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free volume content of the amorphous cell structure increases,
the solubility coefficient also increases, consistent with the re-
sults of our previous work [24]. Interestingly, the free volume
distributions of the SBR-1 snapshots are very similar to the
NBR structure and therefore their solubility coefficients fall
within the same range as NBR snapshots. In general, the bulky
side groups of the SBR chain may be the reason for the high
variations that are observed in the gas transport coefficient
and the free volume distributions of its different snapshots.

3.2. Diffusion of water molecules from MD simulations

The diffusion of water molecules is investigated in the
amorphous cell structures of NBR-1, SBR-1 and SBR-3.
Specifically, SBR-1 has a lower total free volume content
compared to SBR-3, but on the other hand SBR-3 has a higher
CED (see Table 2). In comparison, the properties of the differ-
ent NBR cells generated are quite uniform and therefore only
one NBR cell will be focused on.

The effect of hydrogen bonding (H-bonding) on water diffu-
sion through hydrophobic (SBR) and hydrophilic (NBR) amor-
phous structures is investigated by considering polar and
nonpolar (fictitious) water molecules. The effect of water ag-
gregation on the free volume distributions of these matrices
will be reported as a result of prolonged simulations (the simu-
lation time is 10 ns for SBR-1 and 6 ns for all other structures).

3.2.1. Mobility of water molecules
The displacement of each water molecule from its initial

position, rðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jrðtÞ � rð0Þj2

q
to its position at time t is dis-

played in Fig. 4 for SBR and NBR. Fig. 4(a) shows the change
in r(t) as a function of time for SBR-1, three representative
water molecules are chosen and the curves for H2O-1 and
H2O-2 molecules have been shifted vertically by 25 and 14 Å
for better visualization. Within the first 3 ns, considerable dis-
placement of the molecules takes place. The diffusion of water
molecules in SBR-1 matrix during the first 2 ns of this simula-
tion has already been reported in comparison with polystyrene
and styrene-maleic anhydride copolymer [24]. At the end of
3 ns, all water molecules aggregate and form a cluster in this
nonpolar SBR matrix. From this point on, the molecules do
not make any significant jumps, but instead wobble back and
forth within the same region of free volume. Similar behavior
is observed in SBR-3 (not shown), where four out of five water
molecules form a cluster that is stable during 3e6 ns.

Fig. 4(b) shows the displacement of water molecules in
NBR-1 cell during 6 ns. Two representative water molecules
are chosen in this case and the curve for H2O-1 is shifted ver-
tically by 4 Å. The water molecules do not form clusters in the
NBR cell, nevertheless their displacements are considerably
lower.

One of the reasons for the less frequent jumps in NBR
could be the H-bonding occurring between the acrylonitrile
groups of NBR and the water molecules. On the other hand,
the clustering of water molecules within the SBR structure
occurs due to the H-bonding among different water molecules.
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In general terms, H-bonding stems from the electrostatic inter-
actions resulting from the partial charges assigned to atoms,
i.e., the oxygen and hydrogen atoms of water molecules, and
the nitrogen atom of acrylonitrile groups. To quantify the ef-
fect of H-bonding on diffusivity, NVT simulations are also
performed by eliminating the partial charges on water mole-
cules (q¼ 0), i.e., treating water as a fictitious, nonpolar mol-
ecule of the same size. As a result, the electrostatic
interactions between water molecules and the NBR chain
and the clustering of water molecules in SBR are avoided.
Thus, only the effects of chain mobility, free volume distribu-
tions and chain packing remain for consideration.

The displacement of the three representative nonpolar
water molecules in SBR-1 is shown in Fig. 4(c) for 6 ns.
The curves for H2O-1 and H2O-2 molecules (shifted vertically
by 40 and 15 Å) indicate continuous jumps, due to inhibition
of clustering. On the other hand, no significant difference is
observed for the case of NBR (Fig. 4(d)). This shows that
the hydrogen bonding between the water molecules and the
polymer chain of NBR is not the main reason for the less
frequent jumps occurring in NBR.

3.2.2. Water diffusion through amorphous cells
Fig. 5(a) shows the MSD of water molecules as a function

of time in NBR-1 and SBR-1 structures during 6 ns. The initial
MSD of water in SBR-1 (curve 2) is faster than in NBR-1
(curve 4). After 2.5 ns, the MSD slows down in SBR-1, due
to the clustering of water molecules. The thin dashed lines
in Fig. 5(a) have a slope of one and they represent the transi-
tion from the nonEinstein (anomalous) diffusion regime to the
Einstein diffusion regime. Due to the aggregation of water
molecules in the SBR structure, it is not possible to observe
the Einstein diffusion regime within the time frame of
0e6 ns for curve 2. On the other hand, the Einstein diffusion
regime is observed after 3 ns for NBR. The MSD curves for the
nonpolar water molecules are represented by number ‘‘1’’ for
SBR and number ‘‘3’’ for NBR. Both of these curves reached
the Einstein diffusion regime almost at the same time (2.5 ns).

The Dsim values estimated for specific runs are reported in
Table 3. When there is clustering of water molecules (SBR-1
and SBR-3), the Einstein diffusion regime is not observed for
the case of longer simulation times (above 3 ns), hindering the
diffusion coefficient estimations. The MSD curves for nonpo-
lar (fictitious) and polar (realistic) water molecules are aver-
aged over SBR-1 and SBR-3 cells in Fig. 5(b), which
indicates clearly the clustering of water molecules inside the
SBR structures. When clustering of water molecules is re-
moved, Dsim values of SBR are nearly one order of magnitude
higher than the Dsim values of NBR. However, it should be
noted that three-dimensional diffusion is not exactly observed
if the motion of individual water molecules is tracked during
6 ns. In most cases, one of the principal moments of the radius
of gyration tensor is considerably greater than the other two.
Thus, the diffusion coefficients reported should be taken
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diffusion of fictitious, nonpolar water molecules; (b) averages of SBR-1 and

SBR-3 with polar and nonpolar H2O molecules.

Table 3

Diffusion coefficients, Dsim, of water in SBR and NBR from MD simulations

System Water type Time range (ns) Dsim� 108 (cm2/s)

SBR-1 Polar (curve 2)a 0e10 e

Nonpolar (curve 1) 0e6 79

SBR-3 Polara 0e6 e
Nonpolar 0e6 146

NBR-1 Polar (curve 4) 0e6 10

Nonpolar (curve 3) 0e6 14

a Diffusion coefficients could not be calculated due to the aggregation of

water molecules.
with caution, since they do not represent random walk of
individual penetrants in three-dimensions, which could be
improved by longer simulations.

There are no experimental data for the water diffusion
coefficients in SBR and NBR. The Dsim value of water in
NBR is found to be within the same range of O2, in accordance
with the simulation results on polybenzoxazine [20].

3.3. Pair correlation functions

To obtain further insights about chain packing, the pair cor-
relation function, g(r), is calculated for SBR-1, SBR-3 and
NBR-1 systems. Fig. 6(a) and (b) shows the intermolecular
and total pair correlation functions for the main chain atoms,
respectively. Here in the case of a single chain considered,
the intermolecular g(r) refers to the interactions of the carbon
atoms of the main chain with carbon atoms on the periodic im-
ages of itself, while the total g(r) is the summation of the in-
termolecular g(r) and intramolecular g(r). Intramolecular g(r)
includes the interactions between all pairs of carbon atoms on
the single main chain in unperturbed (unpacked) conditions.

The g(r) is averaged over 6000 snapshots between 0 and
6 ns. The calculations performed for runs with nonpolar and
polar water do not indicate any significant difference. The in-
termolecular g(r) shows a peak around 5.35 Å for all systems.
The magnitude of g(r) at this peak in Fig. 6(a) increases in the
following order: SBR-1< SBR-3<NBR-1, which is the same
as the order of the CED values of these matrices.

The total g(r) curves of SBR-1 and SBR-3 are similar (not
shown), so the total g(r) shown in Fig. 6(b) for SBR is the av-
erage of the two structures. The peaks in total g(r) at r< 4 Å
result from the bonded interactions. In total g(r), there is
a slight difference between NBR and SBR in the region of
5e8 Å. Furthermore, in Fig. 6(c) g(r) for side chains of
NBR-1 (nitrogen atoms) and SBR-1 (carbon atoms on the phe-
nyl ring) is compared. Here, it is also seen that the side chains
are more closely packed in NBR. A larger value of g(r) indi-
cates that the number of nearest neighbors within a distance r
from a central atom is bigger.

In summary, Fig. 6 indicates that the molecular packing of
the polymer chain is tighter in NBR than in SBR-1 and SBR-3,
a fact that is related to the higher cohesive energy density
in NBR and that may at the same time contribute to the lower
diffusivity in NBR.

Fig. 7 exhibits the interactions between the atoms of H2O
molecules and some selected atoms of polymer chains. In
Fig. 7(a), g(r) between the nitrogen atoms (n1t) of the NBR
chain and the hydrogen atoms (h1o) of water shows a sharp
peak at a distance of z1.95 Å, which indicates the occurrence
of H-bonding. In the same figure, the thin line indicates g(r)
for the uncharged hydrogens of water molecules and nitrogens
of NBR, where H-bonding does not exist.

The interactions between different water molecules (in this
case the interaction site for the water molecule is chosen as the
oxygen atom) residing in the same SBR-1 cell are displayed in
Fig. 7(b) averaged over three different simulation time ranges:
0e2, 0e6 and 0e10 ns. The high peaks located at about
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2.85 Å indicate that there is appreciable self-aggregation
among water molecules in the nonpolar system of SBR, which
becomes more pronounced as a function of time. The effect
of the aggregation of water molecules on the accessible free
volume fractions of SBR will be discussed next.

3.4. Dynamics of free volume distributions

The dynamics of the free volume distributions during NVT
simulations are also investigated for SBR-1 and NBR-1 matri-
ces using TSA with He gas as the probe molecule [26e28].
The same procedure used in our previous study is followed
for the estimation of total free volume and the free volume
fraction, fa [24]. Here fa gives the free volume fraction of
the cavities that have sizes equal or greater than a threshold
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with nitrogen (n1t) atoms of NBR; (b) oxygen atoms of polar water molecules

among themselves in SBR cell.
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cavity volume, thus fa decreases as the threshold volume in-
creases. The long-standing clusters of water molecules in the
SBR-1 matrix might affect the free volume distribution of
the whole cell. So the free volume distributions of the matrices
along the trajectory are computed. The free volume distribu-
tions are determined after removing all water molecules inside
the cell. This actually reveals the sizes of cavities (site free
volume, Å3) that the water molecules reside in.

The volume fractions of cavities ( fa) are computed for the
SBR-1 and NBR-1 structures at every 1 ns of NVT-MD dy-
namics run with polar water and nonpolar water molecules.
In Fig. 8(a), the filled and empty squares represent fa as a func-
tion of threshold cavity size for the NBR cells with nonpolar
and polar water molecules, respectively. The snapshots at the
end of each nanosecond from the 6 ns NVT trajectories are
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Fig. 8. Dynamics of free volume distributions, showing the volume fractions of

cavities, fa, as a function of threshold cavity size throughout the MD simula-

tions performed for: (a) NBR-1; (b) SBR-1. Snapshots at the end of 1 ns inter-

val are shown. Fictitious, nonpolar water molecules are indicated by q¼ 0.
chosen. Since the free volume distributions of the cells do
not show a dependence on time, the time frame that they rep-
resent is not indicated on the curves and only the snapshot at
4 ns with polar water molecules shows a distinct behavior
from the rest. At that point, two large free volume sites are
detected in the cell structure, which do not exist in the other
snapshots analyzed. The cavities, that the nonpolar water mol-
ecules reside in, seem to be larger compared to the polar water
molecules, which is a result of the intermolecular electrostatic
interactions being turned off.

The filled triangles in Fig. 8(b) represent fa for SBR-1 at the
end of 1, 2, 3, 4, 5 and 6 ns for nonpolar water molecules. The
empty triangles represent fa for the snapshots from polar water
simulations after clustering, which are chosen at the end of 5,
6, 7, 8, 9 and 10 ns. As already discussed, the polar water mol-
ecules form a long-standing cluster inside the SBR-1 structure,
which results in the lengthening of the curves to larger
volumes.

The average total free volume percentages of the displayed
NBR-1 snapshots are 7.0� 0.6 (nonpolar water) and 5.3� 0.6
(polar water). Similarly, those for SBR-1 snapshots are
6.4� 0.5 (nonpolar water) and 6.5� 0.6 (polar water). Even
though the average total free volume of NBR-1 with nonpolar
water molecules is similar to that of SBR-1, the diffusion in
NBR cell is much slower. This result suggests that the free vol-
ume content is not the major determining factor on the small
gas diffusion mechanism in these matrices. In a recent study
with semi-flexible model polymer chains, chain flexibility
has been found to be more influential on diffusion than free
volume distributions [43]. Next we will assess the local chain
mobility of the two matrices, which is closely tied up with
chain flexibility.

3.5. Local mobility of polymer chains

As also shown in our previous studies [24,25], the diffusion
of small penetrants in polymers is correlated with the relaxa-
tion of polymer chains. Till now it is observed that the diffu-
sion of small penetrant molecules (including water molecules)
in NBR is appreciably slower compared to that in SBR. There-
fore, the local dynamics of the two matrices are compared here
using the rotational (orientational) time correlation function
[40,41].

mðtÞ ¼ huðt0Þ$uðt0þ tÞi ð5Þ

where the unit vector u(t) connects any C(i) and C(iþ 1) along
the main chain. The ensemble average is evaluated on the ba-
sis of an ensemble of snapshots at various starting times, t0.

Fig. 9 shows the rotational time correlation functions for
the main chain vectors of SBR-1, SBR-3 and NBR-1 over
the 6 ns dynamics in the presence of water molecules. The
curves do not level off to a constant value as in the case of
glassy polymers, but they do show a continual decay. The
slower relaxation of the NBR chain compared to SBR is one
of the main reasons for the slower gas diffusion observed in
it. SBR-1 and SBR-3 show similar relaxation behavior, as
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expected. The relaxation times, t, are also obtained by fitting
m(t) to the empirical WilliamseWatts expression;

mðtÞ ¼ A exp
h
� ðt=tÞb

i
ð6Þ

where b¼ 1 [42]. The fitting is performed for the time range
of 0e1 ns. t values for SBR and NBR are found to be 8.3
and 16.4 ns, respectively.

In fact, the bulky side groups (e.g. the styrene of SBR chain)
or more rigid backbone groups in a polymer usually restrain the
local chain mobility and this mainly increases its glass transi-
tion temperature. On the other hand, in a polymer chain having
polar groups and a higher CED, the chain mobility is sup-
pressed due to tighter chain packing (e.g. NBR structure).
Comparison of the diffusion coefficients in SBR (50 wt%
butadiene) and NBR (61 wt% butadiene) indicates that CED
is more effective in terms of suppressing local mobility for
this case.

4. Concluding remarks

NBR, being a rubbery copolymer, has gas permeability
values that are on the order of glassy matrices such as polysty-
rene and much lower than other rubbery matrices. Our aim in
this study is to characterize the equilibrium and dynamic prop-
erties of NBR at the molecular scale, in comparison to another
nonpolar rubbery matrix of SBR. In conformity with experi-
ments, our TSA and MD simulation results indicate that small
gas diffusion in the polar matrix of NBR is significantly lower
compared to SBR. Based on TSA results, independent equili-
brated cells of NBR exhibit more uniform properties in terms
of diffusion, solubility coefficient and free volume distribution
in comparison to the more scattered behavior of SBR cells that
may result from the bulky styrene side groups.

The water molecules form hydrogen bonding with the polar
groups of NBR. However, these hydrogen bonds, if eliminated

0.6

0.7

0.8

0.9

1

0 1000 2000 3000 4000
time, t (ps)

m
 
(
t
)

SBR-1

SBR-3

NBR-1

SBR

Fig. 9. The rotational time correlation function during NVT dynamics for the

main chain vectors of SBR and NBR, exhibiting local mobility of the chains.
by using nonpolar water molecules, do not seem to affect the
diffusion significantly. In contrast, in the nonpolar SBR, there
is clustering of the water molecules, which results in a lowering
of diffusion with time and an increase in cavity size. When
nonpolar water molecules are used, aggregation of water mol-
ecules is prohibited and as a result of which diffusion increases
appreciably.

The free volume distributions of the matrices correlate
closely with the solubility coefficients, but not with the diffu-
sion constants. In fact, the orientational autocorrelation func-
tion of the backbone bonds show faster chain relaxation in
SBR compared to NBR, which seems to be the major deter-
mining factor for the higher diffusion in SBR. Even though
the bulky side groups in SBR chain restrain the local chain
mobility, it is observed that the tighter intermolecular packing
(higher CED due to the presence of polar side groups) is more
dominant in the suppression of chain relaxation and gas
diffusion in NBR compared to SBR.
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