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ABSTRACT: Polyisobutylene (PIB), an important elastomer with a low glass transition temperature, presents
markedly low permeability properties to small-molecule penetrants compared to other elastomers. In the past,
computer simulation approaches to explain this behavior have led to diffusivity and solubility calculations that,
unfortunately, deviated significantly from the experimental values. We present here the results of a new simulation
strategy which leads to accurate predictions of the solubility of four gases (He, Ar, Ny, and O,) in PIB, thus
opening up the way toward understanding the molecular origin of the superior barrier properties of PIB. A critical
element in the new approach is the introduction of a reliable united-atom model for PIB that can accurately
reproduce its conformational characteristics and volumetric properties over a wide range of temperature conditions,
thereby providing well-equilibrated representative PIB structures for subsequent permeability studies with a more
accurate force field. To this, independent PIB configurations thoroughly pre-equilibrated with the new model are
converted to all-atom PIB structures, re-equilibrated using the detailed COMPASS force field, and employed in
a series of sorption runs for the estimation of the infinite dilution solubility coefficient, Sy, of the small gas
molecules. Simulation results for the solubility of He, Ar, N,, and O, in PIB at room temperature are found to
reproduce experimental data with very good accuracy. Additional results at progressively higher temperatures
show that the solubility of O, and Ar is always higher than that of N, and He, respectively. We also find that
calculations based on a united-atom representation overestimate systematically the solubility of these gases, with

the exception of He.

1. Introduction

Polyisobutylene (PIB), whose chemical structure is of the
form CH3;—[C(CH3),CH,].—H, belongs to the class of sym-
metrically substituted vinylidene polymers that have been
studied extensively in the recent past since they possess a
number of interesting properties over their vinyl counterparts.' !
For example, PIB is characterized by a low glass transition
temperature (it is the least fragile polymer or a strong liquid'
in Angell’s terminology?) even though the presence of the bulky
pendant methyl groups hinders segmental mobility with respect
to skeletal bond rotations, rendering it an elastomeric material.
With respect to other elastomers, on the other hand, it exhibits
low permeability to small-molecule penetrants such as air and
light gases, which has been attributed to its higher density.’
Today, PIB finds numerous applications in rubber technology,
in lubrication, even in biomedical engineering.*

The conformational, structural, and dynamic properties of PIB
over a range of temperature and pressure conditions have
experimentally been studied with several state-of-the art tech-
niques such as X-ray’~® and neutron scattering (NS),”~'! neutron
spin echo (NSE),'*'* dynamic light scattering,'* dielectric
spectroscopy (DS),">'® nuclear magnetic resonance (NMR),'”~!
photon correlation spectroscopy,”> positron lifetime experi-
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ments,>* and rheological measurements.>* 2 Theoretical studies,
on the other hand, such as the calculations of Hoeve?” and
Madkour et al.,”® the elaborate calculations of Boyd and
Breitling” on the conformational properties of model PIB
compounds for the most stable conformation, the detailed studies
of Suter et al.>*?' for the effect of steric strain on the
configuration of a long-chain PIB molecule with the rotational
isomeric state (RIS) model, and the Monte Carlo simulations
of Vacatello and Yoon,*? have provided invaluable information
about the conformational characteristics of PIB. Today, it is
generally accepted that, to a very good approximation, the
equilibrium values for the skeletal bond angles are approxi-
mately equal to 126° at the methylene groups and equal to 110°
(tetrahedral value) at the quaternary carbon atoms, while the
distribution of torsional angles exhibits six distinct minima
centered at +15° (r+), —15° (t-), +130° (gT), +105° (g7o),
—105° (g7), and —130° (g2). On the basis of a six-state RIS
model, calculated values of the characteristic ratio at infinite
chain length have been in very good agreement with experi-
mental data, while the polymer reference interaction site model
(PRISM) reproduces quite accurately X-ray-based experimental
data.®’

Of interest are also the recent molecular dynamics (MD)
simulation studies of Karatasos et al.?>**-** on the segmental
dynamics in bulk PIB and, in particular, on the coupling between
methyl rotation and backbone motion and its connection to the
dielectric [S-relaxation.
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Figure 1. United-atom representation of PIB.

The literature survey reveals that most of the simulation
studies on PIB**>3*! have been limited to rather short-chain
and small-size systems. For example, the longest simulated PIB
system so far comprises 100 atoms per molecule, while the
duration of the MD simulation did not exceed 10 ns.*® Tt is
also true that, in addition to pendant methyl dynamics and
[-relaxation, most of the simulation efforts have been restricted
to the study of the volumetric and conformational properties of
PIB as well as to the diffusion of a small penetrant (e.g.,
methane, CHy) through its amorphous matrix.

The main objective of this work is to extend these studies to
longer chain systems through the development of a reliable
united-atom (UA) force field for PIB which will permit
accessing simulation times significantly longer than what is
possible with all-atom (AA) models. We introduce such a force
field here and exhaustively validate it against known results for
a number of PIB systems concerning volumetric, structural, and
conformational properties and their dependence on chain length.
Further, configurations thoroughly pre-equilibrated with the new
force field are used as input to AA model simulations in order
to calculate the solubility of four small gases, namely, helium
(He), argon (Ar), oxygen (O»), and nitrogen (N»), in PIB at
various temperatures. A reliable UA model for PIB is a major
achievement because it will further help in predicting the
viscoelastic properties of this polymer, such as the zero shear
viscosity and its variation with chain length, the monomer
friction coefficient, the interentanglement spacing, and the
plateau modulus. No such data have been reported for PIB so
far from molecular simulations.

The paper is organized as follows: Section 2 describes in
detail the new UA molecular model for PIB and the details
(chain length, size, temperature) of the systems examined.
Simulation results concerning the thermodynamic, conforma-
tional, and structural properties that validate the new model are
presented in section 3. Section 4 outlines the methodology used
to calculate the solubility of the four small gas molecules in
PIB and the results obtained. The major findings of the present
work and future plans are discussed in section 5.

2. Molecular Model and Systems Examined

In the UA model considered here for PIB (see Figure 1), the
lengths of all bonds in a PIB monomer (i.e., the bonds denoted
as [y, b, and /5 in Figure 1) are considered constant and equal
to 1.54 A, while the length of the bond connecting two adjacent
monomers along the PIB chain backbone (denoted as /4 in Figure
1) is allowed to fluctuate according to a harmonic bond-
stretching interaction of the form

Uslr = kstr(l - lO)2 (1)

The parameters kg, and [y denote the stiffness and equilibrium
length of the bond, respectively, and their values are listed in
Table la. They have been chosen so as to prevent unphysical
distortion of the bond from the large stresses generated in PIB
structures due to methyl crowding. Consequently, kg, has been
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Table 1. (a) Parameters for the Stretching, Bending (Taken from
Refs 42 and 44), and Torsional (Taken from Ref 34)
Interactions in PIB; (b) Parameter Values for the Nonbonded
LJ Interactions in PIB According to the New UA Model
Introduced in This Work (Taken from Refs 42, 44, and 45) and
Comparison with the Corresponding Values in the Known
NERD*? and TraPPE-UA* Potential Models

(a) Stretching

bond kyr (kcal mol~! A~2) Iy (A)
CH,—C () infinitely stiff 1.54
C—CHs; (b) infinitely stiff 1.54
C—CHs () infinitely stiff 1.54
C—CH; (ly) 192.0 1.50

Bending
bond angle kg (kcal mol™! rad™2) 0o (deg)
CH;—C—CHj3 (62) 124.2 109.47
CH,—C—CH3(0>) 124.2 109.47
CH,—C—CH, (6») 1242 109.47
C—CH,—C (6)) 124.2 114.0
Torsional
dihedral kg (kcal mol™")

CH,—C—-CH,—C 2.8

(b) Nonbonded LJ

current work TraPPE-UA NERD
6 o 8 o 8 o
site (kcal mol™!) o (A) (kcal mol™!) o (A) (kcal mol™") o (A)
C 0.018 2.44 0.00099 6.40 0.00337 3.91
CH; 0.091 3.95 0.091 3.95 0.091 3.93
CHj3 0.199 3.825 0.195 3.75 0.139 3.85

taken twice as large the value proposed by Nath and Khare,*?
while /[y has been chosen equal to 1.50 A, very close to the
value proposed by Gee and Boyd*® for the methine—methylene
interaction in a polybutadiene (PB) monomer. With such a
parametrization, and due to the strong methyl—methyl interac-
tions, the average value of /4 comes out to be 1.54 A, i.e., exactly
equal to the fixed value chosen for the bond /; (as it should,
given the equivalence of the two bonds based on symmetry
arguments). This was impossible to achieve with the param-
etrizations proposed by Piitz et al.” and Nath and Khare* using
the NERD model expressions and parameter values for the
nonbonded interactions. Significant deviations of the average
value of the I; bond form the desired value of 1.54 A were also
observed when a very stiff value was used for the spring constant
in conjunction with values for the parameters describing
nonbonded interactions based on the TRAPPE model.”**
A harmonic potential of the form

U,= %kg(e — 6, 2

is assumed to describe the potential energy associated with the
deformation of the two skeletal bond angles at the methylene
and quaternary groups, denoted as 6, and 6, in Figure 1,
respectively. The parameters kg and 6y are taken from Martin
and Siepmann,44 and their values are also listed in Table 1la.

Intramolecular interactions associated with dihedral angles
along the PIB chain backbone (angle ¢ in Figure 1) are described
by a torsional energy function of the form

1
Uy= §k¢(1 —cos 3¢) 3)
as suggested by Karatasos et al.;>***
kg is reported in Table la.
All nonbonded interactions (intermolecular and intramolecular
between atoms separated by more than three bonds) are

the value of the parameter
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estimated using the traditional 6—12 Lennard-Jones (LJ)

potential:
Gij 12 Gij 6
ULJ_48U’[ r_,/ - r_u ] 4)

with i and j denoting the different types of LJ sites occurring
in PIB (C, CH,, and CH3). The corresponding € and o values
are listed in Table 1b and are seen to differ from those proposed
by Nath and Khare**> and Martin and Seipmann.** Again, this
choice was dictated by the fact that these other values failed to
reproduce the PIB melt density accurately, the correct dihedral
angle distribution, and the well-established splitting of the trans
and gauche states in PIB, especially at the higher temperatures;
thus, they were not considered any further. A key to the correct
sampling of the six rotational isomeric states have been the
values assigned to parameters ¢ and o for the quaternary carbon
site, which have been taken from Poncela et al.*’

Standard Lorentz—Bethelot combining rules have been used
for the calculation of the LJ parameters between pairs of unlike
atoms, with the cutoff distance set in all cases equal to 12 A as
proposed by Piitz et al.”

Using this UA model, a number of monodisperse PIB systems
were simulated in the NPT statistical ensemble at several
temperatures above the melting point. Specific details of the
simulated systems with respect to number of total carbon atoms
per chain, number of chains, total number of atoms in each
system, and temperature are reported in Table 2. For all systems,
the initial configuration was created using the Materials Studio
software package*® followed by a potential energy minimization
procedure and exhaustive pre-equilibration via a long NVT MD
simulation run at 450 K, at a density value close to the
experimental one at this temperature. All results reported here
have been obtained by long NPT MD simulations at 0.1 MPa
and at several temperatures in the range 300—600 K, starting
always from a fully equilibrated system configuration at 450
K. The Nosé-Hoover thermostat—barostat*’*® was used in order
to maintain temperature and pressure at their prescribed values.
Constraint forces associated with fixed lengths for the /;, I, and
3 bonds in all PIB monomers were determined using the
SHAKE—RATTLE algorithm.*>*® The equations of motion
were integrated using a single time step equal to 2 fs. The
duration of the MD production runs varied from 10 ns (in the
case of the shorter chain systems and higher temperatures) to
300 ns (in the case of the longer systems and lower tempera-
tures). All simulation runs were carried out using the parallel
molecular dynamics software LAMMPS."

3. Results

3.1. System Equilibration. In Figure 2a, MD results are
shown concerning equilibration of the Cgy PIB system at three

Table 2. Details of the Simulated PIB Systems

no. of carbon no. of  total no.

system  atoms per chain  chains  of atoms temperature (K)

Cx 32 120 3072 450

Cag 48 80 3840 450

Ces 64 64 4096 450

Cso 80 40 3200 300, 350, 400, 450,
500, 550

Cioo 100 40 4000 450

Ci20 120 32 3840 450

Cia0 140 32 4480 450

Cieo 160 32 5120 450

Caoo 200 32 6400 450

Caao 240 32 7630 300, 350, 400, 450,
500, 550, 600

Cs0 320 24 7680 300, 350, 400, 450,
500, 550
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Figure 2. (a) Time decay of the autocorrelation function of the chain
end-to-end unit vector, [i(7) *u(0)L] corresponding to the Cgy system at
350, 450, and 550 K. (b) Evolution of the instantaneous value of the
average chain end-to-end distance, [R?[] with time 7 as obtained from
the present MD simulations with the Cgp and Cy systems at 450 K.

different temperatures, namely 350, 450, and 550 K, in terms
of the decay of the time autocorrelation function [(7)-u(0)0
for the unit vector u directed along the chain end-to-end vector.
Figure 2b refers to the evolution of the mean square chain end-
to-end distance, [R?[)in two of the simulated systems (Cgo and
Cia0) with time 7. In all cases, the function [i(z)-u(0)is seen
to decay to zero after a certain time, which depends strongly
on T. This is true even for the lower temperature of 350 K where
the 0h(7)-u(0)function is seen to drop to zero rather slowly
corresponding to a relaxation time of about 100 ns (as compared
to about 5 ns for the same system at 450 K). This fast rise of
the relaxation time with decreasing temperature is indicative
of the difficulties faced by brute-force MD simulations in
sampling the terminal relaxation properties of polymers in their
submelt regime. [R?(is also seen to relax to well-defined values,
characteristic of a fully equilibrated system, for all temperatures
examined. Similar behavior was obtained for the rest of the PIB
systems simulated here whose relaxation is faster or slower
compared to Cgg at the same temperature, in accordance with
the predictions of well-established theories, such as the Rouse,
the modified Rouse, and the reptation, for the chain length
dependence of terminal relaxation.

3.2. Conformational Properties. A critical test for the new
UA force field introduced in this work concerns its accuracy in
reproducing the conformational properties of PIB melt as
quantified by the distributions of bond lengths, bending angles,
dihedral angles and chain dimension parameters such as the
average chain end-to-end distance, the radius of gyration, and
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Figure 3. Distribution of the two backbone bond angles 6, and 6, (see
Figure 1) at two different temperatures.

the characteristic ratio. In Figure 3, the probability distribution
of the population in the two bending angles along the backbone
of a PIB chain (i.e., at the CH, atoms marked as 6, and at the
disubstituted C atoms marked as 6, in Figure 1) at two different
temperatures is shown. The two distributions are practically
Gaussian and are characterized by different mean values and
widths. The bond angle centered at the quaternary carbon, 65,
exhibits a broader distribution around an equilibrium value of
109.5° (i.e., very close to the tetrahedal angle), while the
methylene centered angle, 0, is more narrow with a peak at a
significantly larger value (128.5°) due to the steric strain
generated by the strong repulsive interactions between adjacent
methyl units. These results, which are found to be independent
of the chain length, agree very favorably with the X-ray
diffraction measurements of Tanaka et al.’> for the crystal
structure of PIB which yielded average values for the skeletal
6, and 6 bond angles equal to 110° and 128°, respectively.
They are also consistent with the MD simulation results of
Karatasos et al.>*** based on an AA model for the distribution
of skeletal angles in the central portion of the PIB chains. Figure
3 also shows that as the temperature increases the two curves
broaden up but their average or equilibrium values remain
unaltered.

The distribution of torsion angles, ¢, at two different
temperatures of 350 and 450 K is shown in Figure 4a. It clearly
exhibits six characteristic maxima at +15° corresponding to the
two trans conformational states (t"™ and t7) and at +107° and
+128° corresponding to the two gauche conformational states
(g™ and g7) and their splitting, which is more pronounced at
the lower temperatures. These results, which are also consistent
with the MD simulation results of Karatasos et al.**** based
on an AA model, confirm the elaborate calculations of Boyd
and Breilding® and the Monte Carlo simulations of Vacatello
and Yoon?? that the potential energy hypersurface of model PIB
compounds should be described by a six-state RIS model. The
locations of the peaks are also consistent with the calculations
of Suter et al.***! for the positions of the rotational isomeric
states (RIS) in PIB based on an iterative method that eliminates
end effects in RIS calculations for short chains, thus correctly
estimating the effects of steric strain on configuration. The
splitting of the three conformational states becomes more
pronounced as the temperature decreases, although their posi-
tions remain unaffected.

The capability of the UA force field introduced in the present
study to successfully reproduce the distribution of the torsion
angles, ¢, is a significant accomplishment. As mentioned above,
this was impossible to achieve with known and widely used
UA models models reported in the literature for hydrocarbons.
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Figure 4. (a) MD predictions for the distribution of the torsion angles,
¢, at two different temperatures as obtained with the new UA force
field. (b) The corresponding distributions at 7 = 450 K if the MD
simulations had been executed with the force fields proposed by Nath
and Khare*? (solid line) and by Piitz et al.” (dashed line).

Table 3. MD Predictions for the Mean-Square End-to-End
Distance, (R[] the Mean-Square Radius of Gyration, [R,’[) and
Their Ratio, at 450 K

system R20(A2) R 20(A2) (R2R 20
Cy 151 + 10 26+ 1 58402
Cus 264 + 10 44+2 6.0 +£0.2
Ces 384 +20 65+2 59+03
Cso 495 + 20 80+ 4 6.2+0.3
Cioo 643 £ 20 10545 6.1£0.3
Cizo 805 + 50 135 £ 10 6.1+04
Cuao 950 =+ 50 150 £ 10 6.3+04
Ciso 1100 £ 100 188 £ 10 58+05
Cono 1400 £ 100 230 £ 15 6.1+0.3
Cao 1700 £ 150 270 + 20 6.2+04
Cso 2200 + 200 385 +30 57405

For example, in Figure 4b we show the predictions for the
distribution of torsion angles at 450 K as obtained with the Nath
and Khare*? (solid line) and the Piitz et al.” (dashed line) force
fields. We observe that the Nath and Khare** model practically
fails to predict the six characteristic conformational states while
the Piitz et al.” model underestimates the population of gauche
states.

In Table 3, we report MD predictions for the mean-square
end-to-end distance, [R?[] and the average radius of gyration,
mgzlf,l of PIB as a function of chain length at 450 K. We also
report the ratio [R2I[R,0] for all systems, this assumes values
practically between 5.8 and 6.2, thus confirming within the
simulation error the validity of Flory’s random coil hypothesis.
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Figure 6. Variation of the characteristic ratio, Cy, with the inverse of
the number of carbon atoms per chain, 1/N, at 450 K.

In Figure 5, on the other hand, we report MD simulation results
for the molecular weight (M) dependence of [R*(lin PIB melts
at 450 K. Consistent with many other polymer systems (such
as the cis-1,4-PB>? and cis-1,4-polyisoprene®), the dimensions
of long enough PIB chains increase linearly with MW. The best
linear fit to the simulation data indicates then that

R0 22 -

YA 0.52 A"mol g 5)
which agrees favorably with the value [R2ZM = 0.57 A2 mol
¢! reported by Aharoni.”> From the chain length dependence
of [R2[]an estimate of the characteristic ratio Cy for PIB, defined
as Cy = [R2[AN/2)[2, where N is the number of carbon atoms
per chain and / = 1.54 A, is extracted. In particular, by plotting
Cy as a function of the inverse number of carbon atoms N per
chain (see Figure 6), fitting the simulation results with a
polynomial, and extrapolating to infinite chain length, an
estimate for C, can be extracted. The value thus obtained is
Co = 6.3 = 0.1, which agrees very satisfactorily with the
experimental measurements of Ferry and Parks®® (Co = 6.6),
Fox and Flory®’ (C, = 6.6), Fetters et al.>**® (C., = 6.8), and
Hayashi et al.® (C., = 6.8) as well as the theoretical calculations
of Allegra et al.>® (C., = 6.4—6.75), Boyd and Breitling® (C.
= 4.59), Lohse® (C = 6.73), Weinhold et al.® (Co = 7.1),
and Suter et al.*>3! (C., = 6.6).

3.3. Structural Properties. The results presented in section
3.2 showed that the new UA model reproduces the conforma-
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Figure 7. (a) Intermolecular pair distribution function, g(r), for the
Cso, Cigo, and Cig0 PIB systems at 450 K. (b) Intermolecular pair
distribution function, g(r), for the Csyy PIB system at 350 and 550 K.
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Figure 8. X-ray diffraction patterns of PIB from MD simulations at
350 K (solid line) and experiment (ref 6) at 298 K (symbols).

tional (end-to-end distance) properties of PIB rather accurately
over a wide range of temperatures. A remaining question is how
well it predicts the structural properties of PIB, as quantified
for example by the intermolecular pair distribution function,
g(r). In Figure 7a, g(r) predictions are shown for three different
PIB systems (Cgo, Ci00, Ci60) at 450 K. In all cases, simulation
results exhibit two rather broad peaks at ~8 and 15 A
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Figure 9. (a) Static structure factor, S(q), as obtained from the present
MD simulations at 350 K (solid line) and comparison with the NS
data of ref 12 (symbols) at 320 K. (b) Intra- and intermolecular
contributions to S(g) at 500 K. (c) Static structure factor, S(g), as
obtained from the present MD simulations at 350 and 550 K and the
dependence of its first peak position, Qmax, to temperature.

characteristic of local packing in PIB as well as the so-called
“correlation hole effect” which persists over distances com-
mensurate with the radius of gyration of the chain. It is also
seen that as the chain length increases, the position of the first
peak shifts smoothly toward lower distances, reflecting the
increase in the density of the melt at higher MW values. The
same happens if the temperature is decreased (see Figure 7b).
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The total pair distribution function, giw(r), defined as the
sum of the intermolecular pair distribution and intrachain pair
density functions is directly related to the static structure factor,
S(q), through the following Fourier transform:

Stg) =1+ pn [} 4P g =11 dr - (©)

where n is the total number of atoms in the system, ¢ the
magnitude of the scattering vector, and p the system density.
S(g) can be measured experimentally either by X-ray or NS.
The S(g) vs g plots were found to be practically the same for
all PIB systems studied, so in Figure 8 only the curve
corresponding to the Csyg system at 350 K is reported together
with the X-ray experimental results of Weinhold et al.® at 298
K. The agreement between the two curves is very good.
Simulations capture accurately the first sharp peak at around 1
A1 that is attributed mostly to intermolecular correlations. They
are also able to capture the other characteristic peaks at
progressively larger g values (corresponding to shorter charac-
teristic distances along the PIB chains) reflecting intramolecular
correlations.

An additional comparison has been made against reported
NS experimental data for deuterated PIB. To this end, it was
necessary to account for the existence of different species in
the polymer system and calculate S(g) from the Fourier
transform of the weighted pair distribution function H(r), defined

as61,62

XX

(g D) ™
2

=1

H(r) = 2

= f

2
i=

2
=1

where x; and x; denote the number fractions of i-type and j-type
atoms in the system and f; and f; their corresponding scattering
factors. To complete the calculations, the UA model was mapped
onto an AA model by placing explicitly hydrogen atoms in all
PIB chains in the simulation cell and by using the scattering
vector of deuteron (instead of hydrogen) in eq 7. Results are
shown in Figure 9a: The solid line represents the simulation
data at 350 K and the symbols the NS experimental data'? at
320 K. The overall agreement between the two sets of data is
satisfactory, in particular with respect to the location and
intensity of the first sharp peak at ~1 A~1. A relatively small
difference is observed in the intensity of the second peak.

In Figure 9b, the total structure factor is analyzed in terms
of intra- and intermolecular contributions. With the exception
of the first peak to which both inter- and intramolecular
correlations contribute significantly, all other peaks are clearly
of intramolecular origin. Figure 9c, on the other hand, depicts
MD simulation results for the S(g) profiles at two different
temperatures, 350 and 550 K, following the procedure described
above. It is clear that temperature changes affect the position
and intensity only of the first peak. More precisely, the intensity
of the first peak, Omax, increases with temperature, while its
position shifts to lower ¢ values (i.e., to larger distances)
reflecting the decrease in the density of PIB. This is demon-
strated at the inset of Figure 9c, where Qnax is plotted as a
function of T and the results are seen to fall on a straight line.
The data of Figure 9c can be further used to deduce the “linear
thermal expansion coefficient”  of PIB defined as

B = (1/Q,4) (30101 ®)

The simulation prediction of 8 = (4.4 + 0.3) x 1074K"!
compares favorably with the experimental value of 5.0 x
10~4K~! based on NS measurements.'>

3.4. Thermodynamic Properties. In Figure 10, the specific
volume, v, of PIB melt at 450 K with respect to chain length N
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The dashed line shows the hyperbolic fit (eq 9) to the simulation data.
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if the MD simulations had been executed with the force fields proposed
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Figure 11. Temperature dependence of the specific volume, v, for the
Csyo PIB system. Filled symbols refer to MD simulation results from
this work. Open symbols represent available experimental®*>%% and
simulation®® data in the literature and the predictions of the Tait
equation.®*%°

Table 4. Experimental Data and MD Predictions from This
Work and from Literature for the Thermal Expansion
Coefficient, op

T (K) op (x107%) (K1) reference
300 6.06 current work
400 5.75 current work
294 6.03 Kilburn et al.*
296 5.2 Anderson et al.®®
400 5.7 Eichinger and Flory®?
400 5.7 Simha and Boyer®”
400 5.1 Karatasos et al.>*

is presented. MD simulation data (filled symbols) are fitted very
accurately with a hyperbolic function of the form

v=v +@ 9)
“® N

Equation 9 describes both the monotonic decrease of v with N
and its asymptotic behavior in the limit of high N (dashed curve).
At 450 K, the best fit to simulation data results in ve, = 1.171
cm?/g and vy = 2.103 cm?/g. According to the experimental
data of Eichinger and Flory,® the specific volume of high
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Figure 12. Temperature dependence of the isothermal compressibility,
kr, as calculated from the present MD simulations using eq 12 (closed
symbols) and comparison with experimental data®® (open symbols).

molecular weight PIB at different temperatures is described by
the equation

v (T) =(0.9297 —5.123x 10 *T+6.15%x 107*T)"" (10)

where T is measured in °C. At 450 K, this equation yields ve
= 1.189 cm?/g, which is only 1.5% higher than the value
predicted by the present MD simulations. A similar value of
Ve = 1.188 cm?/g is extracted when one invokes the empirical
Tait equation of state to fit experimental data, as proposed by
Beret and Prausnitz®* and Rodgers.®

For comparison, also shown in Figure 10 (with the open
symbols) are the predictions of the MD simulations for the
specific volume of three of the PIB systems (Csp, Ci60, and Cspg)
based on the force fields proposed by Nath and Khare** and
Piitz et al.” The figure shows that both models significantly
overpredict the specific volume, the largest deviations (up to
8% in some cases) being exhibited by the Nath and Khare*?
molecular model.

The specific volume, v, of PIB was calculated over a wide
temperature range and compared against experimental data and
predictions from previous simulation work. In Figure 11, MD
results for the Csp9 PIB melt (filled symbols) are compared to
literature reported values (open symbols).20-246:63-65 The
difference between current simulation results and experimental
data is always less than 2—3% over the studied temperature
range.

The linear variation of specific volume with temperature
permits a reliable estimate of the thermal expansion coefficient
of PIB, ap, according to the expression

o= {57 an

and its temperature dependence. The results are summarized in
Table 4 together with experimentally measured values for
comparison.?*-3*636667 The overall agreement between simula-
tion and experiments is satisfactory, except from the data of
Anderson et al.®® which indicate a somewhat lower value for
ap. It should be also noted that ap increases as 7T decreases at
ambient pressure. A similar behavior has been reported recently
for cis-1,4-polybutadiene.®?

In Figure 12, simulation predictions are presented for the
isothermal compressibility, x7, as a function of temperature. «7
is easily calculated from the fluctuations in the system volume
recorded in the course of NPT MD simulations according to
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Table 5. UA Force Field Parameters for the Light Gases

gas o (A) & (kcal mol™) Iy (A)
He® 3.11 0.008

Ar? 3.41 0.236

Ny 3.31 0.071 1.10

0,%¢ 3.09 0.089 1.21

“ Taken from ref 68. * Taken from ref 69. ¢ Taken from ref 70. ¢ Taken
from ref 71. ¢ Taken from ref 72.

Voo
1T T TVO (12)
Experimental data from the work of Kilburn et al.?* are also

shown in Figure 12. The two sets of data are consistent with
each other. It is observed that 7 decreases with decreasing
temperature, reflecting the decreasing rate of compression at
lower temperatures. We should mention here that Anderson et
al.%® have also reported a value of k7 (= 3.65 x 1074 MPa~! at
296 K) which deviates from the data of Figure 12.

4. Solubility of PIB to Small Molecules

For the calculation of the barrier properties of a polymer, a
realistic atomistic representation of the polymer matrix and of
the penetrant molecules is required. In this work, the solubility
of four light gases (He, Ar, Ny, and O;) in PIB has been
examined. The LJ parameters for He were taken from ref 68
based on simulation data fitted to vapor—liquid equilibria, while
those for Ar were obtained from Hirschfelder et al.*” based on
fittings of simulation data to second virial coefficient data. N,
and O, were modeled as diatomic molecules with constant bond
length using the potential model proposed by Potoff and
Siepmann’® for N, fitted to VLE data and the potential model
proposed by Huber and Herzberg’' and Powles and Gubbins’?
for O,. Details on model parameters are given in Table 5. The
standard Lorentz—Berthelot combining rules were used for
the LJ interactions between unlike polymer—gas molecules. The
LJ potential beyond r = 1.450 was substituted by a fifth-order
polynomial, whose value beyond » = 2.30 was set equal to zero.
The tail contributions to the internal energy were taken into
account according to the method described by Allen and
Tildesley”® (eq 2.136 in ref 73).

The infinite dilution solubility coefficient, Sy, of a gas in PIB
was calculated based on Widom’s test particle insertion tech-
nique.”* According to this method, a “ghost”” molecule is inserted
at a random position in the simulated system and its interaction
energy, Ughost» With the surrounding atoms of the polymer matrix
is computed. In the NPT statistical ensemble, the excess
chemical potential 4°* of the inserted molecule is calculated
through the expression””

ﬂ“Zﬂ—lﬂ‘g 1
=~ o] GV eRp( AU ~ BUSE) G| +
PT

1 Antr:
B In EXP( _ﬁ Ughloit) I;lieal gas ( 1 3)

where Untr and Uinta stand for the inter- and intramolecular

ghost ghost

contributions, respectively, t0 Ugos. In this work, only spherical
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and rigid diatomic gas molecules have been examined; therefore,
Unta was in all cases set equal to zero. In eq 13, f = 1/kgT,
where kg is Boltzmann’s constant, V is the instantaneous volume
of the system, and the brackets denote statistical mechanical
(i.e., ensemble) averages over all possible polymer matrix
configurations and all possible positions of the “ghost” molecule.
Once the excess chemical potential has been calculated, Sy is

obtained through

_ 22400 cm® (STP)/mol . o
B RT Xm}ltgl() exp( ﬁ ‘usolute)

and is expressed in units of cm?® (STP)/(cm® Pa) with STP
corresponding to an absolute pressure of 101.325 kPa and a
temperature of 273.15 K.

Sy calculations for the various gases in different temperatures
are shown in Table 6, while in Figure 13 these results are
compared against experimental data from van Amerongen’® for
He, O,, and N, and predictions from an accurate macroscopic
model”” used widely for engineering calculations involving Ar.
For the case of He, the agreement between experimental data
and simulation predictions is excellent. In all other cases, the
MD calculations with the employed UA force fields for the
matrix and the solute systematically overpredict the experimental
data. It is encouraging though that the employed UA model for
PIB captures correctly the temperature effect on Sy. It predicts
that the solubility of Ar and O, in PIB decreases with
temperature while the solubility of He increases and the
solubility of N, is practically temperature independent, in
agreement with the experimental measurements. Finally, it must
be noted that in the case of O, molecules additional solubility
calculations were preformed using the VLE-based parameters
obtained from Zhang and Siepmann.”® Solubility predictions
with this model were somewhat higher than the values presented
in Figure 13 and are not reported here.

Motivated by the failure of the UA model to quantitatively
predict the solubility of Ar, O,, and N, in PIB, we adopted a
more detailed all-atom (AA) atomistic representation of PIB
chains. To this end, the very detailed and accurate COMPASS
(= condensed-phase optimized molecular potentials for atomistic
simulation studies) force field involving 13 terms in the
expression for the potential energy was employed in the
solubility calculations.”® The consideration of an explicit atom
model underlies the essential step in the accurate prediction of
permeability and barrier properties because by directly consider-
ing hydrogen atoms permits a more detailed representation of
small polymer matrix cavities in the simulation cell that are
significant for gas molecule solubility. Furthermore, hydrogen
atoms exhibit enhanced mobility, causing an increase in the
dynamic flexibility of the system through the fast local rear-
rangements of the accessible volume which is particularly
important for the diffusion of small gas molecules.

In the present work, a certain number of uncorrelated PIB
configurations were selected from the accumulated MD trajec-
tories with the new UA model and converted to AA PIB
structures by considering also the hydrogen atoms on the carbon
atoms of PIB chains (see Figure 14). Of course, the conversion

So (14)

Table 6. MD Simulation Results for the Solubility Sy of the Four Light Gases in PIB

So (x10° cm? (STP)/cm? Pa)

He Ar 0O N

T (K) UA AA UA AA UA AA UA AA
300 0.16 £ 0.02 0.23 £0.01 2.10 £ 0.06 1.38 £ 0.09 1.63 £ 0.07 1.1 £ 0.1 0.98 £+ 0.05 0.31 £ 0.06
350 0.24 £+ 0.01 0.25 £0.01 1.80 £ 0.05 1.1 £0.1 1.47 £0.07 09 +0.1 0.98 £+ 0.05 0.25 £0.07
400 0.32 £ 0.01 1.67 + 0.05 1.04 £0.08 1.30 £ 0.05 0.95 +£0.02

450 0.39 £ 0.01 0.36 4+ 0.02 1.54 +0.02 1.01 £0.07 1.27 £0.03 0.7+ 0.1 0.96 + 0.03 0.31 £0.07
500 0.47 £ 0.01 0.39 +0.02 1.44 £+ 0.02 0.92 £+ 0.05 1.26 £ 0.02 0.67 = 0.07 0.95 +0.01 0.34 £ 0.05
550 0.56 & 0.01 0.47 +0.02 1.41 £0.01 0.93 +0.03 1.21 £0.01 0.57 £ 0.07 0.99 £+ 0.01 0.35 £0.05
600 0.63 £ 0.01 0.55 +0.01 1.37 £ 0.01 0.74 £ 0.03 1.19 £ 0.01 0.52 +£0.07 1.04 £0.01 0.30 £ 0.06
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Figure 13. Infinite dilution solubility coefficient Sy (cm? (STP)/cm? Pa) of (a) He, (b) Ar, (¢) Oz, and (d) N in PIB from MD simulations with the
UA model (open circles) and the AA COMPASS force field (solid circles) and comparison with experimental data’® and macroscopic model

predictions.”’

from a UA to an AA representation gives rise to steric overlaps,
but these can be easily eliminated by subjecting the system to
an energy minimization procedure (e.g., through a steepest
descent method) followed by an extra thermal re-equilibration
step through an NVT or NPT MD run for a rather short time up
to a few hundreds of picoseconds. Following such a strategy
using the Materials Studio software package of Accelrys Inc.,*®
we generated 10 independent and fully relaxed PIB configura-
tions at each temperature in the range from 300 K up to 600 K
from the UA simulations with the Cy4p system, which we used
next to calculate Sy for the four gases in PIB. In these
calculations, the COMPASS” force field was also used to
describe the potential energy interactions of the four gas mole-
cules. The solubility calculations at several temperatures were
carried out with the Henry constant method of Materials
Studio.*® The electrostatic interactions between polymer solutes
were calculated using the Ewald summation method.”® For the
van der Waals interactions, a cubic spline was used for distances
beyond 11.5 A together with a value of 12.5 A for the cutoff
distance. Results are presented in Table 6 and Figure 13, together
with experimental data and UA predictions.

The agreement between experimental data and AA predictions
is excellent for He, Ar, and O,. For the case of N,;, AA
predictions are lower than experimental data but still more
accurate than those based on the UA model. In all cases, the
temperature effect on the solubility is captured accurately for
all gases, and so experimental data, UA predictions, and AA
predictions are in agreement. Temperature effects on the
solubility of gases in rubbery polymers have been discussed in
detail by Economou et al.5®

In the literature, simulation results for the solubility of light
gases in PIB have been reported by Miiller-Plathe et al.*' and
Gusev and Suter.®! Miiller-Plathe et al.*! calculated S, of He
and O, in PIB using Widom’s particle insertion technique based
on an AA model, but their results exceeded the experimental
data by 1—2 orders of magnitude. On the other hand, the
transition state theory (TST)-based calculations of Gusev and

Figure 14. Typical atomistic snapshot of a fully relaxed Cso PIB chain
from MD simulation at 350 K in the UA (a) and AA (b) representa-
tions.
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Suter®' for the solubility of He, Hy, Ar, O,, and N, in PIB
overestimated the experimental data of van Amerongen’® by
10—40 times.

5. Conclusions and Future Plans

We presented results of a computer simulation study concern-
ing the solubility of four penetrant molecules (He, Ar, O,, and
Ny») in PIB. Our simulation strategy involves the following steps:
(1) equilibration of model PIB systems at various temperatures
through a brute-force application of a parallel MD method based
on a new UA model that correctly reproduces the volumetric,
structural, and conformational properties of PIB over a range
of temperatures; (ii) conversion of representative, fully equili-
brated configurations from these simulations to AA PIB
structures and thermal re-equilibration, and (iii) sorption com-
putational experiments at various temperatures, for the estima-
tion of the solubility parameter of the four penetrants in PIB.
The new model, based on widely accepted interaction potentials
introduced by Martin and Siepmann,44 Nath and Khare,** and
Poncela et al.,*> reproduces correctly the conformational
characteristics of PIB chains, in particular the splitting of the
trans and gauche states, as has been suggested in the past by
elaborate theories and AA simulations. Moreover, it allowed
us to simulate within reasonable CPU time a number of model
PIB systems of molecular length up to 320 carbon atoms per
chain at several temperatures above the melting point.

Well-relaxed configurations from these simulations were used
as input in simulations with the all-purpose AA COMPASS
force field”® for the prediction of the solubility of the four gases
in PIB. Our results demonstrate that at room temperature O,
is more soluble in PIB by about 2 times than N, and that He is
less soluble than Ar by almost 1 order of magnitude. They also
indicate a rapid decrease in O, solubility as the temperature is
increased; in contrast, the solubility of N, remains practically
unaffected. Despite this, the solubility of O, remains above that
of N, for all temperatures. Similarly, the solubility of He
increases rapidly with increasing temperature whereas that of
Ar decreases. However, Ar remains always more soluble in PIB
than He.

We also demonstrated that solubility calculations of Oy, N»,
and Ar based on well-known UA models, although qualitatively
correct, significantly overestimate the experimental data and the
COMPASS-based simulation results (by a factor of 4 in some
cases).

Work is currently in progress to address the diffusive
properties of the small penetrant molecules studied here in PIB
as a function of temperature and the role of molecular packing
and energetics on the barrier properties of PIB compared with
other elastomeric polymers, such as (e.g.) polyethylene (PE).
The microstructure of free volume as well as its temperature
and pressure dependencies will also be studied. In the future,
the present simulations will be extended to (a) longer systems
in order to calculate the linear viscoelastic properties of PIB
(friction constants, interentanglement spacing, diffusivity, and
plateau modulus) and (b) significantly lower temperatures in
order to determine its glass transition temperature.
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