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ABSTRACT: A recently developed atomistic force field for poly(dimethylsiloxane) (PDMS) is used to calculate
the permeability properties of the polymer to light gases and to n-alkanes. The torsional potential barrier is re-
estimated compared to the original force field. Chain dynamics and chain sizes are affected by this change while
thermodynamic properties of the melt and of PDMS mixtures remain unaffected. The diffusion coefficients of
penetrants to PDMS are calculated at different temperatures based on long molecular dynamics simulations.
Subsequently, the permeability coefficients are estimated and ideal mixture selectivities are evaluated for binary
hydrocarbon mixtures. In all cases, agreement with literature experimental data ranges from good to excellent.
Calculations for mixed penetrant permeation reveal that, in the presence of a second penetrant species, solubility
and diffusion coefficients increase, in agreement with recent experimental evidence.

1. Introduction

The accurate knowledge of the transport properties of
polymeric materials based on their chemical structure is crucial
for technological applications, since these properties govern the
behavior of the materials at end-use conditions. For example,
the accurate evaluation of the diffusion of small molecules
dissolved in polymers influences the quality of a polymeric
material used as a barrier (in food packaging, etc.). Typically,
these properties are measured experimentally. Often though,
experimental measurements are cumbersome and/or expensive.
This is true for the measurement of the diffusion coefficients
of penetrants in polymers in the low concentration limit and at
high temperatures and pressures. In such cases, theoretical
models or accurate computational approaches are preferred.

Considerable work has been devoted to the prediction of
transport properties through theoretical models or detailed
computer simulation studies. From the theoretical point of view,
a model that describes accurately the diffusion of small
molecules in polymers is the free volume theory of Vrentas and
Duda." This theory is based on the fundamental assumption of
Cohen and Turnbull® that free volume redistribution is respon-
sible for the molecular diffusion. Although widely used, for the
accurate correlation of experimental data a number of system
specific properties need to be fitted to the data.’

On the other hand, molecular dynamics (MD) simulations
have been successfully used for the investigation of the
molecular structure of membrane materials based on amorphous
polymers and of the sorption and diffusion of low molecular
weight penetrants in these materials.*'? In most of these studies,
the diffusion coefficient of small gaseous penetrants, such as
He, Oy, Ny, CHs and COg, in polymers was calculated. The
duration of these MD simulations was limited to several hundred
or few thousand ps. Diffusion coefficients of heavier penetrants
in silicon rubbery polymers have been studied by Alentiev et
al."* Harmandaris et al.'* performed united atom (UA) atomistic
MD simulations as well as coarse-grained MD simulations to
predict elthylbenzene diffusion in polystyrene. Recently, Samios
and co-workers'® proposed a detailed methodology that allows
quantitative analysis of diffusion jumps and the corresponding
jumps frequency between neighboring cavities of gaseous
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alkanes, CH, through n-C4H;o, permeating through heavy
n-alkanes that can be easily applied to polymers.

Poly(dimethylsiloxane) (PDMS) is the most commonly used
membrane material for separation of organic vapors and gases.
The Si—O linkage of the backbone chain of PDMS is the
structural feature which is responsible for the high chain
flexibility of PDMS. This chain flexibility is reflected in the
diffusion properties of penetrants in PDMS making this polymer
very permeable. A number of MD simulations have been
performed for the prediction of the diffusion coefficients of small
penetrants in PDMS. In particular, Tamai et al.® used the UA
approximation and performed 2—5 ns long MD simulations for
the prediction of the diffusion coefficient of CH4, H,O and
CH,OH in PDMS. Charati and Stern'® reported the diffusion
coefficients of He, O, N,, CO, and CH4 in four silicon
polymers, namely PDMS, poly(propylmethylsiloxane) (PPMS),
poly(trifluoropropylmethylsiloxane) (PTFPMS) and (polyphe-
nylmethylsiloxane) (PPhMS). In their work, each polymer chain
was built from 10 repeat units and the mean-square displace-
ments of penetrants were calculated from 200 ps trajectories of
penetrant molecules. Sok and co-workers’ executed short MD
simulations (250 ps) and they estimated the diffusion coefficient
of He and CH,4 in short PDMS chains. For both penetrants good
agreement with experimental values was observed. Hofmann
et al.'® performed atomistic MD simulations for the investigation
of the transport properties of different small molecules, including
CHa4, Hz, O, N, H,O and C,HsOH, in stiff chain glassy and
flexible chain rubbery polymers (including PDMS). In all cases,
the duration of the MD studies was up to 3 ns.

The main objective of this work is to extend diffusion and
solubility studies to higher molecular weight penetrants in
PDMS using an accurate UA force field and perform substan-
tially long MD runs, on the order of 150 ns, in order to obtain
reliable results. A wealth of experimental data have been
reported on the solubility and diffusivity of light gases,
n-alkanes, perfluoroalkanes and other compounds in PDMS at
different temperatures and pressures,'’=° and are used for the
evaluation of simulation results.

Recently,?' a UA force field was developed for the calculation
of thermodynamic and structural properties of pure PDMS melts
that was used subsequently for the prediction of infinite dilution
solubility coefficients of light gases and n-alkanes in the polymer
matrix. The agreement with experiment was very good in all
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cases. Here, the focus is primarily on the calculation of the
diffusion coefficient of gases and n-alkanes in PDMS at different
temperatures. The torsional potential barrier of PDMS is revised,
making the polymer chain more flexible. This modification has
insignificant effect on the thermodynamic equilibrium properties
of polymer melt and of polymer—penetrant mixtures while it
affects chain dynamics and chain molecular size. Furthermore,
it results in fair agreement between experimental data and
simulation results for the diffusion coefficient of penetrants.
Permeability coefficients as obtained from MD are compared
to recent experimental data. Both pure- and mixed-penetrant
systems are examined. The agreement between simulation and
experiments is good in all cases.

2. Atomistic Force Field and Simulation Details

A UA description is used in this work to model the PDMS
chains, according to which each carbon atom together with all
hydrogens attached to it is considered as a single interaction
site. In this force field, the potential energy function is written
as the sum of contributions due to bond stretching, bond angle
bending, dihedral angle torsion and nonbonded interactions
between UAs in different chains or in the same chain but
separated by more than three bonds. In PDMS, nonbonded
interactions consist of short-range van der Waals repulsive and
dispersive interactions modeled with the Lennard-Jones potential
and long-range electrostatic (Coulombic) interactions modeled
using the reaction field method.*> The functional form of the
force field in terms of the potential energy is:
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where [;, 6; and ¢; denote bond length, bond angle and torsional
angle respectively, ry; is the distance between interaction sites i
and j and ¢; is the partial charge on site i. Subscript o denotes
parameter value at equilibrium. Flexible bonds are used and
the potential energy of each bond is evaluated by using a simple
harmonic potential (first term on the rhs of eq. 1). Similarly,
bond-angle fluctuations around the equilibrium angle are subject
to harmonic fluctuations (second term on the rhs of eq 1). For
all dihedral angles, a 3-fold symmetric torsional potential is used
where kg, is a force constant that measures chain flexibility and
¢ = 0° denotes a frans state (third term on the rhs of eq 1).
Here there is only one type of torsional angle so ks = kg, In eq
1, & is the dielectric constant of solvent, &, is the dielectric
permittivity of vacuum (equal to 8.85419 x 1072 C2J ' m™1)
and r. is the cutoff distance for the electrostatic interactions.
Standard Lorentz—Berthelot combining rules are used to
describe nonbonded Lennard-Jones interactions between sites
of different type:
_ o
&;=\e;e; and o= % )

In our previous work,' the force field for PDMS was applied
to predict the structure and thermodynamic properties of the
polymer melt in different temperatures and pressures. The
starting point for the force field parametrization was the model
proposed by Sok et al.” The Lennard-Jones parameters for CH3
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were modified in order to obtain good agreement with experi-
mental data over the entire range of conditions. The new
parameter set was used subsequently for the prediction of
solubility of gases and liquids in PDMS.

Current work focuses primarily on transport properties and
more specifically on the diffusion coefficient of small molecules
in the polymer. The polymer chain flexibility and the free
volume distribution affect significantly these properties. In this
respect, kg is the primary force field parameter that controls
these structural characteristics. Consequently, in this work we
used two different kg values, namely kg= 1.8 kcal/mol (as in
ref 31 based on an earlier model by Sok et al.” and will be
referred to as Model I) and ky= 0.9 kcal/mol, that is a 50%
reduction over Model I, and will be referred to as Model 1I. All
the remaining force field parameters remain unchanged com-
pared to ref 31.

MD simulations were performed at the isobaric—isothermal
(NPT) ensemble using Nosé and Klein extended method*? and
at the canonical (NVT) ensemble. In NPT simulations, an
integration time step of 0.5 fs and the fifth order Gear predictor-
corrector scheme® were used to integrate the equations of
motion in Cartesian coordinates. The values of the parameters
W and Q in the Langragian form of the extended method were
the same with those of previous work in PDMS.*' NVT
simulations were performed for the estimation of the diffusion
coefficient of light gases and n-alkanes in PDMS matrix. In
these simulations, an increased time step of 2 fs was used and
the equations of motion were solved using the velocity Verlet
algorithm.?? In all cases, to maintain the temperature fixed at
its prescribed value, the Berendsen thermostat® was used with
coupling constant equal to 0.1 ps. Simulations were performed
in machines based on Intel Xeon CPU 2.8 GHz processor. For
the systems under investigation, 1 ns of simulated time
corresponds to approximately 7 h of computing time.

All PDMS simulation boxes consisted of 3 chains of 80
monomer units each. For such a system, the average edge length
of the cubic box was 32 A. The initial configurations were
obtained using the Cerius® software package of Accelrys Inc.
Polymer chains were built in an amorphous cell using periodic
boundary conditions. These initial configurations were subjected
to molecular mechanics.*® Energy minimization took place in
two stages. First, the steepest descent method was used with a
maximum number of iterations equal to 100 followed by the
conjugate gradient method with a maximum number of iterations
up to 10 000. In all simulations, periodic boundary conditions
were applied to the simulation box. A Verlet neighbor list*?
and a truncated Lennard-Jones and electrostatic potential were
used to speed up calculations of interactions between molecules.
In this work, the Lennard-Jones potential tail beyond r =
1.450 was substituted by a fifth order polynomial, whose
value beyond r = 2.330 is equal to zero. For electrostatic
interactions, the cutoff distance, r., was equal to 13.5 A, a
value which is smaller than half the box edge length. The
dielectric constant of solvent, &, was chosen to be 2.8, which
is the static value for PDMS. The instantaneous pressure of
the system Piy was calculated during the simulation according
to the molecular virial expression proposed by Theodorou
et al.’” The “tail” contributions to the internal energy and to
the pressure were taken into account.*?

For the evaluation of the chemical potential of light gases
and n-alkanes in PDMS, NPT simulation runs of 6 ns were
performed; the first nanosecond corresponded to the “equilibra-
tion” stage and the remaining 5 ns to the “production” stage
where instantaneous properties are averaged. In order to improve
statistics in the calculated solubility properties, for each state
point four runs were performed starting from completely
independent different initial configurations. In each simulation
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run, 5000 configurations were recorded at equal time intervals.
These configurations were used for the calculation of the excess
chemical potential of light gases and n-alkanes in PDMS using
the Widom test particle insertion method.*® According to
Widom’s method, the chemical potential is calculated from the
ratio of the partition function of a system containing N + 1
molecules divided by the partition function of a system
containing N molecules, where both systems are under the same
temperature and volume or pressure conditions. The “ghost”
molecule is inserted randomly into the simulated system. The
interaction energy of the “ghost” molecule with the remaining
molecules (Ugnos) is evaluated and subsequently used for the
calculation of the excess chemical potential (u**) of the
component:

U=t =
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where 8 = 1/kT, Ugnoy is the intermolecular energy and Ushoy
is the intramolecular energy of the “ghost” molecule. The latter
is calculated independently in a single chain simulation. V is
the instantaneous volume of the system and the brackets denote
ensemble averaging over all configurations and spatial averaging
over all “ghost” molecule positions.

From the excess chemical potential, one may calculate the
infinite dilution solubility coefficient S, from the expression:

_ 22400 cm’® (STP)/mol .

SD RT Xs}li}}loexp(_ﬂﬂsaum) (4)

In this work S, is reported in units of cm? (STP)/ (cm?® atm).
STP (widely used in membrane science) stands for standard
temperature and pressure conditions and corresponds to an absolute
pressure of 101.325 kPa and a temperature of 273.15 K.

NVT simulations were also performed for systems consisting
of 3 PDMS chains of 80 monomer units each and a number of
gas molecules (10 He, Ne or Ar, or 5 O, or N, molecules) or
n-alkane molecules (10 CH4 or 5 C,Hg up to n-C¢Hj4 mol-
ecules). Simulations were performed in the temperature range
300—450 K. Long simulation runs, corresponding to real time
of 50—150 ns were executed in order to obtain reliable results.
The self-diffusion coefficient was calculated from the linear part
of the mean square displacement of the centers of mass of the
solutes according to the Einstein equation:

—1im LT — OV
D =limy— (1) = ()] (5)

The force fields parameters for the gases and n-alkanes examined
here are the same as in our previous work.?'

3. Results and Discussion

A. Validation of Model II for Structure and Thermo-
dynamic Properties. The polymer melt density calculated at
various temperatures and pressures with Model II agrees within
statistical uncertainty with the calculations with Model I reported
previously.*' Similar good agreement between the two models
was obtained for other thermodynamic properties (Hildebrand
solubility parameter, thermal expansion coefficient, etc.) verify-
ing that the torsional potential details have relatively little effect
on the thermodynamic properties of polymer melts.

On the other hand, the increase of molecular chain flexibility
(through reduction of k) has significant effect on the dihedral
angle distribution, as one might expect. In Figure 1, the
probability density distribution of Si—O—Si-O dihedral angle
of PDMS at 300 K as predicted from Models I and II is shown.
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Figure 1. Probability density distribution of PDMS dihedral angles at
300 K from MD using Model I and Model II.
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Figure 2. [ROevolution with time for PDMS melt at 300 K from
Model I and Model II.
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Figure 3. Total pair distribution function at 300 K and 0.1 MPa for
PDMS from Model I and from Model II.

Model II results in a broader distribution of trans, gauche™ and
gauche™ states over Model I while the relative fractions remain
unchanged. No experimental data are available that could be
possibly used to validate these predictions. The difference in
the dihedral angle distribution results in different PDMS chain
sizes. In Figure 2, the evolution of [R,2Olvalues over time for
PDMS at 300 K is presented. Model II chains exhibit a more
compact structure. More specifically, simulation data reveal that
[R2C= (286 + 7) A2 for Model I and (268 + 10) A2 for Model
1L

The two models predict very similar local microscopic
structure for the polymer melt that is quantified in terms of the
total radial distribution function, gi(r), as shown in Figure 3.
In our previous work,®' Model I predictions were shown to be
in very good agreement with experimental data and literature
molecular simulation results for gi(r) using UA and explicit
atom force fields for PDMS.

B. Local Chain Dynamics. The local dynamics of the chains
was quantified in terms of the torsion angle autocorrelation
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Figure 4. Torsion angle autocorrelation function for PDMS at 300 K
from Model I and from Model II.

function as predicted from the two models, according to the
expression:

_ [Bosg(t) cosgp(0) - [dosg(0) 3

[Bosp(0)° - [osp(0) B
The decay of P, () for PDMS at 300 K is shown in Figure 4.
Clearly, the local conformational relaxation of PDMS chains
represented by Model II is faster compared to that obtained from
Model 1. The data were fitted to the Kohlrausch—Williams—Watts
(KWW) equation:

Pl(ww(t) = exp(_(ri)ﬁ) (7)

[

P (1) (6)

where 7, is a characteristic decorrelation time and f is a
stretching parameter. At 300 K, for Model I, 7, = 305 ps and
B = 0.49 and for Model II, 7. = 29 ps and § = 0.39. Dihedral
decorrelation time is evaluated from the expression:

1
1" —
7= [ Pyy() dt = rc%ﬂ ®)

Analysis of the simulation data, resulted in 7 = 620 ps for
Model I and 100 ps for Model II, respectively.

C. Solubility Calculations. The infinite dilution solubility
coefficient, S,, for a number of light gases and n-alkanes in
PDMS was calculated using the Widom test particle insertion
methodology. In Table 1, simulation results from Model I and
Model II at 300 K are presented together with available
experimental data. In all cases, predictions from the two models
essentially coincide within the statistical uncertainty of the
calculations and are in very good agreement with experiment.

D. Self-Diffusion Coefficient Calculations. Long NVT MD
simulations on the order of 100 ns each using both Models I
and II were performed for the estimation of the diffusion
coefficient of solutes in PDMS. At each state point, the same
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Figure 5. Number of boxes traveled by (a) He and (b) CHy4 and n-
CeHy4 as a function of time in PDMS at 300 K.

density value (equal to the value resulted from the NPT
simulations for the PDMS—solute mixture at the same temper-
ature and ambient pressure) was used using either of the two
models. The solute diffusion coefficient, D, was calculated from
the mean square displacement (msd) of solute molecules with
time, according to the Einstein relation (Eq. 5). The criterion
that a system has reached the normal diffusive regime is that a
log(msd) - log(time) plot is a linear line with slope equal to 1.
Furthermore, solute molecules should be displaced on average
during the simulation by a distance greater than the size of the
simulation box, to ensure that true diffusion is observed within
simulation time.* In Figure 5, the number of simulation boxes
traveled by three different solutes (He, CH4 and n-CgH,4) in
PDMS as a function of time, obtained from Model II at 300 K,
is displayed. Similar results were obtained from Model L
Apparently, He molecules are displaced faster compared to the
other two solute molecules, due to their smaller size and weaker
interactions with the polymer matrix. After 6 ns of simulation
time, He has traveled a distance equivalent to 5 simulation
boxes. On the other hand, CH4 and n-C¢Hy4 molecules need
about 100 ns to travel a distance equivalent to 6 and 3 simulation
boxes, respectively.

Calculated and experimental diffusion coefficients of five
gases (He, Ne, Ar, N, and O,) in PDMS at 300 K, using the
two models, are depicted in Table 2. Experimental data and
model predictions are in full agreement concerning the order
of D variation, for the inert gases that is: He > Ne > Ar and
for the light gases that is: O, > Nj. D values for He, Ne, O,
and N in PDMS have been determined by Barrer and Chio'”

Table 1. Calculated and Experimental Infinite Dilution Solubility Coefficients, S,, of Light Gases and n-Alkanes in PDMS at 300 K

S, (cm? (STP)/cm? atm)

component Model 1 Model II experiment

He 0.044 4 0.003 0.043 + 0.002 0.028,2* 0.046,2' 0.043"7

Ne 0.059 4 0.003 0.057 4+ 0.003 0.042%*

Ar 0.23 £ 0.03 0.21 £ 0.01 0.256,2% 0.225,24 0.34"7

Kr 0.58 +0.04 0.62 +0.04 0.59%*

Xe 2.14+03 21402 1.92%4

N, 0.11 £0.02 0.10 £ 0.01 0.127,20.09,2°0.111,240.12,2 1.1%
0, 0.17 £0.03 0.16 £ 0.01 0.224,220.18% 0.205**

CH, 0.36 £ 0.02 0.36 +0.03 0.6, 0.525,220.436,% 0.38,%5 0.42,% 0.45,20 0.43%*
C,Hg 2.0+0.1 1.94+0.2 3.2,193.01,222.34,242.2%

C3Hg 55402 5.8+0.1 13.5,207.7,°7.5245.0,> 6.45%°
n-C4Hyo 18+1 1742 14,1921.9,2421.4'%

n-CsHin 56+ 12 48 + 10 64.4,2463.5° 62.2'®

n-CeHi4 157 +£91 135+ 85



Macromolecules, Vol. 41, No. 15, 2008

Table 2. Calculated and Experimental Diffusion Coefficients, D,
of Light Gases in PDMS at 300 K

D ( x 10°cm?s71)

gas Model 1 Model II experiment
He 55.7 63 52.5'7 60"

Ne 20.5 28 21"

Ar 5.5 7 1418

0O, 4.5 9.5 19,'7 16,'® 34>
N 33 8.6 11.8,'7 15,8 34%

Table 3. Diffusion Coefficient of n-Alkanes in PDMS at 300 K
from Model I, Model II, and Experimental Data

D ( x 10°cm?s7h)
CHy C;H¢ CsHg n-CsHyg n-CsHjp, n-CgHyg

MD Simulation

Model 1 3 1.2 0.7 0.43 0.34 0.30

Model II 6 2.7 2.5 1.8 1.6 1.4
Experiment

Stern et al.* 24 10.1

Merkel et al.> 22 11.3 5.1

Kriiger et al.>® 54/9°

Yampolskii et al."”” 113 6.2 42

Raharjo et al.*° 18 4.4

LaPack et al.*! 16 11 6.4 6.3 4.5 35

“ Sorption balance measurement. ” Pressure decay measurement.

using the time-lag method in the temperature range from 256
to 273 K. The values reported in Table 2 at 300 K were obtained
by extrapolation, so that a direct comparison can be made with
experimental data from other sources and from simulation. For
the two lighter gases, both Model I and II predictions are in
good agreement with experimental data; although Model I results
are closer to the data. MD simulations for D of He in PDMS at
300 K have been reported previously by Sok et al.” and Charati
and Stern'® using a UA and an all atom force field, respectively.
In both cases, He D was overestimated: Sok et al.” reported a
value of D = 180 x 1076 cm¥s while Charati and Stern'”
reported a value of D = 119 x 107 cm?s.

As the solute molecular size increases, deviations between
model predictions and experimental data increase. For the case
of O, and N, where data from different sources are available,
there is significant scatter in the reported values. In all cases,
Model II predictions are larger than Model I predictions and
closer to the experimental values. Furthermore, for larger solute
molecules the difference between the two model predictions
increases. Clearly, the model chain flexibility has a significant
effect to the diffusion of penetrant molecules and this effect
becomes more pronounced as the size of the penetrant molecules
increases.

In Table 3 and Figure 6, experimental data and
MD simulation results for the diffusion coefficients of n-alkanes
in PDMS at 300 K are presented. Predictions from both models
are lower than experimental values which, in turn, exhibit
significant scatter which is also a measure of the uncertainty
associated with these measurements. For the case of n-CsHi,
Kriiger et al.> used two different methods resulting in signifi-
cantly different values: The pressure decay method provided a
value of D =9 x 107° cm?%s while the sorption balance method
avalue of D =5 x 107° cm?/s. A comparison against the value
reported by La Pack et al.*! for n-CsHj, and values for the lighter
n-alkanes makes the latter value more realistic. In all cases,
Model II predictions are closer to the experimental data than
Model I predictions. In line with the conclusion for the gas
calculations of Table 2, as the n-alkane size increases the
difference between the two models increases: For CHy, D from
Model II is twice the value from Model 1 while for n-C¢Hy4 D
from Model II is more than four times larger than from Model L

In Figure 7, the temperature dependence of the diffusion

19,25,29,30,40,41
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Figure 6. Diffusion coefficient of n-alkanes in PDMS. MD predictions
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Figure 7. Temperature dependence of diffusion coefficient for (a) CHy
and (b) C3Hg in PDMS. MD predictions obtained from Model I (solid
circles) and from Model II (solid triangles). Experimental data: (+)
from Robb et al.,'® (x) from Yampolskii et al.,'® () from Merkel et
al.,>> (O) from Tremblay et al.,*® and () from Stern et al.*°

coefficient for CH4 and C3Hg in the range 300—450 K is shown.
MD results obtained from the two models are presented together
with available experimental data.'®'*-?>2%4% For both penetrants,
simulated and experimental values reveal an Arrhenius behavior.
In all cases, for a given temperature the D value predicted by
Model 1II is higher than the D value predicted by Model I.
However, at elevated temperatures the difference between the
two models decreases. It is concluded that the dependence of
diffusion coefficient on chain flexibility is stronger at low
temperatures, where the diffusion mechanism is relatively
slower. The faster translational motion of the polymer chains
at elevated temperatures and the relatively larger free volume
available for diffusion of penetrant molecules contribute to the
decrease of the difference between the two models.
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Table 4. Activation Energy of Diffusion of CH4, C;Hs, and
n-C4H10 in PDMS

activation energy of diffusion (kJ/mol)

solute Model 1 Model II experiment
CH,4 23.0 17.6 12.6,°012.1%°
C3Hg 24.8 19.1 741272 11.8%
n- C4Hpo 32.7 18.8 17 £3,3018%

The activation energy of diffusion for CHa, CsHg, and n-C4Ho
in PDMS was calculated from the Arrhenius relation:

E
D=D, exp(— R—;,) 9

where D, is a constant, Ej is the activation energy, and R is the
ideal gas constant. Results are shown in Table 4 together with
experimental data. As expected based on the data of Figure 7,
Model II predicts a lower activation energy compared to Model
I. Interestingly, Model I predicts a substantial increase of
activation energy for higher n-alkanes, while Model II predic-
tions are practically independent of the n-alkane size. Prediction
from Model 1II is in excellent agreement with the experimental
data for n-C4Hjo and in fair agreement with experiments for
CH4 and C3Hg.

The effect of penetrant concentration on the diffusion
coefficient value was examined. MD simulations for
PDMS—CH4 and PDMS—n-C4H;9 mixtures at 350 K and
various compositions were performed. In all cases, Model I was
used for PDMS. Simulations were performed in the NVT
ensemble and mass density was kept constant for a given
mixture, independent of composition. For the PDMS—CHy
mixture, the density was set equal to 0.903 g/cm? and for the
PDMS—n-C4Hjp mixture it was set equal to 0.912 g/cm?,
corresponding to the equilibrium density obtained from NPT
simulations for 1 wt % CHj; mixture and 2 wt % n-C4H;o
mixture at 0.1 MPa, respectively. In Figure 8, D values for CHy
and n-C4H; are presented as a function of the penetrant weight
fraction. In both cases, the diffusion coefficient increases with
penetrant concentration. It has been reported previously that the
diffusion coefficient of supercritical gases are independent of
the gas concentration, while for subcritical solutes, which are
more soluble in polymers, the diffusion coefficient may increase
rapidly with increasing concentration.*> Experimental measure-
ments by Sato et al.** revealed a weak positive concentration
dependence on the diffusion coefficient of N, in poly(propylene)
and of N, and CO; in high density poly(ethylene) at 453 K.
Moreover, recent MD calculations by Faure et al.*> showed an
increase in the diffusion coefficient of CO, and H,S in
poly(ethylene) at 433 K with increasing penetrant weight
fraction up to approximately 0.15.

E. Permeability and Separation Factor Calculations. The
permeability of a polymer to a given penetrant is calculated as
the product of solubility coefficient and the diffusion coefficient,
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Figure 8. Diffusion coefficient of CHy4 (squares) and n-C4H,o (dia-

monds) in PDMS at 350 K as a function of solute weight fraction
calculated by MD simulations using Model I.
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Figure 9. Permeability of n-alkanes in PDMS at 300 K. MD predictions
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P = S x D. In Figure 9, experimental data'®19-2530:4041.47 44
molecular simulation results are shown for the permeability of
PDMS to n-alkanes at 300 K. Clearly, simulation results are
consistently lower than experimental values for which significant
scatter is observed concerning data from different sources. The
deviation between experimental data and simulation is driven
by the under-prediction of the diffusion coefficient of n-alkanes
in PDMS.

Separation of a binary mixture of components i and j (where
i is typically the most permeable of the two components) by a
given polymer membrane is characterized by the ideal separation
factor, which is the ratio of permeabilities for components i
and j according to the expression:

P [S\[D
%= ~\5)\D, (10)

J J J

where the ratios o5 = S/5; and o7 = Dy/D; represent the
solubility selectivity and the diffusivity selectivity, respectively.
In rubbery polymers a;” is less than unity, while a;%>1, so
ideal separation factor is governed by selectivity of sorption.*®
PDMS is a widely used polymer membrane and so ideal
separation factors for various binary gas and liquid mixtures
have been measured. Experimental data'82>-30-404147:48 3 MD
predictions for a number of n-alkane/CH4 mixtures at 300 K
are reported in Table 5 in terms of the three different selectivity
ratios. For a given binary mixture, experimental data from
different sources exhibit significant scatter. Predictions from
Model II are in very good agreement with available experimental
data for all three ratios. For the permeability selectivity and
diffusivity selectivity, predictions from Model I are lower than
predictions from Model II and from experiments while for the
solubility selectivity the two models provide similar results.

The separation factor for n-C4H;¢/CH, mixture is used widely
as a benchmark for hydrocarbon mixture separation capability
of a given membrane material. In Figure 10, pure gas n-C4H;¢/
CH, solubility, diffusivity and permeability selectivities in the
range 273—400 K together with experimental data from Raharjo
et al.*® are shown. Solubility selectivity decreases significantly
as temperature increases. Predictions obtained from Model I
and Model II are in excellent agreement with experiments over
the entire temperature range. The picture is different for the
case of diffusivity selectivity for which experimental data in
the temperature range 273—323 K exhibit an insignificant
temperature effect. In this case, Model II predictions are in very
good agreement with experimental data, although a weak
temperature increase is predicted over a larger temperature
range. Model I predicts a strong temperature effect which clearly
disagrees with Model II and with experiments. The temperature
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Table 5. Molecular Simulation Predictions and Experimental Values for the Ideal Permeability Selectivity, Solubility Selectivity and
Diffusivity Selectivity of n-Alkane/CH,4 Pairs in PDMS at 300 K

P(@i)/P(CHy) S(1)/S(CHy4) D()/D(CH,4)
penetrant (i) Model I Model II experiment Model I Model II experiment Model I Model II experiment
C,Hg 2.2 2.3 392.7°12.6/12.5¢ 5.5 5.3 5.2b/3.8¢ 0.40 0.45 0.5°/0.68¢
C3Hg 3.5 6.7 5.713.4°/5.9°/6.28 15.3 17 14.4°/12°/16.4% 0.23 0.42 0.41/0.23"/0.4%
n-C4Hjo 7.2 14 14.87/18¢ /19.5/77.78 50 47 549126/120¢ 0.14 0.30 0.287/0.410.4¢
n-CsHj, 18 34 2177538 155 133 1908 0.11 0.26 0.28%
n-CeHj4 44 86 68¢ 436 375 3168 0.10 0.23 0.22¢

“ Taken from ref 47. ” Taken from ref 25. © Taken from ref 40. ¢ Taken from ref 30. ¢ Taken from ref 48. Taken from ref 18. ¢ Taken from ref 41.
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Figure 10. Effect of temperature on pure n-C4H;p—CHy (a) solubility,
(b) diffusivity, and (c) permeability selectivity. Solid circles were
obtained from Model I, solid triangles from Model II and open triangles
are experimental data reported by Raharjo et al.*

variation in permeability selectivity (or separation factor) is
driven by the variation exhibited in solubility selectivity.
Accordingly, Model II remains in excellent agreement with
experimental data while Model I deviates from experiment,
especially at lower temperatures.

A quantitative picture regarding the temperature effect on
ideal solubility, ideal diffusivity and ideal permeability selectiv-
ity of PDMS for the binary n-C4H;o—CHy is given in Table 6
based on Model II simulation results. As temperature increases,
both Scu, and S,..c,n,, decrease with a rate that is much higher
for the latter. Furthermore, a temperature increase results in
increase for Dcy, and D,,.c,u,,, With a similar rate. Finally, Pcy,
increases while P,.c,un,, decreases with temperatures. These
predictions are consistent with available experimental data.’**’
On the other hand, Model I predicts an increase for both Pcy,
and P,.c,u,, with temperature (not shown here).

F. Simulation Results for Penetrant Mixtures. For the
accurate design of a polymer membrane for the separation of a
real mixture, mixture permeability data are needed. Significant
experimental and simulation work has been devoted to the
permeability and diffusivity of mixed gases in polymers.*#9-¢
It is often assumed that in rubbery polymers penetrants permeate
independently of one another.>> However, this behavior needs
to be confirmed for a given system. Recent experimental data®®
for the n-C4H;o - CH4 mixture in PDMS showed an increase in
CHy, solubility in the presence of n-C4Hj in the polymer. On
the other hand, only a weak influence of CH4 on n-CsH)g
solubility was reported.

In this work, molecular simulation sorption calculations were
performed for this ternary mixture. More specifically, the infinite
dilution solubility coefficient of CH4 in a PDMS—n-C4H)o
mixture was examined. Three different mixtures were simulated
consisting of 3 PDMS chains of 80 monomer units each with a
n-C4H;¢ weight fraction equal to 0.10, 0.13, and 0.20, respec-
tively. NPT simulations of PDMS—n-C4H o mixtures at 300 and
450 K were performed lasting 6 ns each and the resulting
configurations were used for CH4 molecule insertions in order
to calculate the infinite dilution solubility coefficient of the latter
with the Widom particle insertion method. Results depicted in
Figure 11 indicate that at both temperatures, CH, solubility
increases as n-C4Hjo concentration in the polymer increases.
For example, at 300 K S, of CH, increases from 0.36 cm? (STP)/
cm?® atm (0 wt % n-C4Hjp) to 0.51 cm? (STP)/cm? atm (20 wt
% n-C4H)p). Clearly, the presence of n-C4H;p molecules in the
polymer creates a more favorable environment for CHy sorption,
which enhances CHy solubility. This behavior is consistent with
the recent experimental data of Raharjo et al.>* at 208 K shown
in Figure 11.

The diffusion coefficients of a mixture of gases, CH4 and
n-C4H;9, in PDMS at ambient conditions were also calculated
and compared to pure gas diffusion calculations. Two systems
were examined containing (a) 3 PDMS chains of 80 monomer
units each + 1 wt % CH,4 (10 CH4 molecules) + 2 wt % n-C4Hjg
(5 C4H;9 molecules) and (b) 3 PDMS chains of 80 monomer
units each + 1 wt % CHy (10 CH4 molecules) + 10 wt %
n-C4Hjo (27 C4H;¢ molecules), respectively. NPT simulations
of 50 — 100 ns were performed at 300 K and 0.1 MPa using
Model II for PDMS. In Figure 12, mixed gas D predictions
together with pure gas D predictions are displayed. Clearly, CHy
molecules move faster in the presence of n-C4H;o molecules in
PDMS matrix than in pure polymer. The same behavior is
observed for n-C4H)p in the presence of CH4 molecules. The
presence of a second penetrant species swells the polymer matrix
resulting in an increase in the diffusion coefficient of the first
penetrant. For example, pure CHy diffusion coefficient of 6 x
1076 cm?/s corresponds to density of 0.942 g/cm?. The presence
of 10 wt % n-C4H,0 in the polymer decreases density to 0.899
g/cm? and approximately doubles CH, diffusion coefficient
value. On the other hand, the presence of 1 wt % CH, in polymer
caused a slightly decrease in system density from 0.942 g/cm?
to 0.928 g/cm? and an increase in n-C4Hj diffusion coefficient
from 1.8 x 107° cm?%s to 2.6 x 107° cm?s.
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Table 6. Temperature Dependence of Pure CH, and n-C4H;o Solubility, Diffusivity, and Permeability in PDMS and of Corresponding
n-C4H;9—CHy4 Selectivities Obtained from Model IT*

T Sch, Dch, Pch, Sn-CiHyg D,.c,1y, PycH, Sy-C,H,/ScH, D,.c1,/Dch, Py.cn,/Pch,
273 0.44 2.3 133 53 0.6 4184 120 0.26 31.4
300 0.36 6.0 284 17 1.8 4026 47 0.30 14.2
350 0.26 19.0 650 4.5 6.0 3552 17.2 0.31 5.4
400 0.22 33.7 975 2.0 11.8 3105 9.2 0.35 3.2

@ Units: T (K), S (cm? (STP)/cm? atm), D (107% cm?/s), and P (Barrer).
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Figure 11. Mixed gas CHj solubility in PDMS at 300 K (solid squares)
and 450 K (solid diamonds) as a function of n-C4H;(o weight fraction
in PDMS predicted by molecular simulation. Open squares are
experimental data®® at 298 K.
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Figure 12. Diffusion coefficient of pure and mixed n-alkanes in PDMS
at ambient conditions. Solid circles correspond to pure CH4 and n-C4H
diffusion coefficient in PDMS. Values corresponding to n-alkanes in
mixture: (&) CHy mixed with 2% n-C4H;o in PDMS, (A) CH; mixed
with 10% n-C4H;o in PDMS, and (O) n-C4H;o mixed with 1% CHy in
PDMS.

The swelling behavior of PDMS in the presence of mixed
gases and the consequent increase in diffusivity and permeability
coefficients of the corresponding gases has also been reported
experimentally by other investigators.***”-3¢ Raharjo et al.*° as
well as Pinnau et al.*’ reported CHy - n-C4Hjp mixed gas
permeability in PDMS and observed an increase in both gas
permeabilities due to swelling. Moreover, Jordan and Koros>®
reported an increase in CH4 and N, permeability in PDMS in
CO,—CHy4 and CO,—N, mixtures, respectively, due to the
plasticization of the PDMS matrix from the highly sorbing CO..

4. Conclusions

The permeability properties of PDMS to light gases and to
n-alkanes were calculated by molecular simulation using a
recently proposed UA force field that was tuned to structure
and thermodynamic properties of PDMS melt. The polymer
chain flexibility affects significantly the diffusion of penetrant
molecules in the polymer matrix. Using two different values
for the force constant (kg = 1.8 and 0.9 kcal/mol, respectively)
in the torsional potential that controls the chain stiffness,
significant differences were obtained for the diffusion coefficient
that increase with penetrant size. At 300 K, D values with the
two force fields differ by 13% for He, by 100% for CH4 and
up to 350% for n-C¢Hy4. In all cases, the lower force constant

(Model 1II) results in better agreement with available experi-
mental data over the higher force constant (Model I). The force
constant variation affects primarily the local chain dynamics
while it has an insignificant effect on the solubility coefficient
of gases and n-alkanes in the polymer melt.

Permeability coefficients and separation factors (selectivities)
were calculated for various n-alkane and binary n-alkane
mixtures, respectively. Predictions concerning the former are
systematically lower than experimental data, due to lower
diffusion coefficient predictions. Model II results in excellent
prediction of selectivities over a wide temperature range.

Finally, molecular simulations were performed for binary
penetrant mixtures with PDMS. The presence of a second
penetrant increases both the solubility coefficient and the
diffusion coefficient of the first penetrant species, in agreement
with limited experimental data available. In summary, molecular
simulation using detailed atomistic force fields is a powerful
tool for the elucidation of structure and prediction of perme-
ability properties of rubbery polymers, in most cases in good
agreement with experimental data.
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