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Permeability of O2 in Polystyrene
Release 3.4.1

• Objective: Learn how to set up:

– GIBBS Monte Carlo simulations in MedeA to calculate solubility

– LAMMPS molecular dynamics simulations in MedeA to calculate diffusivity

– Combine diffusivity and solubility to estimate the permeability of a light compound (oxygen) in a polymer
(polystyrene)

• Modules: Amorphous Materials Builder, LAMMPS, Diffusion, GIBBS

Preparation time Run time (8 cores) Level
30 minutes 6 hours Beginner

Note: This tutorial can be accelerated using the following prepared flowcharts:

• O2 in PS Equilibration LAMMPS.flow

• O2 in PS Solubility GIBBS.flow

• O2 in PS Diffusivity LAMMPS.flow

Outline
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– Calculate the Permeability of O2 in PS

– Conclusions

1 Introduction

Since MedeA 2.20, the pcff+ forcefield can be used for single phase, multi-phase, and absorption simulations in
MedeA GIBBS. This makes it possible in MedeA to generate a model for an amorphous polymer containing some
small molecules and calculate the diffusion of the small molecules using MedeA LAMMPS and the solubility using
MedeA GIBBS with the same, well-established pcff+ forcefield for polymeric materials.

In this tutorial, we will generate and equilibrate a bulk amorphous model of atactic polystyrene (PS) and calculate the
diffusivity and solubility of oxygen in the polymer. For the transport of small molecules through a dense polymeric
matrix, the permeability can be calculated as the product of the solubility and diffusion coefficients.

2 Build Amorphous PS and O2

2.1 Create an atactic polystyrene chain

1. Click Builders >> Polymers

2. Click on Add a repeat unit

3. In the field Get the repeat unit from a, select repeat unit library

4. Select the vinyl benzene (styrene) repeat unit from the vinyls section

5. Click OK

6. Change the degree of polymerization to 80

Note: Clicking on the down arrow next to the type of polymer expands the menu for the advanced options.
You can check that the value by default for the tacticity is atactic, that is what we need for this tutorial.
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7. Click OK again to create a chain with 80 repeat units of PS

8. Right-click on the generated PS molecule and click on Create a periodic copy

2.2 Sketch an O2 molecule

1. Click File >> New non periodic structure

2. Click on oxygen, O, in the periodic table and then click in the monovalent atom (Option 1 of the bonding
schemes below the periodic table)

3. Click on the sketching area to add an oxygen atom

4. Click on the oxygen dangling bond to add a second oxygen atom

5. With the pointer over the O-O bond, right-click and select Bond order >> Double

6. Right-click on the generated O2 molecule and click on Create a periodic copy
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2.3 Select and assign forcefield

1. Click Tools >> Forcefields

2. Click Forcefields >> Read. . .

3. Select pcff+ from Forcefields.kit/organic

4. Select each periodic structure window open in MedeA, i.e. the O2 molecule and the polymer chain

• Right-click >> Find Forcefield Atom types

• Right-click >> Find Forcefield Charges

To view all the windows you have open in MedeA, you can tile them:

• Windows >> Tile windows

If you want to check the forcefields atom types that were automatically assigned, you can:

• Click on the double arrows << on the structure window to open the molecular spreadsheet and use the
scrollbar on the bottom to see the last two columns, one for the Atom types and one for the Charges

• Click again on the double arrows >> to close the spreadsheet view

You can rename the periodic copies that you have created:

• Select the periodic copy window that you have created (i.e. click on the window so that it becomes the active
window)

• Click Edit >> Rename

• Enter a name

• Click OK to apply the change of name

2.4 Build an amorphous model of PS and O2 and create subsets

1. Click Builders >> Amorphous Materials

2. Click on Add a component and select From MedeA

3. Select the window of the O2 molecule that you have just created then click OK

4. Click again on Add a component and select From MedeA

5. Select the window of the PS chain that you have just created and click OK

6. Set the Nmols to 4 for the O2 molecule and 1 for the polymer chain

7. Set the Density to 0.3

8. Click Refresh to see the updated dimensions of the cell that will be generated

9. Click OK to generate the model (the building takes a few seconds, wait until finished)

10. Right-click on the generated model and click on Check for ring catenations to make sure that there are no
catenated rings in your model

Note: By default, the MedeA Amorphous Materials Builder is checking for catenations when the structure is
created and does not provide catenated structures. Therefore, you can safely skip this step. However, if you
import a structure that has not been created using the Amorphous Materials Builder, you may want to check
the structure for catenations.
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11. Right-click on the model and then select Subsets >> Create. . . and complete the subset creating the dialog
as in the picture.

12. Close with OK to create a subset containing the oxygen O atoms

Note: You can check the subsets by:

• Clicking on the Mixed mode view icon , then

• Right-click >> Subsets >> Select atoms in subset

• select the o2 subset

The atoms in the subset will be highlighted in white.

• Then, right-click on the model >> Selection >> Invert

• Right-click >> Selection >> Display as Lines

2.5 Equilibrate the model

1. Click Jobs >> New Job

2. Build the flowchart in the pictures below

• Double-click to edit the Variables stage and complete as shown in the picture below

• Double-click to edit the LAMMPS stage and create the substage flowchart in the picture
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3. Alternatively, you can load the provided flowchart O2 in PS Equilibration LAMMPS.flow by clicking
the Open User . . . button in the top right corner.

4. Give it a name, PS80x4 O2 equilibration (LAMMPS), and Run the calculation

Note: The equilibrated structure is provided in the zip file as PS80 4xO2 Amorphous.sci

3 Calculate the Solubility of O2 in PS

For the calculation of the solubility, we need an equilibrated model for amorphous polystyrene. This can be generated
using MedeA Amorphous Materials Builder to pack chains of PS and then equilibrating the system, similarly as
previously described. Alternatively, it can be done using the already equilibrated model with PS and O2, removing
the oxygen molecules and equilibrating the system.

For this part of the tutorial, we provide a flowchart that contains an equilibrated model for polystyrene at the experi-
mental density. This flowchart has been used to calculate the solubility of oxygen in PS.

1. Click Jobs >> New Job. . .

This will bring up the MedeA flowchart interface in MedeA.

Note: In case a previous flowchart is already open, right-click in the flowchart window and select Clear , to
delete the old one.

2. Click on Open user and locate the O2 in PS Solubility GIBBS.flow file from the zip file.

Note: You can visualize the solid and the molecule that are being used in MedeA:

• right-click on the GIBBS stage >> Edit

• click on Edit Adsorption Stage, and then

• click on the View option next to each of them

Then return to the main flowchart.
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3. Enter a job title, e.g. PS80x4 O2 solubility f=0.1-1.0 (GIBBS), and submit the job with Run .

3.1 Analyze simulation results from Job.out

Once the job is finished access it on the JobServer. The main output file Job.out contains a description of the
calculation setup and a summary of the results. The amount of O2 absorbed at each fugacity is shown in a table at
the end of the Job.out file:

====================================================================
-- Adsorption Isotherm summary --

Iteration Fugacity Amount sorbed Amount sorbed Isosteric Heat of adsorption Status
-- (bar) (molecules per box) (mol/kg) (kJ/mol) --
1 0.1 0.1963 0.00147229 17.80 converged
2 0.2 0.3923 0.00294232 17.81 converged
3 0.3 0.579 0.0043426 17.79 converged
4 0.4 0.769 0.00576764 17.78 converged
5 0.5 0.962 0.00721517 17.77 converged
6 0.6 1.148 0.00861021 17.80 converged
7 0.7 1.346 0.0100952 17.81 converged
8 0.8 1.524 0.0114303 17.78 converged
9 0.9 1.717 0.0128778 17.77 converged
10 1 1.879 0.0140928 17.74 converged
====================================================================

3.2 Analyze the solubility of O2 in PS

The amount adsorbed (mol of sorbent/kg of solid) per unit of pressure (bar) can be transformed in
𝑐𝑚3(𝑆𝑇𝑃 )/(𝑐𝑚3𝑜𝑓𝑠𝑜𝑙𝑖𝑑 * 𝑃𝑎) using the following conversion factors:

3.3 View absorption isotherm

After an absorption isotherm job has been completed you can view the absorption graphs and the isosteric heat of
absorption as a function of fugacity.

Click Gibbs >> View adsorption graphs (view adsorption isotherm)

7



TU
TO

R
IA

L

4 Calculate the Diffusivity of O2 in PS

1. Retrieve the equilibrated amorphous PS either from the previous LAMMPS job or from the zip file.

1. Open the structure PS80 4xO2 Amorphous.sci with: File >> Open structure from disk - this model
was prepared as outlined in section 3 and properly equilibrated

or

2. Open the structure final.sci with with: File >> Open structure from job .

2. Click Jobs >> New Job

3. Build the flowchart as shown in the picture below

4. Double-click to edit the Variables stage to define the run variables:

• tstep (MD time step),

• T (temperature), and

• P (pressure)

5. In the Set Cell stage define the initial density of the system. The initial density should be 1.0307 (the units are
g/ml)

6. Double-click to edit the LAMMPS stage and create the LAMMPS flowchart as shown below in the picture with
the blue objects
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7. Double-click to edit the Diffusion stage to edit the following settings:

• Click on the browse button . . . to select the subset of atoms for which diffusivity should be calculated -
select the subset o2

• To animate the MD trajectory of the diffusion stage set for Trajectory: 1 ps.

8. An alternative to building the flowchart from scratch, click on Open User . . . and locate the
O2 in PS Diffusivity LAMMPS.flow file from the zip file.

9. Enter a proper job title, e.g. PS80x4 O2 diffusion 298.2K (LAMMPS), and submit the job with Run .

10. Once the calculation is finished, go to Analysis >> Trajectories

• Search for jobs that have the text string PS80 in their name

• Expand all records, select the trajectory file 3.5.Trajectory.data located in the Stage 3 folder of the relevant
job, and confirm the selection with Open

11. Switch to Ball & Stick visualization mode

12. Right-click in animation window >> Subsets >> Select atoms in subset >> o2 (the O2 molecules in the
subset will be highlighted in white)

13. Right-click in animation window >> Selection >> Invert all atoms except the O2 molecules in the structure
will be highlighted in white

14. Click on the Mixed mode view icon and right-click in the structure window >> Selection >>

Display as Sticks

15. Animate the trajectory by clicking on the play button to view the molecules of oxygen diffuse through the
polymeric matrix

The Diffusion stage reports the self-diffusion coefficient of the selected atoms based on the Einstein relation (as a
function of the mean square displacement of the atoms) and thus relies on the presence of fully random Brownian
motion where the Einstein relation is applicable. For many systems, achieving the truly random collisions necessary
for Brownian diffusion requires substantial simulation times. This is the case for O2 in PS at 298.2 K and even at
higher temperatures.

Given the Einstein relation, we can confirm the presence of Brownian diffusion through a plot of log10(MSD) versus
log10(t), (base 10 logarithms simply being chosen for ease of interpretation). The resulting plot should be linear and
have a unit gradient (m=1).
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In Job.out of this job the value of m is close to 1:

Diffusion coefficient information, derived from regression analysis above

Quantity Value +/- Uncertainty Units
----------------- ---------- ----------- -------

MSD D: -2.74e-06 +/- 3.7e-07 cmˆ2/s
MSD-X D: -4.05e-06 +/- 2.3e-07 cmˆ2/s
MSD-Y D: 7.25e-06 +/- 6.6e-07 cmˆ2/s
MSD-Z D: -1.141e-05 +/- 5.9e-07 cmˆ2/s

Linear regression log10(MSD)=a+m*log10(t)
(In Einsteinian diffusion regime m is 1.0)

Quantity Value +/- Uncertainty
----------------- ---------- -----------

a: -0.6 +/- 0.012
m: 0.5569 +/- 0.0027

Also, the plot shown below, as obtained in the file 2.5 log10 msd log10 t.png, located in the Diffusion stage folder
(Stage 3), does not show a linear behavior.

It is possible to overcome this limitation by calculating D at higher temperatures (e.g. T = 550 K) and use the
Arrhenius equation to extrapolate the D coefficients to lower temperatures. Let’s change the temperature of the
above Diffusion flowchart and run a new job.

1. Click Jobs >> New Job to open the flowchart interface.

2. The Diffision flowchart is still in the flowchart interface, if not, load the O2 in PS Diffusivity LAMMPS.
flow flowchart.

3. Double click the Variables stage and change T to 550K. Run the flowchart.

4. After the job finishes, access the Job.out :

Diffusion coefficient information, derived from regression analysis above

Quantity Value +/- Uncertainty Units
----------------- ---------- ----------- -------

MSD D: 1.878e-05 +/- 1.5e-07 cmˆ2/s
MSD-X D: -1.364e-06 +/- 7e-08 cmˆ2/s
MSD-Y D: 3.946e-05 +/- 3.9e-07 cmˆ2/s
MSD-Z D: 1.825e-05 +/- 2.6e-07 cmˆ2/s

Linear regression log10(MSD)=a+m*log10(t)
(In Einsteinian diffusion regime m is 1.0)

Quantity Value +/- Uncertainty
----------------- ---------- -----------

a: -2.564 +/- 0.012
m: 0.9248 +/- 0.0019
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Additionally, the plot shown in the file 2.5 log10 msd log10 t.png, located in the Diffusion stage folder (Stage 3),
shows a more linear behavior.

The Arrhenius plot for O2 in atactic PS (548K-448K) predicts D ˜ 1.87x10-7 cm2s-1 at 298K obtained via linear
extrapolation.

In the MSD plots, the computation of D is best achieved by employing the central portion of the mean square
displacement from a given trajectory. This avoids the intrinsic nonlinearity present at short timescales where few
collisions have occurred. (In this region, sometimes called the ballistic regime, displacement is linearly proportional
to elapsed time because no collisions have yet occurred and the mean squared displacement is, therefore, more
quadratic than linear.)

Note: The final portion of the mean square displacement plot may be affected by the sample averaging scheme
employed (depending on the number of steps included in each sample). Hence the Diffusion stage employs the
central 50% of the time range in its linear regression analysis of the mean square displacement plot.

Note: It is best to try to configure the MD simulations run duration such that the final mean square displacement
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value is somewhere in the range about 200-1000 Å2. Anything less then there is a risk that a true Brownian motion
has not been observed.

With supposedly isotropic materials it will often be found that the diffusion itself is not isotropic, especially with
polymers but also sometimes with liquids. Consequently, the quality of the prediction can be significantly improved
if one runs multiple (e.g. ten) independent configurations for, say 500 ps, yielding a final MSD of 1000 Å2, instead
of running a single configuration that gives a final MSD of 10000 Å2 in a 5000 ps run (i.e. about the same overall
computational cost).

Figure 1 : Mean square displacement (MSD) of 4 O2 molecules in the PS80: T = 298.2 K (left), T = 548.2 K (right)

5 Calculate the Permeability of O2 in PS

The permeability can be calculated as the product of the diffusivity and the solubility coefficients. Calculated and
experimental permeability data for O2 in atactic PS at 298K:

* Obtained by linear interpolation in the Arrhenius.
** Obtained with MedeA GIBBS and MedeA LAMMPS

References:
Burmeister et al, Polym. Prepr. ACS Div Polym. Chem. 27, 414 (1986) Wang & Ogilby, Can. J. Chem. 73, 1831
(1995) Rharbi et al., Anal. Chem. 71, 5045 (1999)

Note: It is important to note that good sampling using several models for the calculations is recommended to obtain
good statistics and reliable averages.
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6 Conclusions

We have seen how to build a model system for polystyrene. The starting point was the monomer (repeat unit).
The monomer was polymerized to build an 80-mer of polystyrene chain. The next step was to build an amorphous
bulk system from 1 chain of the polymer and 4 O2 molecules, with rather low densities of 0.3 g/ml to avoid non-
physical ring catenation. We then used MedeA LAMMPS to equilibrate and conditioning the system. With the
equilibrated system of the polymer chain and the O2 molecules the diffusivity and the solubility of oxygen molecules
were calculated with MedeA Diffusion and MedeA GIBBS, respectively. Finally, the permeability of O2 molecules in
polystyrene was calculated as the product of diffusion and solubility and was in good agreement with experimental
values.

Modules Required

• MedeA Amorphous Materials builder

• MedeA Diffusion

• MedeA GIBBS

For further information please contact

Materials Design, Inc.

12121 Scripps Summit Drive, Suite 160

San Diego CA 92131, USA

T+1 760 495-4924

info@materialsdesign.com www.materialsdesign.com
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