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Materials Design UGM Training Series

» Share the plenary sessions with your colleagues!
o Registration details

https://www.ugm.materialsdesign.com

* We will be recording this session
o Upcoming sessions are posted on the UGM site

o Watch any of our earlier webinars anytime www.materialsdesign.com/webinars

* Brief survey

o Take a 2 minutes brief survey at the end of the webinar
* Audio issues

o Log out and log back in again

o Check your audio output

o Google Chrome (most recent 2 versions) Mozilla Firefox (most recent 2 versions) Apple Safari (most recent 2

versions) Microsoft Edge (most recent 2 versions)


https://www.ugm.materialsdesign.com/
http://www.materialsdesign.com/webinars

Please Ask Questions!

@® O ® GoToWebinar Control Panel

¥ Audio

© Computer audio sl

full screen % _JEticra e
o
: @ g MUTED
| Built-in Microphone ¢|
during discussion: V] ) pEEEEEEE
raise hand l Built-in Output :‘
to speak Talking: Katherine Hollingsworth
Q:lCan I.):7ou calculate the gelation point of a
. . . polymer?
Use the raise hand icon to bring A: Yes we can! David will address this on an

upcoming slide soon.

attention to your question

any time during webinar:
type your question here  What forcefields are supported by MedeA?
and then press Send

Sl

[ ——— B> X7 Send

Y (N

© Materials Desi Inc. . .
aterials Design, Inc materials design



Outline

* Motivation
* Permeation & Permeability

* Simulation Approaches
o At thermodynamic equilibrium
o Non-equilibrium simulation technique

* Example in detail: Boundary-Driven Non-Equilibrium Molecular Dynamics simulation of
nanofiltration of a N2/CO2 gas mixture

e Summary



Motivation

* Purification of fluids by mechanical separation ¢ Separation of gas mixtures with high
o Simulation of desalination of water, as discussed in  Pressure filtration through polymer

Jeff Grossman’s plenary talk membranes
e ® @ o N o O

_ e | el 2 ~ Y
X 0% Nm:-;::::: R?" - . O '
,% 80% °
E 70% MFI Zeolite E FIOW
T‘; Factor of 100 higher
O 0% permeability

than existing RO membranes! [

® Og O

50%
0.00001 0.0001 0.001 0.01 0.1 1 10 100 1000
Water Permeability (L/cm?/day/MPa)

David D. Cohen-Tanugi, J.C. Grossman, Nano Lett. 2012, 12, 7, 3602-3608
Cohen-Tanugi

'Oooo

* Ultra-High permeability
* Tunable Selectivity

Li-C. Lin, J, Choi and JC Grossman, Chem. Commun., 2015
) L Chiang,

—> what about experiments?

https://en.wikipedia.org/wiki/Membrane_gas_separation ,‘

9 © Materials Design, Inc. 2022 materials design
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Permeation and Permeabillity

Permeation is usually described experimentally by a
permeability coefficient, P, defined by":

(quantity of permeant) x (membrane thickness)

- (area) x (time) x (pressure drop across membrane)
which is equivalent to the following:
P=D:xS

where D denotes the diffusivity, and S the solubility.

In atomistic simulations of gas penetrant systems, D can often
be obtained directly using molecular dynamics simulation, while
S can be obtained by Monte Carlo methods.

1. see, for example, Polymer Handbook, J. Brandrup & E.H. Immergut (eds)



Tutorial: Simulation of Permeability of O, in Polystyrene
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[
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Permeability of O, in Polystyrene

Release 3.4.1

+ Objective: Learn how to sot up:
~ GIBBS Monte Carlo simulations in MedeA to calculate solubility
= LAMMPS molecular dynamics simulations in MedeA to calculate diffusivity

~ Gombine diffusivity and solubilty to estimate the permeability of a light compound (oxygen) in a polymer
(polystyrene)
+ Modules: Amorphous Materials Buider, LAMMPS, Diftusion, GISBS

Preparation fime | Run time (8 cores) | Level
30 minutes S hours Beginner

Note: This tutorial can be accelerated using the following prepared flowcharts:
+ 02.in.PS._Equilibration LAMMPS.flow

* Calculations of properties at thermodynamic
equilibrium
o Diffusivity based Brownian motion (mean-square

displacements) using molecular dynamics (MD) simulations
with MedeA LAMMPS Diffusion

o Solubility based on adsorption using grand-canonical Monte
Carlo simulations with MedeA GIBBS

o Interatomic interactions are described with PCF/F~+: polymer
consistent forcefield, continuously extended & developed by
Materials Design

e Tutorial available at http://my.materialsdesign.com/tutorials



http://my.materialsdesign.com/tutorials

Example: Diffusivity of O, in Polystyrene

Model system containing 2 atactic PS molecules with DP=80, with 8 added oxygen
molecules (2580 atoms total), with Flowchart

LAMMPS Flowchart for stage | =




Diffusivity of O, in Polystyrene at Thermodynamic
Equilibrium

Arrhenius plot for O, in atactic PS (448-548K)
* Predicts D ~ 1.87 x 107 cm?s™ at 298K (25 °C) Compute engine:
e . Property module:
Diffusivity of 0 in PS (M~8300) . .
9 , , , , Interatomic potential:
e 548K (275 °C) InD= -1,90316 - 4052,99/T
95 ) -
%
e‘ .\\\
= 498 K (225 °C)
-10.5 .
448 K (175 °C) .
-11 1 1 1 1
0.0018 0.0019 0.002 0.0021 0.0022 0.0023
1/(T/K)

13



Solubility of O, in Polystyrene

Pressure dependence of solubility of O, in atactic PS at 298K

* Note: 0.3 cm3(STP)/cm? of PS corresponds to ~0.21 molecules per simulation cell
» Experimental density: Zoller & Walsh (1995), p133
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0, Adsorption on PS at 298 K

#p=1.045g/ml

0.0

0.2 0.4 0.6 0.8
P (bar)

1.0

Compute engine:
Interatomic potential:
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Permeation and Permeability: Calc. vs Exp.

Comparison of calculated and experimental permeability data for
O, in atactic PS at 298K

Burmeister et al - - 1.35-1.85
Rharbi et al 1.9+0.05 = 1.71-1.89

a) Determined by linear extrapolation in the Arrhenius plot

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)

© Materials Design, Inc. 2022
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materials design



Tutorial: Simulation of Gas Transport Through Membranes

TUTORIAL

Simulaton of Transport of Fuids in Kerogen Nanopores * Calculation of Fickian diffusion which occurs in
systems not in thermodynamic equilibrium due to due
i to, e.g. pressure gradients
s * gas flux along one direction i: Ji = Kp AP/Adi
" v pengn s o AP: pressure difference between two regions separated by a
e R— distance Ad; (i = x,,2)

o Kp: permeability of the membrane

 Simulation approach: boundary-driven non-equilibrium
molecular dynamics (BD-NEMD) simulations

introduced by Frentrup et al.
(In Silico Determination of Gas Permeabilities by Non-Equilibrium Molecular
Dynamics: CO2 and He through PIM-1, Membranes 5, 99 (2015).

-
<
o
O
=
=)
=

e Tutorial available at http://my.materialsdesign.com/tutorials



http://my.materialsdesign.com/tutorials

BD-NEMD Simulation Setup

I—fr Ltr Lus I—tr I—er I—membrane I—er I—tr Lds I-tr

B e e —— B

Simulation cell

Membrane with
selective permeability

fluid

upstream downstream

transition region

fluid permeable wall \ fluid permeable wall

e Flow/flux: Jz = vzp = Kp AP/Adz

© Vz: average velocity of fluid in the membrane along the z-direction

o p: average density of fluid in the membrane

* All lengths Lj are explained in the tutorial ,‘

© Materials Design, Inc. 2022 materials design



BD-NEMD Implementation in a MedeA Flowchart

; Subchart N

repare membrane mode

Flowchart consists of six stages

1.Brief explanation about how to use the
flowchart

2.defines running parameters

3.prepares the simulation cell with the
membrane, two fluid-permeable walls, and

the two empty fluid reservoirs

4.adds the fluid to the upstream reservoir of
the simulation cell

5.performs BD-NEMD simulation with MedeA
LAMMPS

6.post-processes the results of the BD-NEMD
simulation

18

)

Variables

with two walls

Subchart

tstep=1fs
T=300K

tsimNVT1 =10 ps
tsimNEMD1 =10 ps
IMNEMD2 =3.0 n

add fluid to upstream
reservoir

4

Subchart

4

post-processing 2nd
MD simulation

[N
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Selected Membrane for BD-NEMD Simulation: PTMSP

* Poly(1-trimethylsilyl-1-propyne)

* typical high free volume, highly permeable

glassy polymer

e Density (25°C): 0.75 g/cm®

 Glass transition temp. > 200 °C

Fractional free volume (FFV): 33%, depends
on ratio cis- / trans- isomers and the
sequence in main chain

cH, trans cis
CH CH
\S < 3 cH >S< 3
Cﬁ CH3 CH CH

3

* Used to separate mixtures of
o CO2/N2
o CH4/CO2
o N-C4H10/CHa4
* Predominant separation mechanism:

competing solubility of gas constituents in
PTMSP

. Hofmannt al., Free Volume Distributions in Ultrahigh and Lower Free

Volume Polymers: Comparison between Molecular Modeling and
Positron Lifetime Studies, Macromolecules 35, 2129 (2002).

. Ricci et al., Modelling Sorption and Transport of Gases in Polymeric

Membranes across Different Scales: A Review, Membranes 12, 9
(2022).



Steps to Perform BD-NEMD Simulation

Build polymer chain with trans- and cis-isomers of the TMSP polymer repeat units
Create initial structure of PTMSP membrane model

Condition PTMSP membrane model

Calculate density of 1:1 mixture of CO2 and N2 at 50 bar (5 MPa)

Create fluid mixture for BD-NEMD simulation based on the results of the previous step
Setup the BD-NEMD simulation

Analyse the results of the BD-NEMD simulation

N o o bk 0D~

20



Build a PTMSP Chain

(TMSP)so with random order of
the two repeat units

Trans-TMSP
H
Polymer Builder
H
Repeat units Fraction Pinv Pflip =
w ~ ‘ Delete ‘ trans-TMSP_RU | 0.5 ‘ ‘o.o Ho.o
fk : [ e [os | [oo |[oe | | ;
‘Addarepeatunn‘ ‘ Ll
% >
< I M:] [ g
Cis-TMSP Type of polymer: random copolymer -+
d Degree of polymerization: | 50
ok || cuct || vep

o

21

© Materials Design, Inc. 2022
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Building the Initial PTMSP Membrane Model

Initial membrane

H)
H} /
H # Component Type Nmols Relax
= @ Delete 1 Opened structure: poly(trans-TMSP_RU-... Automatic v 4 I I l O d e I
H}

Delete 2 Opened structure: MeOH Automatic v /100
» g Add a component ¥ X s
100 methanol molecul ¥
ethano olecules “
s
. . 1
As pore building agent Spomgeomery. |l F &
Specify cell: density,a,b v N i
i ¥
Density (g/ml): 0.6 ¥
A
Cell length a (Ang): 35.0 L3 ¥
Celllength b (Ang): 35.0 : 2
Cell details: Refresh B &,
Density: 0.6000 a: 35.0000 b: 35.0000 c: 57.9771 J"‘ | ¥ady,
B
4 PTMSP chains Z
X . Coordinate bias: none v ()f v ’ P
POy e T p
r TEL Orientation bias: none K X
Action: Build cell ~

Number of configurations: | 5

OK Cancel Help

22



Building the Final PTMSP Membrane Model

Initial model

23

Variables

Tcompress =400 dC
P=1atm
tstep_initial =1 fs
tep_compress = 0.1 f;
tsim=10ps

LAMMPS

Custom Stage

Initialize

[ —
Compress Layer

Thick ey
Layer perp toz thod: Conjug
Cutoff: 9.5 gradients
Skin: 2.0 Econvergence = 0.0
N un LAMMPS on GP! Fconvergence = 1.0
~
N
N
~ N
LN
While Loop

retrieve current lattice
parameters

Sequential While loop

LAMMPS

LAMMPS

Intermediate

model

2

>
Y.
e
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Prepare CO, for the Gas Mixture

2. Create Subset “C_C0O2”
1. Create CO, molecule with SMILES

Create a new molecule provided its SMILES string (Simplified Molecular Input Line Entry Specification

Copy full structure

co2 Copy selection

0=C=0

Mode
All
Selection

Subsets  create...

OK Cancel

Atom Create subset from selection...

Molecule ' create subset from a connected pattern

Simple forcefield dynamics

Ol caln fmcnafiald clnleaiealian

Subset is essential to monitor presence
of CO, molecules in the various regions
of the simulation cell

Subsetname: C_CO02

subsetcolor: [l Change | Selectand highlight the subset:

Extend selection:

OK Cancel

24



Prepare N, for the Gas Mixture

1. Create CO, molecule with SMILES

Create a new molecule provided its SMILES string (Simplified Molecular Input Line Entry Specification)

N2

N#N

OK Cancel

Subset is essential to monitor presence
of CO, molecules in the various regions
of the simulation cell

25

W

2. Create Subset “N_N2”

Copy full structure
Copy selection
|

Mode
All
Selection
Subsets

I create...

Atom
Molecule

“ Create subset from selection...

“ Create subset from a connected pattern ‘

Simple forcefield dynamics
Simple forcefield minimization

Check for ring catenations

Subset name: N_N2|

Subset color: Change | Selectand highlight the subset:

OK

Cancel



Calculate Density of Gas Mixture: Initial Structure

26

Amorphous Materials Builder

Initial structure
of gas mixture

' .,

N o~ /"\‘

.ka \\ . ~<_

rd /‘ 9
o / -
” A
-~ N\ L

-t L
s NS : -
j‘?{ av" /\ﬂ II
3
I -

»
-

I\;i ) x\ N

I

A Fd .

# Component Type Nmols Relax

‘ Delete ‘ 1 Opened structure: N2 ‘ Automatic v H 50 ‘ v

‘ Delete ‘ 2 Opened structure: CO2 ‘ Automatic ¥ H 50 ‘ [v

‘ Add acomponent ¥ ‘

System geometry: -

Specify cell: ‘ density H

Density (g/ml): ‘ 0.05 ’

Cell details: ‘ Refresh ‘

‘Densﬂy: 0.0500 a: 49.2694 b: 49.2694 c: 49.2694 [

Temperature (K): ‘ 298.2 ’

Coordinate bias: ‘ none H

Orientation bias: ‘none H

Action: ‘ Build cell H

Number of configurations: ‘ 1 ’

Lok H Cancel H Help

© Materials Design, Inc. 2022

Y (N

materials design



Calculate Density of Gas Mixture: MD Simulation

Initial structure
of gas mixture

LAMMPS

MedeA Flowchart to perform
NPT MD Simulations with

27

/ tail correctio

|

: Variables
e i -
o { e
-\ i /f I tstep=1fs
5 , ~ / T=300K
y - § \ ¢ P =50 bar A
P [ &
LN - LAMMPS | ~~=--_
.~ A O ek D £
gL < S e
N e e
9 j‘n e | | ey
a, = -
| N . " , Minimize NPT
s \ s T 4 Optimization of atom Temp: ST
3 L~ positions, Press: $P
.,
1] Method: Conjugate Time: 100 ps
\\ gradients Step: Ststep
\ Econvergence =0.0 Constraints: isotropic
\ - B
\\ Initialize |Fconvergence =1.0 gon’a'ol Nose-Hoover T &
\\ pling: 10000
\ velocities Trajectory: 0 frames
M 3-d periodic Initial velocities for $T
\ Cutoff: 9.5 No net translation
E Skin: 2.0 Random seed: 72489
Long range: PPPM

Final structure
of gas mixture

’n
Fs

N

%

™~

B S A

? FEREN ~
{ E .3
RN A

-

[tV a

Pealc = 0.072 g/cm3



Fluid Layer for BD-NEMD Simulation

Amorphous Materials Builder (AMB)

Directory: | /data/windiks/MedeA/AmorphousSpec V‘

# Component Type Nmols Relax
,T|1 — N2 ‘mmm 'H © |:¢: [*] 50-CH4+50-C02-3.5nmx3.5nmx5.8nm.spec || 100£H4-j
————— [] 50-CH4+50-C02-3nmx3nmx6nm.spec [£] 150-CH4-
Delete 2 Opened structure: CO2 Auomatic v/ |50 & [[] 50-N2+50-C02-3.5nmx3.5nmx7nm.spec [£] 200-CH4-:
‘ [] 100-CH4+100-CO2-3nmx3nmx5.6nm.spec || 300-CH4-.
Add acomponent ¥
[« I [ [*]
File name: ‘50-CH4+50-C02-3nmx3nmx6nm.spec H Save ’
System geometry: ‘ layer ‘v
. * v
Spacifycolt: ‘dmw‘a‘b ‘. Files of type: ‘COmposIﬂon Files (*.spec) Hganoel’
Density (g/ml): ‘ 0.07
Cell length a (Ang): ‘ 35.0

Celllength b (Ang): ‘ 35.0

C O 2 Cell detalils: ‘ Refresh
‘Denslly: 0.0700 a: 35.0000 b: 35.0000 c: 69.7378
Temperature (K): ‘ 298.2
Coordinate bias: ‘ none
m Orientation bias: ‘ none
Action: s system definiton oni)

Number of configurations: ‘ 1

Save ABM
specifications for usage
in BD-NEMD flowchart

<

‘ OK H Cancel H Help

Y (N

© Materials Design, Inc. 2022 materials design




Set Up BD-NEMD Simulation Define running parameters in

PTMSP Variables Stage
membrane model [rmemevnaes ]

Variable Value Units
‘tstep H1 Hfs HDelete‘
BD-NEMD flowchart | - = (R
‘tsImNVT1 H 10 H ps ‘ Delete‘
‘tslmNEMD‘l H 10 H ps H Delete‘
‘tsImNEMDZ H 3.0 H ns ‘ Delete‘
R o # < 1 ‘Lforce H4 H nm ‘ Delete‘
b SOS RN _7 prepare membrane mode
2 L AR 2 S i o With two walls ‘Ltransmon H1 H nm ‘ Dele(e‘
A, % ¥ “ »p 2 / ‘LupReservolr H 7.0 H nm ‘ Delete‘
i ¥ 2 2 " | ‘ LdownReservoir H 7.0 H nm H Delete‘
X ‘ LmembraneEntry H 0.8 H nm ‘ Delete‘
tstep=1fs
T/5300K ‘force H 0.7 H kcal/mol/Ang ‘ Delete‘
tsImMNVT1 =10 ps
tsimNEMD1 =10 ps
e e 4 ‘ NTrajectoryFrames H 100 H ‘ Delele‘
AMB ,f, . ‘ updateTempNevery H 100 H ‘ Delete‘
specitication (vobre [2s I =
of gas mixture e £ | (=3
Nzbins | 250 I | Delete
Directory: | /data/windik d P P " ‘@‘ ‘ dslitPore H 0.0 H nm H Deleﬁe‘
[[] 50-CH4+50-C02-3.5nmx3.5nmx5.8nm.spec || 100-CH4-| ‘ H H HAdd l
[£] 50-CH4+50-CO2-3nmx3nmx6nm.spec [£] 150-CH4-
[£] 50-N2+50-C02-3.5nmx3.5nmx7nm.spec ] 200-CH4-; — —
[£] 100-CH4+100-CO2-3nmx3nmx5.6nm.spec  [-] 300-CH4-| ‘ Apply‘ ‘ Reset‘
[ ] [ [*]
Fller_\ame: ‘ 50-CH4+50-002-3nmx3nmxsnm.spec §ave ‘ A
Files of type: \comvosmonﬂles(*.spec) '\ ganoel\ © Materials Design, Inc. 2022

materials design



Building of Simulation Cell Within BD-NEMD Flowchart

1 = D "

i WY B i s

. ”1 p \‘;'. 2 "3’ 3_6:
x S A o
e A S ¥

A X4

B e o s % iid

< K 5% 4 A
- A= S ¢

k

LY - N ""
Y g
- %
A
.50 4 ¥
. L "
va v 'y S
B L Y] - E)
V‘!}o" * ™ -
-~ L )
& ;u - ™
Y x
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Results of BD-NMD Simulation (1)

Recording of the animation of the trajectory

31



BD-NMD Simulations for Different Pressure Differences

Simulation cell
Lfr Ltr Lus Ltr Ler Lmembrane Ler Ltr Lds Ltr /

Pressure difference AP can be tuned via
the applied force on molecules in the
force region

| Membrane with
fluid selective permeability fluid

upstream downstream

transition region

| force region |
N

VEGERS Vel Ui fluid permeable wall ~ * fluid permeable wall
tstep 1 fs
tsimNVT1 10 ps .
e 10 be T= # molecules in downstream
Deer > ~ 25 °C | reservoir
LupReservoir 7.0 nm
LdownReservoir 7.0 nm
= EATENETENEENY "
force 0.7 kcal/mol/Ang 0 151 0 003
updateTempNevery 100 Delete
e . e 0.7 40 0137 0.007 20
Nzbins 250 Delete
e - = ;:’ 1.5 60 0.426 0.251 2
=

Y (N

32 © Materials Design, Inc. 2022 materials design
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Summary

* BD-NEMD simulations are useful to calculate transport of gases through nano-porous
membrane models

e Simulated transport is based on Fickian diffusion due to imposed pressure difference

» Key results of example calculation: separation of CO2/N2 gas mixture with PTMSP
membrane depends on applied pressure difference

o Best separation is achieved for pressure differences of 30-40 bar

* Nex steps: Test BD-NEMD approach for other transport phenomena of gases and liquids
o Desalination of salt water
o Transport of charge carriers in liquid electrolytes

o---



MedeA Modules Used in the Training

* MedeA Environment, incl. MedeA LAMMPS, Polymer Builder
* Amorphous Materials Builder (AMB)
* MedeA HT Launchpad for structure handling in flowcharts

e MedeA GIBBS
e MedeA LAMMPS Diffusion

34 © Materials Design, Inc. 2022
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Further Useful Tutoria http://my.materialsdesign.com/tutorials

'8

materials design’

TUTORIAL

Absorption of Carbon Dioxide in Kerogen

Building a Kerogen Slit-Pore Model

Release 3.4.1

« Obijective: Learn how to calculate an absorption isotherm of small molecules in materials with MedeA
* Modules: GIB5S

+ Objective: Learn how to buiki a modelfor a kerogen siit-pore with MedeA.
Amorphous Materials Builder, LAMMPS

[¢] [¢] &

Preparation time | Run fime (8 Intel Gores)
minutes Fhours

9] ] &

Preparation time | Run fime (4 Intel cores)
30 minutes T hour

Level
Boginner

Note: This

Tovel
Tnfermediate g s

« minimize-CO2-with-LAMMPS flow

Note: Required files: + Adsorption-lsotherm-of-COZ2:in-Kerogen.flow

+ KIABunits.sci
+ Structures: kerogen I1C.sci
+ Flowchart: buid-kerogen-layer-for-sii-pore-model. flow
‘These files are part of a separate zip file Tutorial-Building-kerogen-siit-pore-model.zip which is available in the Ma- Outline

terials Design tutorial repository.
« Absorption of Carbon Dioxide in Kerogen
- Introduction

Hint: You can move through this tutorial quicker using the following prepared files:

- Select the Forcefield
+ Structure: 8-condensed-kerogen i-C-molecules.sci

~ Retrieve and Prepare a CO, Molecule

~ Prepare the Kerogen Host

Outline ~ Caleulate the Absorption of CO in Kerogen
ol v = Analyze the Results
+ Building a Kerogen Sii-Pore Model
« Results in Job.out
= Introduction

« Open Atomic Structure of CO: Molecules in the Kerogen Host
- Build an Amorphous Ensemble of Kerogen Models

- Conclusion
~ Determine the Dimensions of the Kerogen Layer

- Create the Layer with Kerogen Models
~ Create a Kerogen Sli-Pore Model 1 Introduction

- Conclusions

In this tutorial, you wil use MedeA GIBBS to cakulate the isotherm of the absorption of carbon dioxide (CO,) in a
model structure of a so-called Green River Shale kerogen, for a temperature of 273 K and a GO, pressure of 1.06
bar, i.e. 106 kPa. According to the nomenclature of Ungerer et aL the kerogen model is one of the |-A samples and
is immature with respect to hydrocarbon generation.

s iy matenals desgn. comfukals

16. Ungerer, J. Collel, M. Viamourakou
type and maturly, Enery & Fueis 20,91 (2015).

vaa Copyion! B 2022 ek Desin. nc. M s reserved Tots
Mt Deign” rd Modeh” 1o rogierd vademerke of Materisl Oesign b
12121 Sergps Sunm

S 160 S Dega CAG2131

A
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Question and Answer Session

Dr. René Windiks Dr. David Reith

Materials Design Materials Design



Announcements

ugm.materialsdesign.com

Next Week’s Plenary Session MedeA Training
**Wednesday, October 12t Thursday, October 13"

Professor Jérg Behler Dr. David Reith

University of Géttingen Materials Design



ugm@materialsdesign.com

Katherine Hollingsworth

khollingsworth@materialsdesign.com
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