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Materials Design Webinar Series

» Share the webinar series with your colleagues!

» Registration details http://www.materialsdesign.com/webinars

We will be recording this webinar
« Watch any of our earlier webinars anytime
« We will post upcoming webinars on the webinar page
» Vote for the next webinar topic!

« Take a 2 minutes brief survey at the end of the webinar!


http://www.materialsdesign.com/webinars
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Use the raise hand icon to bring e

attention to your question MR

Q: Can you calculate the gelation point of a
polymer?

A: Yes we can! David will address this on an
upcoming slide soon.

any time during webinar:
type your question here
and then press Send

What forcefields are supported by MedeA?

-~ Y7 send
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» What is mesoscale modeling?

» Theoretical background

» Mesoscale forcefields

» Application examples

» Mesoscale modeling with MedeA 3.1
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What Is Mesoscale Modeling?
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What Is Mesoscale Modeling?

Length

Mesoscale modeling

Quantum mechanics

fs

S
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What Is Mesoscale Modeling?

Modeling on time and length scales larger than atomistic modeling

Groups of atoms are usually placed together in ,beads” (united atom
approaches are a first step)

One bead can also represent multiple molecules, e. g., three water
molecules

Beads can have bonds
Forcefields are usually non-transferable

Coarse-grained and dissipative particle dynamics (DPD) simulations



What Is Mesoscale Modeling?

Coarse graining of a styrene monomer

e

atomistic united atom coarse grained 1 coarse grained 2
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Theoretical Background
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Theoretical Background

» Mesoscale models
* Reduce number of particles
« Smoothen potential energy surface
» Allow longer simulation of larger systems (microseconds and tens of nanometers)
» Lose details of system

» Building of mesoscale models
* Direct
» Conversion of atomistic models

Mesoscale models can be converted to atomistic models (needs additional
information)

B

» Forcefields
» Designed for larger groups of molecules (Martini, SPICA)
» System specific (fitted to atomistic data)
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» Users expect smooth switching between atomistic and mesoscale
simulations
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Theoretical Background

Types of mesoscale simulations

» Coarse-grained simulations
* Interaction of hard particles representing more than one atom

» DPD simulations

« Stochastic technique for simulating the dynamic and rheological propertles of fluids
(hydrodynamics) I

Soft interaction potential

Fluid elements instead of particles
Momentum is conserved locally

Beads can be tied together with soft springs

© Materials Design 2020

13



Mesoscale Forcefields
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Mesoscale Forcefields

Functional form is usually the same as for atomistic forcefields

E = Epona + Eangle + Enon—bond

with
Epona = z Kp(r —1p)?

Eangle = z K,(cos 8 — cos 8,)*

broncsona = 2 454 |() = () |+ Y g

i<j i<j




Mesoscale Forcefields

DPD uses a different approach

fi= ) S+ 12+ )
JE!
with
f5 = Aw(r)
i =—yw@?(#; - vyy)
fi? = aw(r)a(Atgﬂ_l/Z

wir)=1— —
Tc

A and y: Forcefield parameters, ¢ = /2kgTy
a: Random number from Gaussian distribution with zero mean and unit variance
rc. Cutoff



Mesoscale Forcefields

Common mesoscale forcefields
» Martini (https://cgmartini.nl)

« Developed for biomolecules (lipids etc.)

« Extended to cover some polymers (PE, PP, PS, PEG, PSS, P3HT, PDADMA, PAMAM),
ionic liquids

 Targets structural, elastic, dynamic and thermodynamic properties

» Usually 4 heavy atoms — 1 bead

» SPICA (surface property fitting coarse graining, https://www.spica-ff.org)
» Developed for surfactants/water systems (alkanes, ethers, alcohols)
» Targets thermodynamic properties: surface/interfacial tension and density

» Many custom made forcefields


https://cgmartini.nl/
https://www.spica-ff.org/

Mesoscale Forcefields

Development of custom forcefields

» Forcefields are created by matching atomistic molecular dynamics
trajectories
» Boltzmann inversion for bonded potentials
* lterative Boltzmann inversion
* Inverse Monte Carlo
» Force matching
» Relative entropy method

» Academic codes exist
» Versatile Object-oriented Toolkit for Coarse-graining Applications — VOTCA

 MagiC


http://www.votca.org/
http://www.fos.su.se/~sasha/magic/

Application Examples

© Materials Design 2020
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Application Examples

» Self-assembly of a lipid bilayer in water, Martini forcefield
« S. J. Marrink, A. H. de Vries, A. E. Mark, J. Phys. Chem. B (2004), 108, 750-760
« S.J. Marrink, H. J. Risselada, S. Yefimov, D. P. Tieleman, A. H. de Vries, J. Phys. Chem.
B (2007), 111, 7812-7824
» Thermoset polyester coating, Martini forcefield
* Rossi et al., Macromolecules (2011), 44, 6198 - 6208

» Extraction with ionic liquids, Martini forcefield
* L. l. Vazquez-Salazar, M. Selle, A. H. de Vries, S. J. Marrink, P. C. T. Souza, Preprint at
ChemRXxiv
» Mechanical properties of epoxy resin, custom forcefield
 A.V.S. S. Prasad, T. Grover, S. Basu, Int. J. Eng. Sci. Technol. (2010), 2, 17-30



https://pubs.acs.org/doi/10.1021/jp036508g
https://pubs.acs.org/doi/10.1021/jp071097f
https://pubs.acs.org/doi/10.1021/ma200788a
https://chemrxiv.org/authors/Luis_Itza_Vazquez-Salazar/5136671
https://www.ajol.info/index.php/ijest/article/view/59196

Self-assembly of Lipid Bilayer

- Self-assembly of a lipid bilayer in
water

1600 DPPC lipid and 60000
coarse-grained water molecules
randomly distributed, 1 ys
simulation time

Martini forcefield

Bilayer is forming after around
100 ns

© Materials Design 2020
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Thermoset Polyester Coating

Construction of mesoscale “aﬁmmﬂlecules
model of thermoset used in
steel coating consisting of A MARTINI Coarse-Grained Model of a Thermoset Polyester Coating

. i o Gty o Do ozl
Giulia Rossi,”" Ioannis Giannakopoulos,' Luca Monticelli, "™ Niko K. J. Rostedt,” Sakari R. Puisto,

[ [ ~ L - ~ ” s V. ~ . -1 40
Chris Lowe," Ambrose C. Taylor,' llpo Vattulainen, ** and Tapio Ala-Nissila™
* Building monomers and poty *
"Department of Applied Physics, Aalto University School of Science, P.O. Box 11000, FI-00076 AALTO, Helsinki, Finland
po I yl I le rS 'Department of Mechanical Engineering, Imperial College London, South Kensington Campus, London 6 SW7 2AZ, United ngdum
Ll.\‘.\'EIh\rl. UMR-S 665, DSIMB, 6 rue Alexandre Cabanel, 75015 Pans, France

[ ] B u i Id i n g a mo rp h O u S Syste m “Matox Ltd., Pembroke House, 36-37 Pembroke Street, Oxford OX1 1BP, United Kmsdmn

Becker Industrial Coatings Ltd, Goodlass Road, Speke, Liverpool L24 9HJ, United Kingdom

° C rOSS_I i n ki n g to fo rm ':l')up‘nrlx:wnl of Physics, Tampere University of Technology, P.O. Box 692, F1-33101, Tampere, Finland

‘MEMPHYS, Center of Biomembrane Physics, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark

the rm Oset Department of Physics, Brown University, P.O. Box 1843, Providence, Rhode [sland 02912-1843, United States

Université Paris Diderot —Paris 7, UFR Sciences du Vivant, Parnis, France
. - J -
INTS, Paris, France

Equilibration runs of 1 ps, CY——
CrOSS_I i n ki n g fO r O . 1 “ S ABSTRACT: We hereby present a coarsegrained model of 2 atomistic — - é

typscal polyester resin for coill coating applications. We vabdate the A N - N
model via comparison with experimental data. The interactions
between coarse-grained partices are described by the MARTINI
force-fiedd [Mamink et al. etal ]. Phys. Chem. B 2007, 11, 7812]. Our

model and molecular dynamacs simulation protocols include the arse-gramnec @ 0®
description of a hardener and the formation of cross-links between -8 & & @ £ g (@)
the hardener and the polyester resin. We perform experimental tests ' ' 7

on the thermodynamic and mechanical properties of the system, and AV SRty s

compare them with molecuds dynamics sidations. The model [ G e ®

estimates the glass transition temperature of the coating within 30 K @

of the experimental measurement. The model captures correctly the

l-r\udl:m:\g effect of Ln.\.\'s»hnkmg on the ghss transition, and on the temperature dependence of the elastic response of the polyester ressn

© Materials Design 2020 22



Y (N

» Polymer

P phthalic acid

A N N
adipic acid neopentyl glycol neopentyl glycol

\/\/YO\ ’ ,0 0, | ,oﬁ 2
o o 0 c[

AD ES DP ES ES DP ES
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» Cross-linking agent

CH—O—CH,  CH~0—CH, CH,—O
N

CHy—0 — CHz\ )\ )\ C“z-— —CH; CHy—0 —

N

|
f"’ m
(8] O
| |
CH; CH,

XL
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Thermoset Polyester Coating

» Stress-strain curves for fully cross-linked system at different temperatures
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» Young‘'s modulus as function of temperature
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Extraction With lonic Liquids

lonic liquids can be used to extract
compounds from mixtures

" /»‘

Martini forcefield was used to e i
simulate extraction of omega-3

TC6h

polyunsaturated fatty acid from ‘o

mixture with saturated fatty acids o & B L V&
(fish oil: oleic and palmitic acid and S TN \
docosahexaenoic acid) [CBImin]* = C8 (BF.1

TC6h

Partial charge model for ions

5x5x13 nm, 4 4 MS runs [C12Imin]* = C12 -



Extraction With lonic Liquids

» Clear separation of unsaturated fatty acid (DHA) and saturated fatty acids
(OLE, PAL) at end of simulation

OLE BF4

C4

Z
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Q
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I

=

£

| =

(@] T | T
= 20 0.0 2.0

Z (nm)

Pictures from preprint of L. I. Vazquez-Salazar, M.
© Materials Design 2020 Selle, A. H. de Vries, S. J. Marrink, P. C. T. Souza 28



Extraction With lonic Liquids

Selectivity can be calculated from Gibbs energies

IL AGPHA (kJ/mol) AGCE (kJ/mol) AGPA- (kJ/mol) Selectivity

-octane / +octane -octane / +octane -octane / +octane -octane/+octane
C2|(-105+03/-118+02 | 242+21/274+0.3 27.8+0.3/35.2+0.2 765*10° /
6011*10°

C4|-88+1.0"/-168+28 | 129+0.3*/16.0x34 | 17.2+0.1*/204 +1.7 5*10°/ 418*103

* Free sampling obtained by convention MD simulation was used to estimate the AG"®" in the case of C4 without octane. For all the
other systems, AG"*™ was obtained by US simulations.

T interactions between unsaturated bonds and imidazolium rings can explain this

behaviour

Effect of co-solvent can be shown
Virtual design of ionic liquids

|



Mechanical Properties of Epoxy Resin

Mechanical properties of cross-linked diglycidyl ether of bisphenol (A) (DGEBA)
as adhesive between two rigid walls

DGEBA was modeled

0 CHy 0
HgC/—\C}{-C}{z—-O—<: :>—J:—<: :}—O—C}{Q—C}/{—\C}Iz ,
CHy with three beads

Cross-linker is
l l l represented by one
© bead which can form

o~ Vg four bonds

System is placed
between two walls which
are pulled apart




Mechanical Properties of Epoxy Resin

FF =10 Z

Fully cross-linked system

© Materials Design 2020
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E*2 =178

System without cross-links
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Mechanical Properties of Epoxy Resin

Adhesion energy W and yield  ; as function of degree of cross-linking

or 73200

——W.J /m? QP

—8-3.. MPa

2N =

~ -
) n =
g g
< A

1 2 2 2 20
0 0.2 04 0.6 0.8 1

Adhesion energy: W, = 8 J/im?
Weyp =2 ... 25 JIm?



Mesoscale Modeling With MedeA 3.1

© Materials Design 2020
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References | Cell

Description

> SPICA

[

Apolar for ring structures - Degree of polarity: 5 (high)
Apolar - Degree of polarity: 4

Apolar for ring structures - Degree of polarity: 4
Apolar - Degree of polarity: 3

Apolar for ring structures - Degree of polarity: 3
Apolar - Degree of polarity: 2

Apolar for ring structures - Degree of polarity: 2

Apolar - Degree of polarity: 1 (low)
Apolar for ring structures - Degree of polarity: 1 (low)

<

41

i

~Details

Description:
Mass:
Radius:
Charge:

Color:

Apolar - Degree of polar Clean

52.85

1.2 |

0.0

Coarse-grained DPPC molecule

© Materials Design 2020
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Mesoscale Modeling With MedeA 3.1

MedeA - - [(C1: C1Rss Nazo SC4az)es (P1) ~ ANPN_initial] - O X

File Edit Builders View Tools Jobs Forcefields Analysis Windows Help

2 FPREB+EFHQ%R SF:J )48 LEHH

#s (C14 CTR1s Nazo SC43z)ss (P1) ~ ANPN_initial . {0 Il ~ (No)s ~ Hvmm

# C1 C1R Naz ~ AN-monomer # C1R Naz SC43 ~ PN-monomer

36



Mesoscale Modeling With MedeA 3.1

X

Variables

tstep=20fs
T=500K
P=1atm

LAMMPS

£ »

Initialize

I p——

NPT

Temp: $T

Press: $P

Time: 100 ns

Step: Ststep

Constraints: isotropic
Control: Nose-Hoover T &
P

Sampling: 10000 samples
Trajectory: 100 frames 4

3-d periodic
Cutoff: 12
Skin: 2.0
Long range: PPPM

¥
NPT

Temp: ST —> 300K
Press: $P

Time: 50 ns

Step: Ststep
Constraints: isotropic

LAMMPS Flowchart for stage 1

IFS

Add stages

Initialization

Initialize LAMMPS
Bias

Orientation

Single Point

Single Point Energy

Single Point Forces
Minimization

Minimize
Building and Editing
Set cell

Compress Layer

[*]

Minimize Control: Nose-Hoover T &
4 P Dynamics
OwlT: ston gl stam, Sampling: 10000 samples Initialize velocities
Mechanical Properties posilions, Trajectory: 100 frames 4
Method: Conjugate NVE ensemble
Strains: 0.005 gradients

Econvergence = 0.0 NVT ensemble
Fconvergence = 1.0

i 4 NPT ensemble

y
Cohesive energy dens
I 4 velocities : gy ey
Initial velocities for $T Thermal Conductivity
No net translation Viscosity
Random seed: 72489
Diffusion
V| Surface Tension
| E——
- — Deposition
4 |
' 2 |- Custom
Job title:| ANPN melt +} - . ~
Run OK Cancel Help




Mesoscale Modeling With MedeA 3.1

MedeA 3.1 supports
« Sketching of mesoscale systems
« MARTINI and SPICA forcefields
» Creation of user defined bead libraries and forcefields

 Building of polymers, amorphous systems and thermosets for mesoscale systems

« LAMMPS simulations including Diffusion, Viscosity, Thermal conductivity, Surface
tension

 Hill-Walpole bounds
* Mechanical properties
« Deformation
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http://www.materialsdesign.com/ugm-2020
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\
& June 2020: Elasticity and Beyond — Predicting Mechanical Properties with MedeA, by Ray Shan

July 2020: VASP 6 by Martjin Marsman

July 2020: Mesoscale Modeling by Jorg-Rudiger Hill
[
‘ August 2020: MedeA 3.1 by Marianna Yiannourakou, Walter Wolf and Jorg-Rudiger Hill

/

‘ Upcoming in the fall of 2020: Additional webinars addressing accuracy and larger scales
/
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MedeA

Innovation by Simulation




