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MD simulation of vapour-liquid interfaces

Molecular simulation of heterogeneous systems:
« Greater length scale and greater time scale;

* Long-range contribution from dispersion.
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MD simulation of vapour-liquid interfaces

Validation by sensitivity check: Influence of the cutoff radius on simulation results.
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(S. Werth et al., Mol. Phys. 112, 2227, 2014)

Computing time requirements for the explicitly computed pairwise interactions scale
cubically in r_and are significantly reduced by a LRC following JaneCek and Lustig.
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Massively parallel molecular dynamics simulation

http:/lwww.Is1-mardyn.de/ |

(large systems 1: molecular dynamics)*?
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Massively parallel molecular dynamics simulation

SuperMUC (Garching):

http://lwww.Is1-mardyn.de/ I

SandyBridge architecture (large systems 1: molecular dynamics)*?

T T T T T 17 T T 1
[}
5 200 -
c
@
o
d4
a
g weak scaling on SuperMUC
100 I N N R I N N B 11 TECHNISCHE
22 22 2t 2 2° 2v UNIVERSITAT
number of employed nodes of the cluster MUNCHEN
N = 4 125 000 000 000 SuperMUC ’*‘*‘* <
2013 molecular dynamics world record® | Wweak scaling ﬁk 7

'C. Niethammer et al., J. Chem. Theory Comput. 10(10), 4455 — 4464, 2014;
2W. Eckhardt et al., Proc. ISC 2013, LNCS 7905, 1 — 12, 2013.
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Massively parallel molecular dynamics simulation

Hazel Hen (Stuttgart): http:/lwww.ls1-mardyn.de/ |
Haswell architecture

(large systems 1: molecular dynamics)"?

(weak scaling performance of 88% on 7168 nodes)
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Computational molecular engineering

Bottom up >

physics-driven aspects
(qualitative validity)

* Realistic representation of the
underlying physical features

< % an

<« Top down

data-driven aspects
(quantitative reliability)

* Models with free parameters, which
can be adjusted to experimental data

* Reliable interpolation, extrapolation and
prediction of thermophysical properties
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Model data and metadata repositories

Methylhydrazine

ane
?e"‘\“o(obu‘ \'“

Cyclopentane

1,2-Dichloroethane _*»
2CLJD 2CLJQ

Ethylene oxide

Literature
Molecular Model Database models by J.
Stoll, H. Hasse,
http:/Imolmod.boltzmann-zuse.de/ J. Vrabec et al.
Repository maintained by Simon Stephan et al. (Boltzmann-Zuse Society) 2001 - 2018
—
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Model validation and uncertainty quantification

How accurate are these molecular models?

VLE bulk phase properties

prediction > « : Properties
(model property) of vapour-liquid
interfaces

validation

(model accuracy)

Literature
_ _ ®  models by J.
Molecular model developers No interfacial ' @ Stoll, H I—>|/asse
adjusted the force field para- properties were J Vr’abéc et al )
meters to bulk VLE properties. considered for the 2'001 - 2018 h
parameterization.
A
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Model validation and uncertainty quantification®

Non-polar: LJ Dipolar: 2CLJD (contd.) Quadrupolar: 2CLJQ (contd.) Multi-site models (contd.)

Neon (Ne), Argon (Ar) R30B2 (CH,Br,) Carbon disulfide (CS,) Ammonia (NH,)

Krypr)]ton (Kr), Xenon (Xe) Methylene iodide (CH,,) Ethane (C,H,) Methylamine (NH,-CH,)

Methane (CH,) R12B2 (CBr,F,) Ethylene (C,H,) Dimethylamine (CH;-NH-CH;)
) R12B1 (CBrCIF,) Acetylene (C,H,) R227ea (CF,-CHF-CF,)

Dipolar: 2CLID R10B1 (CBrCl,) R116 (C,F) Sulfur dioxide (SO,)

Carbon monoxide (CO) RGL (QHGEGlH,) R1114 (C,F,) Ethylene oxide (C,H,0)

R11 (CFCI,) R150a (CHCI,-CH,) R1110 (C,Cl,) Dimethylsulfide (CH,-S-CH,)

R12 (CF,CL) R140 (CHCI,-CH,CI) Propadiene (CH,=C=CH,) Hydrogen cyanide (HCN)

R13 (CF,Cl) R140a (CCl,-CH,) Propyne (CH,-C=CH) Acetonitrile (NC,H,)

R13B1 (CBIF,) R Stau(ElLCIER) Propylene (CH,-CH=CH,) Thiophene (SC,H,)

R22 (CHF,CI) R160B1 (CH,Br-CH;) R846 (SF,) Nitromethane (NO,CH,)

R23 (CHF,) R15082 (CHBr,-CH,) R14 (CF,) Phosgene (COCI,)

R41 (CH,F) R131b (CH,F-CCl) R10 (CCL) Benzene (C.H,)

i ) amlor ) RiGco T 1)

R124 (CHFCI-CF,) il (CHE:C}—ZI | R114 (CF,CI-CF,Cl) Chlorobenzene (CsHCI)

RIZ G c) Ri1324 (CF -CH) R115 CF, CF.0) Oicioapenzene (©,1C1)

a 2=, ) yclohexano
R141b (CH, CFC3I)) +12% R1140 (CHCI=CH,) +20% Rl3g (;;ng CH%) +22% Cyclohexanone (SCGIIiImO)
R1122 (CHCI=CF,) R150B2 (CH,Br-CH,Br)
R142b (CH,-CF,Cl) a R114B2 (CBrF.-CBrE Cyanogen (C,N,)
R143a (CH,-CF,) R1113 (CFCIZCEJ R1120 (C(HCI:EZCI ) 2 Cyanogen chloride (CCIN)
R1113B1 (CFBr=CF,) 2 Formic acide (CH,0,)

R152a (CH,-CHF,)

Ethylene glycol H
R30BL (CH,BIC) Fluorine (F.) Isobutane (C . Metryihydrazing (CHN
R20 (CHCL) Chilorine-( 1) C ehexans (Cef tok Dimethylhydrazine (C,H,N.)
R20B3 (CH38r) Bromine (Br.) Methaliol (CEEO) Perfluorobutane (C Fz) o
R21 (CHFC,)’ gl Ethanol (C,H,OH) Ethyl acetate (C,H,0,)
R32 (CH,F,) Sitragen () Formaldehyde (CH,=0) Hexamethyldisiloxane (C,H,,0S,)
R30 (CH,Cl,) nygen (- 2)- Bimethylether (CH-O:CH,) Octamethylcyclotetrasiloxane (C¢H,,0,Si,)
arbon dioxide (CO,) Acetone (C,H,0) 8l 244

Werth et al., Chem. Eng. Sci. 121, 110, 2015; 2Werth et al., J. Chem. Phys. 144, 054702, 2016; 3Werth et al., J. Mol. Liq. 235, 126, 2017.
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Process of modelling and simulation standardization

Review of Materials Modelling VI (edited by de Baas), 2017

>
RoMM VI MODA CWA 17284 Ontologies 23 * electronic
\
Semi-formalized terminology or vocabulary
Graph language & formalized terminology atomistic
CEN European standard . A
Ontologies

(Ontology development is work in progress at present.)
mesoscopic

(1) User Case
(2) Model
(3) Solver
(4) Processing

MODA
(graph language)

continuum
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Diagram representation of simulation workflows

MODA: “Modelling Data” graph language & CEN Workshop Agreement 17824
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Virtual Materials Marketplace: VIMMP (Horizon 2020)
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Virtual Materials Marketplace: VIMMP (Horizon 2020)

VIMMP Marketplace concept: To serve its participants and facilitate exchange, e.g., be-
tween materials model providers, industrial & academic client end users, and translators.

Browse, Search, Request and Receive. Execute
Model Apps, Build and Deploy Workflows.

Manager

Information Materials Translation Model App
Resources Modelling Data Store

Open
Validation Data Training Simulation
Platforms

Forum,
Discussion

wiope|d
aoejdijien

Metadata enriched tangible and intangible components

Provide, Deploy, Publish, Certify.
Receive requests and feedback.

Modelling g Translators Software Owners
Experts Providers

The VIMMP Marketplace will provide end-user interfaces to information resources, dis-
cussion forums, databases and repositories, translation and training services, validated
models and modelling software, and the ability to utilise open simulation platforms to build
and deploy workflows via cloud-based computing resources.
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Multicriteria optimization of molecular models

error in quantity Y

>

Multidimensional objective space

reachable
agreement

Pareto front

unreachable

—
error in quantity X

& % an

Example: 2CLJQ molecular
models of carbon dioxide

2 WS ‘
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Comparison between model classes

Carbon dioxide:* Bulk VLE data

\ =] !

30 - 1 LJ potential
| (2 parameters)
Lennard- - ———  Mie-6 potential
20 1
Jones (38 parameters)

2CLJQ potential

deviation of vapour pressure (%)

10 (4 parameters)
2c|l = Vrabec et al. (2001)
: 2CLJQ model
N | | ‘
%0 2 4 6 8

deviation of saturated liquid density (%)

Prerequisite: Thermodynamic characterization of the investigated model classes

'S. Werth, K. Stébener, M. Horsch, H. Hasse, Mol. Phys. 115(9-12), 1017-1030, 2017.
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Model class characterization

Two LJ + quadrupole (2CLJQ)

4
" —
_(’5* - 2'21 L*=0.2

o ' Q*=1.41
QS 3{L*=0.4
= o0 L*=0.4
o * =2
2 Q
c
Q
)
&)
8
S
w

25 3 '
temperature / €

=0)

O,

Y(0.7T,L,p) /7(().77:..1‘

Two LJ + dipole (2CLJD)

» Systematic exploration of the physically relevant part of the model parameter space
 Correlation of y by critical scaling expressions (2CLJQ, 2CLJD, Mie-6)
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Bespoke model selection by client end users

Self-organized patch plots* visualizing the Pareto front and the Pareto-optimal models:

5y/ %

20

15 objective

space
10

(e/k) / K Q/DA

3.15
3.1 parameter
3.05 space
3

K. Stobener et al., Fluid Phase Equilib. 411, 33 — 42, 2016.
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Bespoke model selection by client end users

Self-organized patch plots* visualizing the Pareto front and the Pareto-optimal models:

20

15 objective
space

| Pareto-optimal 2CLJQ models for oxygen

c/A (e/k) / K Q/DA
. pereen ~ parameter
: rh uadrupole ' space
K. Stobener et al., Fluid Phase Equilib. 411, 33 — 42, 2016.
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Bespoke model selection by client end users

Self-organized patch plots* visualizing the Pareto front and the Pareto-optimal models:

3’/ %
—— 2 20
1.5 4 . .
‘ L 15 objective
‘ i space
0.5 1 10
I Pareto-optimal 2CLJ models satisfying all constraints
/A (e/k) / K Q/DA
7 7S pm0.8
S 50 :Z S ‘ 0.6
48 72 "' | parameter
46 RV ‘ / t 10.4 Space
44 1
10.2
42 0.9
! HO
'K. Stobener et al., Fluid Phase Equilib. 411, 33 — 42, 2016.
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Paradigm shift in computational molecular engineering

Molecular modelling as an art practised by specialized academics

* Avery limited community of people is qualified to design molecular models;
» for each fluid, a researcher develops a model, to be looked up from literature;
 itis usually not disclosed how the model was designed and optimized.

Users need a background (e.g., in molecular thermodynamics and statistical mechanics),

to assess the model quality, and they cannot actively contribute to adjusting the model
without repeating the expert work.

Molecular modelling as a technology accessible to all industrial engineers
* Models are flexibly adjustable, e.g., by multicriteria optimization, w
based on a preceding characterization of the model class;

» bespoke models for specific user cases can be obtained with little effort;
or automatically, interoperating with other platforms (e.g., process simulation)

 reliable statements on the model uncertainty are available to the user.

Users who may not possess a background in molecular modelling and simulation are
enabled to actively guide computational molecular engineering, supported by translators.

—
Science aTechnology | UK Research 17 11" September 2018 %

@ Facilities Council and Innovation

AAAAAAAAAAAAAAAA
AAAAAAAAAAA



Significant collaboration and contributions acknowledged:

Berlin — Jadran Vrabec

Bremen —  Welchy Leite Cavalcanti, Michael Hoffmann
Daresbury —  Silvia Chiacchiera, Michael Seaton, Ilian Todorov
Garching — Hans-J. Bungartz, Steffen Seckler, Nikola Tchipev
Hamburg —  Colin W. Glass, Philipp Neumann

Kaiserslautern — Hans Hasse, Peter Klein, Simon Stephan,

Katrin Stobener, Stephan Werth

This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 760907.

This document and all information contained herein is the sole property of the VIMMP
Consortium (this only applies to the parts that were developed within the VIMMP project).
Information presented therein may be subject to intellectual property rights. No intellectual
property rights are granted by the delivery of this document or the disclosure of its content.
Reproduction or circulation of this document to any third party is prohibited without the
consent of the authors.

The statements made herein do not necessarily have the consent
or agreement of the VIMMP Consortium. They represent
the opinion and findings of the authors.

AV

Computational

©2018 all rights reserved. Molecular Engineering
science d UK Research %
% facties conal | and Innovation /Vl MMP

nnnnnnnnnnnnnnnn
AAAAAAAAAAA



