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Motivation

Why are complex polymer melts interesting?

Self-assembled nanostructures

Applications

» Dbattery materials
» molecular sieves

» micro electronics

Ludwig Schneider (IPA: 'lu:dvic '[naidee

Interesting properties for simulations utilizing HPC

@DSOMA

yes, soft matters

L. Schneider and M. Mdiller, Comput. Phys. Commun. 235C, 463-476 (2019)
HPC implementation
» polymers are fractal objects

» straightforward coarse-graining
» short-range vs. long-range phenomena
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Motivation Goals for electrolyte materials

Next generation of polymeric lithium ion batteries

Nanostructure-forming Electrolytes

polymers for lithium-ion
barles Goals

Electrodes

» ion conductivity
» mechanical stability

Electrode materials

alt-doped Self-doped Diblock copolymer materials
ﬁ ) k—qe' © 0o
'< ' > r\/u/oe/\f > self-assembled nanostructures
A (-] .
» Dblock A: conductivity
Templating Theory and simulation -
\ » Dblock B: stability

N [} A
HQ“
wv M. A. Morris, H. An, et al., ACS Energy Lett. 2, 1919-1936 (2017)
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Salt-doped PS-b-PEO Self-doped PSTFSILi-b-PEO
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Motivation Goals for electrolyte materials

Overview

How to model and simulate engineering scale polymer melts?
m Top-down, soft, coarse-grained model
m SCMF-algorithm and SOMA
Large scale metastable networks: battery electrolytes
m Percolating network structures
m Diffusive transport properties
Future perspective: more atomistic details
m Mechanical properties
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1) How to model and simulate engineering scale polymer melts?

Hierarchy of coarse-grained models

equilibrium

A

» large scales
— insertion of atomistic

10s details

EIEEEENIT

continuum » focus on SCMF

models » highest length and time
scale that includes
molecule info

» SCMF unlocks
engineering scales
» hard CG models:
length scale > mechanical properties
Inm 100nm lum

CG particles

atomistic
models
T TR

1ms

1ps
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1) How to model and simulate engineering scale polymer melts? Top-down, soft, coarse-grained model

Coarse-graining: single bead <+ many atoms

density qSA, (ﬁg based Monte-Carlo
Coarse-graining » harmonic bond potential: Rq
> Vi(r)=%r?
» restrain density fluctuations: ko /N

A A ~ N 2
> fewer degrees of freedom > i [0n, §s] o< [ dr KN (¢A(r)+¢s(r)—1)
P universality

» Gaussian chain

» microphase separation: yo/N
» higher parallelism > %ep.[‘ﬁAa(P\B] o< [dr xoN qSA(,)(;;B(,)

A Y @SOMA

yes, soft matters

https://gitlab.com/InnocentBug/SOMA
L. Schneider and M. Miiller, Comput. Phys. Commun. 235C, 463-476 (2019)
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1) How to model and simulate engineering scale polymer melts? SCMF-algorithm and SOMA

Single-Chain-in-Mean-Field algorithm

calculate density p(t) < {ri(t)}

> 9 vc Implementation:
@ 08 Step 1

S a > simple reduction problem
Oa"haa

» non-bonded: calculation on a grid

bond force-biased Monte-Carlo
t
(P9 {ri(t 4+ A1) Step 2

)} (
R O o _
\g » bond force-biased Monte-Carlo
o o © |
@ 8 8 » exact bond energies
Q0aYan 80 e » non-bonded particles are independent

repeat

K. C. Daoulas and M. Miller, J. Chem. Phys. 125, 184904 (2006)
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1) How to model and simulate engineering scale polymer melts? SCMF-algorithm and SOMA

Independent beads: GPU parallel level

Polymer iteration:

: ‘ same color:
= parallel
3 iterate colors
\ » 3 threads
e o -

Independent set iteration:

v

» higher parallelism
» 9 (6) threads
> 2 iterations

v

5 iterations

+
+

L. Schneider and M. Miller, Comput. Phys. Commun. 235C, 463-476 (2019)

simple independent units
parallelism scales with system
large polymers (networks)

no dynamic bonds

full utilization of parallelism
networks or many nodes
non-trivial set decomposition

additional memory and complexity



https://doi.org/10.1016/j.cpc.2018.08.011

1) How to model and simulate engineering scale polymer melts? SCMF-algorithm and SOMA

Multiple GPUs: strong scaling

» good performance on modern GPUs

P next parallel level: multiple GPUs
» distribute molecules across MP I ranks
> MPI_Allreduce for density-field

» automatic load-balance

» straight forward invocation of multiple GPUs
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L. Schneider and M. Miller, Comput. Phys. Commun. 235C, 463-476 (2019)
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1) How to model and simulate engineering scale polymer melts?

OpenACC implementation for GPUs

SCMF-algorithm and SOMA

» redesigned for GPU hackathon (2016)
> 1 team, most without GPU experience
» mentor support from Nvidia and PGl
> 1 week = GPU parallel

P growing features over time

P analysis/optimization at more hackathons

z

SOMA

yes, soft matters

L. Schneider and M. Miller, Comput. Phys. Commun. 235C, 463-476 (2019)

OpenACC

More Science, Less Programming

» C/pragma only implementation
> accessible to everyone

» CPU/GPU single code base
» open standard
» community support

Ludwig Schneider (IPA: 'ludvic 'fnaidee)
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1) How to model and simulate engineering scale polymer melts? SCMF-algorithm and SOMA

Overview

How to model and simulate engineering scale polymer melts?
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Future perspective: more atomistic details
m Mechanical properties

@SOMA

yes, soft matters

Ludwig Schneider (IPA: 'ludvic 'fnaidee)



2) Large scale metastable networks: battery electrolytes

Next generation of polymeric lithium ion batteries

Nanostructure-forming Electrolytes

polymers for lithium-ion
barles Goals

Electrodes

» ion conductivity
» mechanical stability

Electrode materials

alt-doped Self-doped Diblock copolymer materials
ﬁ ) k—qe' © 0o
'< ' > r\/u/oe/\f > self-assembled nanostructures
A (-] .
» Dblock A: conductivity
Templating Theory and simulation -
\ » Dblock B: stability

N [} A
HQ“
wv M. A. Morris, H. An, et al., ACS Energy Lett. 2, 1919-1936 (2017)
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2) Large scale metastable networks: battery electrolytes

lon transport in polymer electrolytes

0.9 —— T
» polymer electrolytes: conduction of ions
» recently investigations 0.8 - .
Shen et.al., Alshammasi et.al., and Zhang et.al. 0.7 I
» investigations of molecular details ' I
> interface roughness effects & 0.6 1
_ . a -
» equilibrium morphologies = ~
Q 05 %] Ginner ]
In this talk! 0.4 - ]
| . _—— RW Model (D/DN(.)
> effect of large-scale morphologies 03 MJC PPN |\~ 140, N=100
—_ =T — yN=140,N=40 |
P> non-equilibrium meta-stable states . §|— N=90, N=40
0.2 1 N 1 A N 1 N 1 N 1
K.-H. Shen, J. R. Brown, et al., ACS Macro Letters 7, —
M. S. Alshammasi and F. /; EscAobed'\g, Macho:vtu)\eZu\;29521.,19029183(—290;281> (2018) 0.2 0.3 0.4 f 0.5 0.6 0.7

Z. Zhang, J. Krajniak, et al., ACS Macro Letters 8, 1096-1101 (2019) A




2) Large scale metastable networks: battery electrolytes

Metastable network phases

» rapid quench
» metastable
> t=6Tg

» 3D diffusion?

- hexagona
[ cylinders

disordered
rapid
quqnch
1 1 1

0.0 0.2 0.4 f 0.6

> xN=30 > fe[sw%]

adapted from M. W. Matsen, J. Phys: Condens. Matter 14, R21 (2001) L. Schneider and M. Miiller, Macromolecules 52, 2050-2062 (2019)
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2) Large scale metastable networks: battery electrolytes Percolating network structures

3D network structures for conductivity and stability

10°
ZZ3a perfect lamellar f=1
10° BE perfect cylinder f=2

| B perfect gyroid f=13

) B
NG 1oty =
PG
A
U g
i . g 10°
» non-periodic network structures g
€
> ~4.1-10° particles 2
» engineering scale: L = 0.8-2.7um Lot |
. e . . . 0 2.8 9101112 1 20212223 24 25
» A-phase: omnidirectional diffusion ammEn 2 2R 2H 2R
» B-phase: mechanical stability
> f> L 3D percolating cluster for A and B

L. Schneider and M. Muller, Macromolecules 52, 2050-2062 (2019)
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2) Large scale metastable networks: battery electrolytes Percolating network structures

3D network structures for conductivity and stability

10°

mm =] W =)} &2 perfectlamellarf=3
103 | f=2% mmm f=1 EEE perfect cylinder f=2
mm =2 mmm f=12 BEE perfect gyroid f=3
(—‘(‘H ’1‘ 1012 E 1

)

&

1007 0
}}L 4 g clusters of the
= majority component
. 5 10°4
» non-periodic network structures g
€
> ~4.1-10° particles 2
» engineering scale: L = 0.8-2.7um Lot |
e e 0 zsonnn 1 0222322
» A-phase: omnidirectional diffusion mmmnnn 2 2332355
cluster fraction f
» B-phase: mechanical stability
> f> L 3D percolating cluster for A and B

L. Schneider and M. Muller, Macromolecules 52, 2050-2062 (2019)
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2) Large scale metastable networks: battery electrolytes Percolating network structures

3D network structures for conductivity and stability

10°

i mm f=/ mmm f=}} [ZZ2 perfectlamellarf=3
10° ] f:}";2 mm =11 A perfect cylinder f=2
mm =2 mmm f=12 EEE perfect gyroid f=33
o i
é clusters of the
=l majority component
» non-periodic network structures 5 100
[
. o
» ~4.1-10° particles £
=
P> engineering scale: L =0.8-2.7um
. . . . . B e S B S s T T T T T
» A-phase: omnidirectional diffusion R 1sswuw 1 nannns
323232323232 2 323232323232
. e luster fraction f
» B-phase: mechanical stabilit e ‘
P Y > f> 312: 3D percolating cluster for A and B

L. Schneider and M. Miiller, Macromolecules 52, 2050-2062 (2019)
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2) Large scale metastable networks: battery electrolytes

Finite size effect on clusters

Percolating network structures

0.24 1
0228
. 0.20 A
C
0.18 1
extrapolation
0.16 1 —-- volume fraction
——&— data
—— extrapolated f.
0.14 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Reo/L

Volume of percolating cluster f.
vs. volume fraction f

>

v

vVvYyyvyy

volume cluster f, < f volume fraction

small independent cluster

example: f =8/32=0.25

systematic deviation with system size L
small simulations underestimate f;,
extrapolation possible f; < 1/L
extrapolated: f, < f




2) Large scale metastable networks: battery electrolytes Diffusive transport properties

Diffusive ion transport

——=- angle bisector f(x) = x
0.8 A
® lamellae -
® cylinder e
071 ¢ L=100r, Pte
1072 4 —— L=10R, -
0.6 -
E 1 T~ T T 051 -
a 3 0.4 - i |
%) I
=
0.3 A
[ — f=120/32 _
f=9/32 f=21/32 0.2
— f=10/32 —— f=22/32 ———mmmmmm e =
— f=11/32 f=23/32 RN 0.1
10734 — f=12/32 —— f=24/32 Ss.
- i = g ™ 0t rvr-————"+—+—--+-r———v——v—r
10 10 10 10 10 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24
random walk steps to 32 32 2 32 N 32 RN 2 N RN N RN 32 N 2 12 RN
f
> iffusion for v MSD 18+ 1)R . 13
subdiffusion for vMSD < (18£1)Reo > linear for f > 1/2 > decrease for f < 33
L. Schneider and M. Miiller, Macromolecules 52, 2050-2062 (2019) COﬂtInUOUS SD transport Of |0nS!
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2) Large scale metastable networks: battery electrolytes Diffusive transport properties

Dead-end analysis

0.7
\ . . —e— L =100R.
> diffusion # directed transport L= 10Re
0.6 1 .
> dead-ends in network structures o B
. . € 0.5 10° _8
» impact on small volume fractions f 3 @ ==
14 2 10° - =2
» underestimated by small simulations 5 047 2 - =l
b S 103 4
g 0.31 g 102 4
c g
0.2 REUE
9] T
:_g 100 ] 0.11 0.12
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2) Large scale metastable networks: battery electrolytes Diffusive transport properties

Space-filling characteristics of 3D network structures

10®
""" e 3™ » not space-filling s < s* = (5.4 — 6.4) Reg
— 8/32 e

107 4 — 1032 » space-filling on large length scales

— 12/32 .. o
» characteristics of an overcritical cluster

» simulations of large sizes required

N(s)

Box counting algorithm

divide system if box of length s
count boxes that contain structure N(s)

> N(s) o< s~% fractal dimension

10°

: :
100 10!
S [Reol

D. Ben-Avraham and S. Havlin, Cambridge university press, (2000)

L. Schneider and M. Mdller, Macromolecules 52, 2050-2062 (2019)
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3) Future perspective: more atomistic details Mechanical properties

The investigation of some properties require more atomic details

P> A-block (liquid) and B-block (glass)

non-equilibrium mechanical tests

vy

comparison of network phases with
equilibrium and “pure” phases

» relevance of the polymer backbone

» soft, coarse-grained model: no vitrification
P reinserting degrees of freedom

» finer grained model:
LJ beads & FENE bonds

G. Zhang, L. A. Moreira, et al., ACS Macro Letters 3, 198-203 (2014)
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Thank you for your attention! Questions?

Summary

» coarse-grained models > metastable networks
. L > mechanical properties
» scaling to many GPUs » 3D conductivity prop
> remapping to finer grained
model
@ SOMA 08 7;— ::;::morf(xi:x '
yes, soft matters 07 : fy:"qu;?c e
06 —4— L=10R,
305
g 0.4
0.3
0.2 -
0.1
0.0—T——T—T—T—T—T

R R R EEEEREEEENEREERES;
f
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Backup slides Engineering scale networks

Metastable network phases

—e— t=0.1Tg, f=8/32
—e— t=6.0Tg, f=8/32
—e— t=61.0Tg, f=8/32,L=10Re

» rapid quench

10-1 4

» metastable
> t=6Tg

1072 4

o
2 . .
105 ] » 3D diffusion?
10—4 4
t=0.1Tg, f=12/32
—+— t=6.0Tg, f=12/32
—+— t=61.0Tg, f=12/32,L=10Re
1073

107! 10°
GReo

structure factor S(|q|) _ ' _

t=0.1Tgr t—GTEb t=61Tg
L. Schneider and M. Muller, Macromolecules 52, 2050-2062 (2019)
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Backup slides Engineering scale networks

Finite-size effect for cluster fraction f;

X\ P s

ry 0.20
0222
~ —— f=g  —e— f=} e (=1 =2 =2
0154 —— =g —e— =l == A f=Z - (=%
v 0.20 1 s
Q
q
0.10 1
0.18

——- extrapolation
0.16 1 —-- volume fraction

0.05 ‘/.A”_.

—&— data
—&— extrapolated f, 0.00 4%
0'140.00 0.'02 0.'04 0.'06 0.2)8 0.'10 0 i é é 4'1 é 6
Reo/L t/Tgr
> systematic finite-size effect: f, = f; —ot/L » convergences to plateau after coarsening
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Backup slides Engineering scale networks

Space-filling characteristics of 3D network structures

10®
----- lope: -2.161 e
Sope: 3 » not space-filling s < s* &~ (5.4 —6.4) Reg
— 8/32 e
107 4 — 1032 » space-filling on large length scales
— 12/32

» characteristics of an overcritical cluster
» simulations of large sizes required

N(s)

Box counting algorithm

divide system if box of length s
count boxes that contain structure N(s)

> N(s) o< s~% fractal dimension

10°

T T

10° 10!
S [Reol

D. Ben-Avraham and S. Havlin, Cambridge university press, (2000)

L. Schneider and M. Mdller, Macromolecules 52, 2050-2062 (2019)
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Backup slides Engineering scale networks

Grid smoothing for diffusion analysis

& e

time average to reduce fluctuations

. f / _ /
increase grid resolution (p&s)(r) r|,n€s[p(r+r) s(r)l

apply opening O and closing @ (p @ s)(r) =suplp(r)—s(r—r)]
> pOs=(pos)®s res
> p@s=(pEs)Ss H. J. Heijmans, SIAM review 37, 1-36 (1995)
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Backup slides SOMA and the SCMF algorithm

Accelerator saturation

Million Particle Timesteps Per Second (MPTPS)

256
128
64
)
a
E 32
= E
16
P100: polymer iteration —+—
8 P100: independent set iteration —¢— 1
CPU: polymer iteration —%—
4 X CPU: independent set iteration
0.01 0.1 1 10
nN/10°
CPU: 2 Intel Xeon E5-2680v3 (24 cores) P100: Nvidia Pascal P100 GPU

L. Schneider and M. Miller, Comput. Phys. Commun. 235C, 463-476 (2019)
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Backup slides SOMA and the SCMF algorithm

SOMA performance

800 — . . . . . . . , .
double m— SOMA —+— ¥
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700 ¢ =5 10 f hoomd —%— * E
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600 | = (0] %
58
500 | °c 1 *x . #*
@0 ) * *
£ 400 | sa -
= o *
| EQ *
300 =2 X
=y O o
200 | = nlf P
g X
100 )
0.01

0.0625 0.25 1 4

0
GTX480K20GTX580KNL CPU K80 1080TiP100 V100 number of million particles




Backup slides SOMA and the SCMF algorithm

SOMA example: hexagonal cylinders

ffex = 0.75
HoN"®* = 28,

Ly =L, =200Re
L8™ = 0.75Re

N =100

VN ~85.7

nN = 240 - 108

vVVvVyVvyVvyYVvYyYVvyy

9<[0:27/6]

28/20
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Backup slides SOMA and the SCMF algorithm

SOMA example: thin lamellar film

2250 kMG -~

2.5k MCS 75k MCS' 2.3M MCS e
.| | l
7 | > fam=05
2 ' = : 1 > xoN&™ =17,
| P> LM =1.2Ry
1 > nN=~411-10°

1 0 0 -1 0
Gjjx Reo /210 Gjjx Reo /210 Gjix Reo /210

29/ 2!
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Backup slides Periodic diblock copolymer phases

Periodic stable and metastable structures

GYR DIA

D.-W. Sun and M. Mdiller, Macromolecules 51, 275-281 (2017)
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Backup slides Large-scale morphologies of filled materials

Interesting work by Prof. MacLachlan (UBC): CNC in polymer matrix

P cellulose nanocrystals (CNC)

in polymer matrix evaporation-
» EISA: chiral nematic CNC-elastomer '”C:;Jced "
. . . self-assembly
» stretching: change in nematic order
g 9 (EISA)

» optical properties

» simulations: molecular mechanism

—

T e S
. g EISA ’
= (/?\- ﬂ S d Infused monomer
b . T N S
) \\h Polymerization
S

CNC and glucose
suspension in H,0 ﬁ

0. Kose, A. Tran, et al., Nature communications 10, 510 (2019)

Chiral nematic
CNC-elastomer
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Backup slides Large-scale morphologies of filled materials

Polymer matrix + carbon nano tube: thermoelectric devices?

Polymer + CNT nanocomposites
thermoelectric figure of merit ZT = %" T Y E

» high electrical conductivity & > polymers: low k > CNTs: high o

M. Culebras, C. Gémez, et al., Materials 7, 6701-6732 (2014)
» low thermal conduct|V|ty K

7 %&g} %29 Y » properties of large scale nanocomposites?

an “)< 55 » engineering favorable morphologies?

% &%b ;Q » mechanical, electrical, and thermal properties?
1? gAEY %%%L bl » model development

g , e » polymer CNT adsorption

1 Ve » thermal transfer @ interface

» charge transfer @ interface
» classical and QM contributions

J. Golebiowski, A. Mostofi, et al., in Aps meeting abstracts (2019)




Backup slides Interplay of electrolyte with electrode

Interface electrode/electrolyte: electronic interactions

P electrode surface may have an ordering
effect on morphology

» length scale and morphology

\4

directed ion transport in a polymer block

» how does the charge interact with the
morphology

» electronic changes in the electrode
before/after charge transfer

P> repeated charge/discharge cycles

» long term effects

» SCMF with electrostatics

U. Welling and M. Miiller, Soft Matter 13, 486-495 (2017)
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