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Software

Versatile Object-oriented Toolkit for Coarse-graining Applications

votca.org
Apache license (free)
C++, scripting, test suite, hg, wiki pages, bug tracker

votca-csg modules (coarse-graining) votca-ctp modules (charge transport)
release 1.2 Release planned for August this year
actively developed for 2 years (you can try theta-version)

Google code: votca project Google code: votca-ct project

charge transport: V. Ruehle, A. Lukyanov, F. May, M. Schrader, T. Vehoff, J. Kirkpatrick, B. Baumeier, D. Andrienko,
submitted, 2011

coarse-graining: V. Ruehle, C. Junghans, A. Lukyanov, K. Kremer, D. Andrienko, J. Chem. Theor. Comp., 5, 3211-
3223, 2009




Software

Len na,

S e
~r ESPResSo++

Extensible Simulation Package for Research on Soft Matter

J. D. Halverson, T. Brandes, O. Lenz, A. Arnold, S. Bevc, V.
Starchenko, K. Kremer, T. Stuehn, D. Reith, "ESPResSo++: A
Modern Multiscale Simulation Package for Soft Matter Systems",
Computer Physics Communications, 184 (2013), pp. 1129-1149
DOI: 10.1016/j.cpc.2012.12.004

Online access: http://dx.doi.org/10.1016/|.cpc.2012.12.004



http://dx.doi.org/10.1016/j.cpc.2012.12.004

Outline

Soft and Nanostructured Matter

Coarse Graining
— General Aspects
— Specific Methods - Examples

Dynamic Properties
Adaptive Resolution Simulation: AdResS
Conclusion/Outlook



Soft Matter - What Systems?

- Organic Materials:

- Polymers

- Colloids

- Membranes

- Hard-Soft Composites (organic-anorganic)

- Synthetic
- Biological






High Tech Commodity:
Polycarbonate (PC)

Bayer Materials

Abb. I: Markenzeichen der Kélner Skyline: Tragemasten der Dachkonstruktion
und Lichtstelen aus Makrolon des Rhein-Energie-Stadions, Kéin
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Yearly production more than 500000t/p.a.



Polycarbonate (PC) for
CDs/DVDs...
PC/Ni interface during dye cast
process
Data pits and guiding grove of a
PC “blue laser optical disc”

Groove

Pit

500 nm

AccV  Spot Magn Det [ ——— RO
8.00kV 2.0 40000x SE E 17578 Bayer Materlals




Why study Polycarbonate
and the PC/NI interface?

Curvature radius
~ 10-20 nm

d=\/4
(~100nm)

sopropylidene !-...I"f‘t“"‘l o

" 1y
‘1_1_ g [
£a®, H?.? Blue Laser Read Out Signal
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Hard-soft, organic-inorganic composite P:

Introduction’=Hierarchical organization

multilayer cuticle twisted plywood of honeycomb-like mineralized
chitin-protein planes chitin-protein plane

l/_IIIIIIIII
— {11111

N-acetyl-glucosamine a-chitin chains chitin nanofibrils chitin-protein fibers in
molecules wrapped with proteins mineral-protein matrix

Max-Planck-Institut fur Eisenforschung, Germany



Organic Electronics
K.Miillen, MPIP

l .edge-on™

Field effect transistor



Organic Electronics: Morphology and Processing




Schematische Darstellung: Polyelektrolyte

20
Example: NaPS5™-_
sulfonated polystyrene

monomers, 10ns

(charged) beads
bond potential ——— nonlinear spring

solvent — dielectric background €
solvent guality T —— effective interaction



Hydrogels
=0(1) (!!) Giant Molecule, swollen from
water

Tanaka, MIT

Polymers, usually not
water soluble

Exceptions e.qg.
electrically charged
polymers:

Polyelectrolytes
(holds for most
biopolymers, e.g. DNA)



Hydrogels, Superabsorber
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Hydrogel
O(1) (') Giant Molecules

swollen from water
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DNA
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Proteins

Primarstruktur Sekunddrstruktur Tertidrstruktur

Helix

Proteinkonformation



Monodisperse, soluble,
semi-rigid (3D) Polymer

MW = 546404 g/mol

5592 Benzene rings (K. Miillen)




Soft Matter - Polymers

- Adsorption of polymers, wetting of polymers
- Adsorption of a single chain — relation to surface magnetism




Soft Matter

“Soft” means:
- low energy density
- nanoscopic length

scales ( 10A ...1000A)
- large fluctuations

- thermal energy kKT
relevant energy scale

1UU LU LUUUUU UITIES SUILLETD Uldll 1101 111dl UIYSLdIS



Energy Scale kg T forT:BOOKP:

E =1.38-10*J/K -300K

kT =4.1-10°'J

KT = 2.5 '10_2 eV Electronic structure, CPMD
kT =<9.5-10*E,, Quantum Chemistry

KT =~4.1pNnm Biophysics Membranes, AFM
kT — 200cm™ Spectroscopy

kT — 0.6kcal / mol

KT — 2.5kJ / mol

Chemical Bond
Hydrogen Bond




Energy Scale kg T forT:BOOKP:

E =1.38-102J/K -300K
kT =4.1-10°*J

kT =2.5-10 “eV
kT =9.5-10“E,,
KT = 4.1pNn

Electronic

ysics Membranes, AFM

Spectroscopy

kiVv"— 2.5kJ / mol

Chemical Bond
Hydrogen Bond




Soft Matter — Nanostructuredpl
Matter

Volume
V=1L3

A: Surface
and/or
Interface Area

Nanoscopically Structured Material:

VIA << 1pm

=> Distinction Bulk vs Surface/Interface not useful

Definition of A depends on the question studied!!



Soft Matter

“Soft” means:
Large fluctuations,
conformational entropy

Or look for energies >> kBT
to dominate fluctuations

Often dominated by finite size effects!

Combination of generic and chemistry
specific input needed!



Characteristic Time and Length Scales

Soft fluid

i ) Finite
. elements
T\

@8 % ESPResSo++

BN \/\\V\V.epresso-pp.mpg.de
i VOTCA

www.votca.org

LAMMPS
lammps.sandia.gov/

GROMACS
WWW.gromacs.org

www.cpmd.org NAMD ength
— www.ks.uiuc.edu/Research/namd/ >



http://www.epresso-pp.mpg.de/

How can theory, simulations
contribute?



Polymers
relevant interactions well defined

Scaling Law

verst

BPA-PC,N=10 e
A
¥

o
il p
: Fie s
P1|1€n.\‘1ene \*‘W -%lf

Generic

Property Relatighs




Simulation Models for Bilayers P:

Relevant Variables — More Complex

much detail little detail

increasingly coarse grained

bead-spring models  triangulated surfaces

HT,

/

'standard” DPD solvent free
Lennard-Jones

increasing numerical efficiency
But, what do we loose...



Simulation Models for BiIayersP:

Relevant Variables — More Complex

increasingly coarse grained

Deserno et al, Nature, 2007 DEISA!





http://www.mpip-mainz.mpg.de/%7Edeserno/gallery/lamellar_phase_with_defects.php
http://www.mpip-mainz.mpg.de/%7Edeserno/gallery/micellar_phase_1.1.png
http://www.mpip-mainz.mpg.de/%7Edeserno/gallery/micellar_phase_1.3.png

Shearing Lamellar Systems: Dimers

T. Soddemann, H. X. Guo, B. Dinweg, K. K., PRE 2003
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Architectures

Linear Polymers Block Copolymers

LECHRE

Branched Polymers — separation

Intramolecular entropy :
S = KkT O(N)



Soft Matter - Polymers

Polymer mixtures
(A. Sariban, H.P. Deutsch, M. Mller, D. P. Landau, K. Binder,...
later M. Miiller, K. Daoulas
(SCFT-particle hybrid methods)
plus a huge body of literature from other groups

1/N power law



Soft Matter - Polymers

Polymer mixtures

1/N power law for critical interaction X, <R2(N)> x N
P(F) = exp(-3r*/2(R*(N)))

N AT7—1/2
pseajf = /{Rz [N)>3"3 aC iV




Soft Matter - Polymers

Polymer mixtures

1/N power law for critical interaction X,

#AA, #BB, #AB contacts =O(N)
ag € N ¥ag

Upa ®Ugg ¢ Ny
Aett = Xng — X

Phase separation, critical interaction

xS =const- N

“chemistry” @ “generic'<ﬁ

Intra-chain entropy invariant => small energy differences => phase separation




Soft Matter - Polymers

Polymer mixtures

1/N power law for critical interaction X,

#AA, #BB, #AB contacts =O(N) Free Energy of Mixing:
A-B interaction energy

AF _ ¢.i 1n¢;1 n (l _ Qi)ln(l — ¢i)
JCT j\fr j\z‘rB

:1' t

Translational entropy per chain

+0,(01-9.) %

b+ =1 Phase segregation:
A B

O'AF O°AF
og,  of,

Intra-chain entropy invariant => small energy differences => phase separation

0 - (Z eff i?\rxi )r:r;r'z = 2




Soft Matter - Polymers

Polymer mixtures

1/N power law for critical interaction X,

#AA, #BB, #AB contacts =O(N) Free Energy of Mixing:
A-B interaction energy

Highly disputed proposal by
K. S. Schweizer

y per chain
1/2
x. <N

egation:

Intra-chain entropy invariant => small energy differences => phase separation



Soft Matter - Polymers

Check by Simulation: H.P. Deutsch, K. Binder 1992

Monte Carlo Simulation P
Extensive finite size P T
scaling analysis employing S i
Cumulants of SSathy i vaes sanianil
A-B density differences JjHiRaaianiaa7 vy i
1.5 P A ] Vg“.,«j
T Vi
S 64, 32 AW = — -
= — 80, 32 S
= -- 80,48 /
N £ -- 80,64 ../,;{f
N1
pum

1.8 1.03 1.3 1.1% 1.2 1.25 1.3 1.35 1.4 1.49

U2l sl L
c L _ K _ 5 15N 4135




Soft Matter - Polymers

Check by Experiment (shortly after simulations):
F. S. Bates et al. 1992

N-scattering experiments on partially deuterated
Poly(ethylene-propylene) copolymers

7o N7° 0 =1.01+0.05




Universal Confinement:
Links &Stress

DO A

1

n

L_ocal stress distribution

AL

= SMALL STRESS
* LARGE STRESS

R Everaers&K. K (1996), RE (1999)




Soft Matter - Polymers

Edwards, de Gennes
Tube model, reptation concept

Classical Problem: MELT €= NETWORK

T e G(t): Time dependent
(shear) modulus:

Melt
\ \D\ < Nj<...
og (1

T 6

Network

Long chains between
log it crosslinks, G(t)
independent of N




| | Edwards 1967

/: // ‘o e ,./ @ ” .
oA Tube leakage”:
f’ Entropy penalty (O(L/2))

2 St £ defects 100 large

|
_ DeGennes 1971

o~

Unique length d



== ~ L P (7(\\)1’%74 //__/
Tube Model )

s

Concept, based entirely on \wards 1967
( conformational statistics

_/
of networks (soft solid) and |  *Tubeleakage’:

; ] Entropy penalty (O(L/2))
melts (IlCIUld). = for defects too large
H

. nnes 1971
N, should be determined from
conformational statistics b,

of the polymers.
- Te OC |\|e Unique length d,




(Semi) generic methods: MC, MD

Ny

UBond =—-30 kBT In{l_( ) }

R

C



Endlinked melts

Edgardo R. Duering, KK, Gary S. Grest
JCP, 1994

I d from melt

N.©70

Seee N =100

Initial conformation
......... All conformations



Entanglements: Primitive Path Analysis

*Evolution of entangled chain cluster
(Everaers et al, Science 2004)

Related work: Theodorou, Kroeger, Larson, Briels...




Characteristic Lengths: |, and p

] /l\R . Solution at p*: p=~R
AR e %3

I Melt: p = strand-strand distance
‘ p/N = chain density ‘

Q%{g
Packi 7
LS r(':lg![?\gp % f§




Plateau Modulus G, Different Polymers P:

Melts and Solutions: Tological analysis and experiment

Gl(\)lllf [ KT VS |k / D NO adjustable

Parameters

GE plot (smdil lk=<r>/L)

10 - ' T - - ]
1 T ++:
i E "
< 5 -'#_Fﬂ_ﬁ‘l-
e
&
0.1 | }_}?ﬁ 3
Bt ]
ﬂﬁ":H
- o gl 1BPA-PC
=001 | ™t £
@ z N ® + R
< : e
P )
~ y —'A"fv
z 4 o :
& 0.001 b SV b .
OA.-- ’
@ SCPPAmelts =
i © . SCPPA solutions e
BROREL G SCPPAPC + 1
P + olefins  +
" dienes  +
acrylates  +
1e-05 | miscellaneous  + 7
PS/TCP(gd) o
PB/PO(gd) &
i 0,00Z26%™8 ~——— ]
1e-06 - . — : ' ——
0.1 1 10
I/

Everaers et al Science 2004, Leon et al Macrom. 2005



Soft Matter

“Soft” means:
Large fluctuations,
conformational entropy, O(L)

(L contour length of the molecule)

and/or OO O 0

if energies >> kT Eecgong = B0Kg T, T=300K
fluctuations are constrained

S
~
-
»
-
//
!
<

———y



Shrinking Gels: Poor Solvent Hydrogels

high salt low salt
Low charge fraction high charge fraction
f:1/3 ¢

— osmotic pressure of “counterions”
enforces swelling («> good solvent picture)
— nodes act as condensation nuclei
— *“pearls” form due to balance with
surface tension (¢« Rayleigh instability)

Segregated strands?



Collapsing polyelectrolyte chains




B i

Melt of collapsed

linear polymers:

Make “use” topological
constraints

T. Vettorel, KK, MTS 2010

10 - RYR.? i
8 -  Siff -
N=200
6 el A VR M-
W™ *}flg"\ﬂ.}#“”'
R v o |
y e N=5000 =200N.
Log(time)

See also work on crystals: Rastogi, Spiess, McLeish



Structure of Chromatin

from review H. Schiessel, ,, The physics of chromatin®, J. Phys.: Condens. Matter 15 (2003) R699

20A / 100
3000A
' ‘ few um
~1cm DNA ' \ u?
pd
l ! i
TR iﬁ% . ay
| e
nucleogome [ 3
+
o e
0 chromosome
~108X ioA‘ I %
\ |
histone octamer \ | 50000bp-loops?

30-nm fiber
“1&-nm fibér“
\ /7

-




Chromosome Territories

K.J. Meaburn, T. Mistelli, Nature 445, 379-381(2007)

T. Cremer, C. Cremer, Nature Reviews Genetics vol. 2, pp. 292-301
(2001)




Cremer Lab, IMB Mainz

w— | LT

Chromatin & Tanscription
i

v




Cremer Lab, IMB Mainz

Superresolution Microscopy” of DNA
Distribution in a human Cell Nucleus.

Intensity Image
after Labelling
with a DNA

specific
Fluorochrome:

~ 5,000 DNA
sites /um?

Maximum ~ 27,000
DNA sites/pum?

Szczurek et al. (2014) *Localization Microscopy (SPDM)




Melt of non concatenated
ring polymers

Conformation of the rings?

Random walk: R?(N) ec N?¥, v=1/2
=> Rings interpenetrate each other
Collapsed ring: R?(N) oc N%¥, v =1/3

= Rings segregate,
finite number of neighbors

(DOa



FHYSICAL REVIEW E VOLUME 61, NUMBEER. 4

Topological effects in ring polvmers. II. Influence of persistence length

M. Maller," T. P. Wittmer, ¥ and M. E. Cates’

A
10t | ®0=0 s
:'F; a2 Speculation of higher order contributions
o=
A c=3
d o
RB
F ockT(R™ /N
A Osmotic pressu&e
R
e +KTN /R
? * Surface term of EV interactiol
16 32 64 128

I\II 256 512 1024 —
New Flory theory, based on V = (Ot 1) /(3& 2)

lattice

animal concept — ) —
V=1/3,d=3 a I 1 V - O-4
A.Y. Grosberg,

Soft Matter Nov. 2013 O — 00 —> V = 1/ 3




Too(?) simple PhySicaI piCture
Grosberg, Vettorel, KK

* If rings collapse, (naively) expect core plus corona
(first simple picture)

. _/
'-‘H A HK

S Tube leakage:
e Entropy penalty for
defects too large

No effect, random walk

N
N <N SO(~ 10N ) Begin “shrinking”,
N

> O(z 10Ne) Segregation regime



Ring extensions: Collection of
data

™ D2/an N Irn D2/An1 \/n1Ind \NIE  _ _ _ RI1/R1
e Halversonetal. [22], N, = 28
¢ Huretal. [23], N, = 140
v  Suzukiet al. [21], N, = 40
m Vettoreletal. [20], N, = 175
~ 2 4[5 A Brown and Szamel [18], N, = 40
Rgs(N)/ N : o e
e i » Miiller et al. [17], N, = 85 i
=
-~ 1 ~ (N/3Ng)~2/15
P 021 100 £ {f\fﬂﬁ‘\f&r)ﬂ‘{f,r i,
~ = T wa®
—|= m” %,
)
o
e
1
S
10-1 :

N/3N,
A. Grosberg, KK, PRL 2012 cf A. Y. Grosberg, Soft Matter 2

J. Halverson, G.S. Grest,



Linear, N=800~=29 N,
(PS: M=500000)

A -

Linear N

chain id = 78, monomers per chain

time = 5.664e+06 tau Rglt)f<Rg> = 1.22 eqgrtlg3(t)]/<Rg= = 0.00

Ring W = 1600

Ring, N=1600
(PS leoooooo) chain id = 2%, monemers per ring 1600

time = 1.00e+04 tau Rg(t) /<Rg> 1.13 sqgrtlg3(t)]/<Rg> = 0.00




Surfaces

Back to Spin analogy:

- Adsorption of polymers, wetting of polymers




Soft Matter - Polymers

Many chains close to surfaces: Brushes

Bottle — Brushes

< M. Schmidt et al, K. Binder, H.P. Hsu, W.
Paul etal, SFB625




Soft Matter - Polymers

Many chains close to surfaces: Brushes

e.g. J. Klein et al

Forces between surfaces etc.

Wetting phenomena ...
SCF Theory, simulations...

SiN, probe tip : Au-coated
+ end-grafted CS-GAG brush microfabricated
+ methyl SAM : C12H25-SH cantilever
 F .
H o'l —~ e @ H
SENRAA Hoy 190 0m M gge
° SRIC:) III|| T "'” @ o S o i
@& P05k P @ e et % L oY Pt @
P EE Fein o bl avs, o @ ge i
SRR C R CIAL o .5 0.2 ] Jep 8 ]
& o) ® G adel &/ P (el el 5 (_)
® °e °'°: % o I ®®® e° P ;0
o “Q'Oee 04.9° °°°0°°°
{5 ._ ! ._.-' . .
5 9%V 5o s © 7 tp dlfﬁ.Jse
@ @ . counterion
& @ @ @ & .
& @ @ & & double layer
& o o ® &
~~~‘€> @ R & @ ®
D O T ®g 0 & . Toe bulk
& o TrEmTTTT e e ® concentration
o © ® of electrolyte ions
& & @ @
@
o & 0 4
e ® © surface diffuse
s 6O ® ® ® counterion double layer
¥ 9% 9 5 o o
kb oel 5 S B e
o) et 20T i /e
0 [0 9_ L] : of, end-grafted CS-GAG
o (_) &e | :’ @‘@ '°° A3 brush on a planar
MASST Tl 0 LTS o surface
Dol b 28 (PR [0 aoed
h J RN B A ) methyl SAM ;
X ¥
CHys-8H
Au -coated
5~6.5 nm silicon chip



Goal: Application to complex systems

C. Peter et al, Soft Mat. 2008 Andrienko et al, PRL 2007,Nature Mat. 2009



Polymers
relevant interactions well defined

Scaling Laws

BPA-PC,N=10

Generic

Structure Property Relations




Polymer m |
"oll soluble” Wpath in space

%Wbead spring” chain
9,
PE 1 Y PDMS
N ty
N.~50 ° ~ |_ -
M, ~1400 e "’| ° =M, =9000
T, ~150K ( Sy - N, ~120
PS - T, ~160K
~ > &
M ~ 18000~ 0 CH,_ |
N, 170 B {O‘C‘O@‘gﬂ —
To = 370K b " “BPAPC

N, ~5-6 M, ~1500

T, ~ 420K



Glass transition temperature T P:
of polymers

 Polymer Te (K)
 Polyethylene (LDPE)
 Polypropylene (PP, atactic) OK
« Poly(vinyl acetate) (PVAC) 300K
» Polyethylene terephthalate (PET) 350K
« Poly(vinyl alcohol) (PVA) 360K
o Poly(vinyl chloride) (PVC) 355K
 Polystyrene (PS) 370K
 Polypropylene (PP, isotactic) 273K
o Poly(3-hydroxybutyrate) (PHB) 273K
 Poly(methylmethacrylate) (PMMA, atactic) 380K
* Polycarbonate (BPA —PC) 420K

e HIP(TMC)- Polycarbonate ~ 520K

Most polymers are glassy at room temperature


http://en.wikipedia.org/wiki/Polypropylene
http://en.wikipedia.org/wiki/Polyvinyl_acetate
http://en.wikipedia.org/wiki/Polyethylene_terephthalate
http://en.wikipedia.org/wiki/Polyvinyl_alcohol
http://en.wikipedia.org/wiki/Polyvinyl_chloride
http://en.wikipedia.org/wiki/Polystyrene
http://en.wikipedia.org/wiki/Polypropylene
http://en.wikipedia.org/w/index.php?title=Poly%283-hydroxybutyrate%29&action=edit
http://en.wikipedia.org/w/index.php?title=Poly%283-hydroxybutyrate%29&action=edit
http://en.wikipedia.org/w/index.php?title=Poly%283-hydroxybutyrate%29&action=edit
http://en.wikipedia.org/w/index.php?title=Poly%283-hydroxybutyrate%29&action=edit
http://en.wikipedia.org/wiki/Polymethyl_methacrylate

Example Viscosity n=AN*
of a polymer melt (extrusion processes ....)

materials/ chemistry specific Prefactor

M Microscopic
w L =1A - 3A (e.g. function of T, glass transition)
7

T=1018sec n=A NX
“Energy dominated*

Mesoscopic generic/universal Properties
L = 10A — 50A n = A NX X=3.4
T=108%-10%sec M molecular weight

“Entropy dominated*

e.g.: increase N =>10n

specific: T=500K => 470K (BPA-PC)

_ generic: N =>2N
varies many decades



Time and length scales

B

Macroscopic Semi macroscopic Mesoscopic

M t ] I domains etc. L= 100A - 1000A L =~ 10A - 50&

a erla T~0(1sec) T = 10%-10*%sec
P I’O pe rtl eS Entropy dominates
&
Mesoscopic Microscopic (Sub)atomic
L ~10A - 504 L ~1A-3A electronic structure
chemical reactions

T = 10%- 10" sec T = 10%3sec excited states
Entropy dominates Energy dominates

generic/universal AND chemistry specific



Characteristic Time and Length Scales

Soft fluid

A Finite
- elements
'y

& | ESPResSo
www.espresso.mpg.de

GROMACS
WWW.gromacs.org

. WW.Cpmd-Org Length

>
Local Chemical Properties --- Scaling Behavior of Nanostructures

Energy Dominance --- Entropy Dominance of Properties



Detour: Rouse Reptation — Most Basic

Aspects
“bead spring”
chain
(1 1
Rouse Model” 1o
entropic
spring
Brownian dynamics of \t;iSCl?uS ;
ackgroun

chain (random walk) of harmonic springs:

3kT

oty = )+ 1

() f, (t')> = 2dkT S, 5(t—t')

|+1




Rouse model

1 & m(i+1/2
e %0 =g 2 n@es(PEEEE
P=0L123,...
o 6y X =k X+
Relaxation time 5 2
c(R*(N))” [N’
T = =
" 37l k. Tp? | p°

TRouse — Tp:l




Rouse model

K. T
Modulus G(t) 'O Zexp( th /TR)
2
Viscosity <R >
= | G(t)dt = pc2—L o N

" j (dt = pc
Chain diffusion constant D = kBT
s

Agrees to experiments of short chains




Rouse model |

Networks!!
(classical)
Modulus g(_2tp2 /TR)
viscosity R2
R
36
Chain diffusion constant  [) = kBT
N¢g

Agrees to experiments of short chains




Mean square displacements

“bead spring”
chain
(1 1
Rouse Model” 1
entropic
spring
Brownian dynamics of viscous
background

chain of harmonic springs:

t, t <7,

0, (1) = ((r, () —1(0)*) o 41", 7o <t<rq
t, t>r7,




MELT €-> NETWORK

short chains
long chains
Viscoelasti —
Liquid
MELT
log {t)
Soft \ Rouse
NETWORK Solid Network
log ()

G(t): Time dependent (shear) modulus:
o(t)=G(t)(1-1)




| Edwards 67

") & T HK 1] ” .
A Tube leakage”:
\ Entropy penalty for
defects too large

1/2
d; oc N;

G” oc N.*

Unique length d,

Rouse model subject to tube constraints



Polymer Melts

Short Chains N < N, N.<N Long Chains

-1 : : -2
« DN Diffusion DacN

: : 3....

« r,cN° Relaxation Time 74 %N

1 . . o« N 3.4
e pocN Viscosity i

kT

e G’°=0 Modulus G’ ~ N oc N
) (t << 74 )
* Rouse Model Reptation Model
e Chain motion subject Chain motion subject to
 background and heat bath TUBE CONCEPT

UNIVERSAL PROPERTIES




Melt viscosity vs
chain length

From Doi and Edwards



Mean square displacements: reptation

0,(0) = (K (0~ (V)*) =

05(8) = ({1 (1) ~ 1, (0))7) o -

(

t1 t<2'0
1/2 NT
Jt ) To<t<Te~Ne
t"*, 1 <t<ry=N?
ktllz, r.<t<z, ~N°/N,
L, t> 1,
1, t<r,
tV?, 7, <t<r,
t t> 7,



| U[JUIUQIUdI wullouallito
Matter
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End Detour: Rouse Reptation — Most
Basic Aspects

“bead spring”
chain
“*Rouse Model” 1o

entropic
spring

Viscous

/ background

“Reptation/Tube Model” 106771




Coarse Graining

Soft fluid

4) Finite
- elements
>/ 4

Length

Local Chemical Properties --- Scaling Behavior of Nanostructures
Energy Dominance --- Entropy Dominance of Properties



Coarse Graining (CG)

Interplay Energy < Entropy
Micro-Meso Simulation Free Energy Scale: KsT

atomistic model => parameterize cg model

Different general strategies:
Structure based
Force based
Potential based

Methods to calculate CG interactions:
(Iterative) Boltzmann Inversion
Inverse MC,
Force Matching
Relative Entropy



Coarse-graining of atomistic systems

@ . Coarse-grained system
% (10 PPY repeat units)

Atomistic system
(polypyrrole chain)

" ={ry, .., m) R" = {Ry,..,Ry)}
pn ={p1, ., Pn} PN = {Pq,.., Py}
n 1 N 1
h(r™, p) = Z 3 PE U™ H(RN, PN) = 70 P24 URM)
i=1 I=
canonical ensemble (NVT)
Prp ", p") =pr (Tn)pp ") Prp(Ry, Py) = Pr(Ry)Pp(Py)
p(™) ~ exp[—Bu(r™)] P(Ry) ~ exp[-BU(R")]

N 5

PI

P(Py) ~ exp —ﬁZ—ZM
I=1 I

W. Noid et al., J. Chem. Phys. 120, 244114
(2008)

p(p") ~ exp [ BZ 2m,



Basic standard methods

e Boltzmann inversion (structure based cg)

The idea of Boltzmann inversion stems from the fact that in a canonical
ensemble independent degrees of freedom ¢ obeyv the Boltzmann distribution,
1. .

P(q) = Z texp [-5U(q)] . (2.19)

where /7 = f exp [—3U(q)] dq is a partition function, 7 = 1/kgT. Once P(q)
is known one can invert eq. 2.19 and obtain the coarse-grained potential,
which in this case is a potential of mean force

U(q) = —kgT'In P(q) . (2.20)

Apply this concept to g(r), the radial distribution function



Basic standard methods

e Boltzmann inversion

bond angle

P {i‘"_ 9- 7:} p— D:‘:_]-_} [_j[* (?*_ 9‘ \1:.)]
P{a: 0. -7:‘) — P?"(?‘)Pﬁ{Q)PF[;) N

o
—,

—
-1:3
R

|

ﬂ U, (1 )Jr[g[&?)Jr[Tp(;).
Us(q) = =kgl'In P (q), g =1,0.¢

Hendersen Theorem: unique correspondence between U(r) and g(r)

Potential is state point dependent



Basic standard methods

e |[terative Boltzmann inversion

U (r) = —kgT Ing(r)

Ui~ g 4 Ap™
P(-n-}

ref

AU™ = [T 1n




Iterative Boltzmann Inversion

S, are proportional to the
radial distribution function

Ignore off-diagonal
elements,

and take into account that
for an ideal gas

g(r)

AU(T’) = kBTlI]W

_ N(N — 1) 4nrgAr

a

2

v 9(1a)

Agy = ﬁ(<5a)<sy) - (Sa:Sy))

i

Generate target
distributions

v

-
Generate coarse-

grained topology

-

v

-

Generate options file

o

;

i

"

Start iterations

v

-

Check output

Either from atomistic simulation or
experiment

either by hand pr ceg_gmxtopol
Cenerate all files to run simulation

J | except for missing potentials

j
|

Specify all interactions that should be
iteratively refined

csgdnverse < options.xml =

Monitor first couple of iterations.
Many parameters can be tuned on

J | the fly

IBI: local, no correlations. Robust, but it is not clear how well it performs for mixtures.

D. Reith et al., J. Comp. Chem. 24 (13), 1624 (2003)




Basic standard methods

* Inverse Monte Carlo (Lyubartsev)

Similar concept as Boltzmann inversion, however
sampling directly on the discretized potential u(r,...)

Automatically includes correlations (unlike factorization ansatz for
Boltzmann inversion)

Numerically more demanding




Basic standard methods

e |terative Boltzmann inversion
* Inverse Monte Carlo (Lyubartsev)

Both structure based methods

Henderson Theorem: Unique relation between g(r) and U(r),

but potentials are state point dependent, not generally transferable

only g(r) is reproduced and thus the compressibility,
but not the pressure (i.e. thermodynamic properties)!



Structure based CG - Compressibility

3.0

as L 4 SPC/E AA ]
~ SPC/E CG ;
26 F SPC/E PC CC ——— 3
24F | prTrTrrrTrTTTTTTTTTITTTITITTTTT I ]
22 | L1 1 ]
el W“‘v*“ 1 SPC/E water,
RDF, = .t 0.9 F 1 ] .
o W/ .11 cgbasedonmatching g(r)
192 L 03 04 0.5 06 07 08 09 1.(]'_:
1.0 | .
0.8 b
0.6 F
0.4 ' . . L L 1 L L L ]
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
r [nm]
Pressure
CO
P=pkT — 2/3 npzf U'(r)g(r)r3dr
0

Compressibility

1

00 1 (N?)—(N)?
k= e (L+4mp Jy r2[g(r) — 1]dr) =~

k,T  (N)




Basic standard methods

e J|terative Boltzmann inversion
* Inverse Monte Carlo (Lyubartsev)

Coarse Grained Water:
Structure based
Coarse Graining: SPC/E

Perfect match of g(r)
all atom — coarse grained




Basic standard methods: Force Matching

 Ercolessi&Adams 1993, Noid&Voth et al JCP 2008ff (Martini Force
Field follows similar ansatz)

pﬁvl

PR A " 4
£ ,A&Vw
o4y T

s 1w ]( — -
.I'ef L 1[ x ) R _ Y —
i =M, E P WaTq
‘3” M, 3‘ a Tala
¥
cg force AA forces Position of cg particle

M; = (>, w2 /my) !

mass of cg particle



VOTCA: Versatile Obje
for Coarse-grainir

e General ansatz:
— n “atomistic”,
— N cg particles

{Ti}ﬁ 1 = 1,2,...

> R = Mr

 —
DO
S

D. Andrienko et al, subm. 2009

| Initialize global variables {paths fo
b scripts, executables and user-defined
| scripts)

Global initialization

| Convert target distribution functions
[teration initialization | + into internal format, prepare input

R
5

-

i J | files, copy data of the previous step

!

Prepare sampling

!

1l Prepare input files for the external
sampling program

r v ) Canonical ensemble sampling with
Sampling + molecular dynamics, stochastic dy-
y J | namics or Monte Carlo techniques

v 1 Anabysis of the run. Evaluation of dis-
Calculate updates | ; tribution functions, potential updates
. J)] ALNm

!

Postprocessing
of updates

'

Update potentials

'

Postprocessing
of potentials

)

1_ Smoothing, extrapolation of potential
updates. Ad-hoc pressure cormection.

b pim 1}

l!'..':n_- | _s.hr.'-rll

| rSmmthing, extrapolation of potentials
[Fim+1}

Evaluation of the convergence cri-
LLen'urn gither for AL gr distribution
yes functions. Check the number of itera-
tions.

no

)




Structure Based Coarse Graining

kkkkkkkkkk

Coarse Graining (CG) <=> Inverse Mapping

Micro-Meso Simulation Interplay Energy & Entropy
Free Energy Scale: kBT

atomistic model
=> parameterize cg model

=>run/analyze large system (melt etc)

“measurements” R?(N)...

reintroduce details
=>run/analyze atomistic system




Structure Based Molecular Coarse-
Graining:
Bisphenol-A-Polycarbonate

BPA-PC.N=10 {E-
k@ﬂL@"’ ‘% 4 ” Coarse-graining:
phenylene Mﬂgﬁf“‘% map bead-spring chain over
E: .ﬁ o peopidene P molecular structure.
=>
el 4 ,5‘4)) .- Many fewer degrees of freedom
carbonate

Inverse mapping: grow atomic
structure on top of coarse-
grained backbone

éé,,,, @j =>Large length-scale equilibration
“ &%, inan atomically resolved polymer

W. Tschop, K. Kremer, J. Batoulis, T. Birger, O. Hahn
Acta Polym. 49, 61 (1998); ibid. 49, 75, ff




Interaction Energies in the
Coarse-Grained Model

\{)\ Angle potentials are

 Excluded volume
e Bonds 232
* Angles

T-dependent Boltzmann
Inversions; e.g., at carbonate:

T=570K A/

[

0O 20 40 60 80 100 120 140 160 180

co,/deg.




Results for Melts, N=20....120

- Molecular Coarse-Grained Melt

<Ré(N)% = 37,&2

R of coarse grained simulations
agrees to n-scattering experiments!

- Reintroduce Detalls: Inverse Mapping

Speedup = 104!



Polycarbonate

BPA-PC
CHa Tyr=390K N_=7
~O-g oo To=420K M, =1700
O n ductile
BPZ-PC
Q/@ e Tyr=390K N_=10
n T, = 420K
brittle

@) O—c—o TMC-PC
[] T, =480 K N_=15
CK\CHg H3 n ‘Iyg =510K ©

“somewhat ductile“

(M, Entanglement molecular weight M <M_, T,,(M) & T, —50 K)



Simulation vs Experiment D =Doexp _A’T _T
VF

1.0

BPA |BPZ |TMC

323K 292K [407K |

387K 392K 477K | € w
Simulation: N=10 00

0.0 2000 4000 600.0 8000  1000.0 12000

Experiment. N=200 T

[W. Tschop, K. Kremer, J. Batoulis, T. Blrger, O. Hahn, Acta Polym. 49, 61
(1998); ibid. 49, 75].



Viscosity => Time Mapping

n=pPRiksT /s* (N -1)?36D

e Melt simulation

* Viscosity from
chain diffusion
coefficient (Rouse)

 Property of entire
chains

T = 22PS

(T=500K, new data 2005)

[W. Tschop, K. Kremer, J. Batoulis, T. Birger, O. Hahn, Acta Polym. 49, 61
(1998); ibid. 49, 75].



Viscosity => Time Mapping

= /ORlslkBT/Sg(N

e Melt simulation

* Viscosity from
chain diffusion
coefficient (Rouse)

 Property of entire
chains

T = 22PS

(T=500K, new data 2005)

Viscosity

100000

10000

1000 F

01¢f

0.01 — '

100 f

—
o
1

_1)236D

Data Experiment ©
VF-Fit Experiment —
Data Simulation +
VE-Fit Simulation —-

0

05 1 15 2 25
1000K/T

[W. Tschop, K. Kremer, J. Batoulis, T. Birger, O. Hahn, Acta Polym. 49, 61

(1998); ibid. 49, 75].




Coarse grained
BPA-PC chain

(L

All atom model



Comparison:
Simulation vs n-Scattering

— N20, 280 K
e --— N20, 570K |
"H —— NB, 290K
. weeE NEOERRG
: o gxperiment

20 F {

S(Q) (ham sr')

10 F

2 2
<RG (N )> ~ . J. Eilhard et al, J. Chem. Phys.
N — 37 A 110, 1819 (1999)

B. Hess et al, Soft Matter 2006

Well equilibrated coarse grained AND all atom melt configurations!



Structure factors of
(deuterated) BPA-PC

Right: standard BPA-PC

Bottom: fully deuterated BPA-PC o

300

25.0

— Simulation

O,

HH
e

0 Experiment |

it
Sil

Il
1.0

Il
20

1
2.5

3.0

25.0

20.0 -

16.0

10.0

50 F

ﬁﬂ% — Simulation

o Experiment

+Amorpous Cell

H
Wiwprs
Fii

1 L L 1 1
0.5 1.0 15 2.0 2.6 3.0

[J. Eilhard, A. Zirkel, W. Tschop,
O. Hahn, K. K., O. Scharpf,

D. Richter,U. Buchenau,

J. Chem. Phys. 110, 1819 (1999)]



Polycarbonate (PC) andthe PC/NI
Interface

Grooves and address pits of a die cast sample of polycarbonate
for a high storage density (blue laser) optical disc

AccV  Spot Magn Det [ ——— RO
8.00kV 2.0 40000x SE E 17578 Bayer Mater|a|5



Why study Polycarbonate and the PC/Ni
Interface?

Curvature radius
® 10-20 nm

d=\/4

(€©100nm)

WH? Blue Laser Read Out Signal



Simulating

onto bead-spring chain

Simulation of coarse-grained
BPA-PC liquids (T = 570K)
next to metal surface

)

Specific surface interactions
Investigated via ab initio
calculations




Ab Initio Investigations of
Comonomeric Analogues on Nickel

BPA-PC repeat unit

carbonic acid @ G,
benzene propane

Snapshot: CPMD simulation of
benzene chemisorbed on phen0| @OH
nickel (111)
(CPMD Program: M. Parrinello)




Adsorption energies of BPA-PC
fragments

VAVAVAVAVA

B VA VAY/ VA
VAVAVAVAVA

B VAW, VAV, VA
uuuuu

\VAVIVAVSVS:

D © YAYA @ A

VAVAVA.VAVA
V)VAYAVA‘VA-._

'—'l.
LA

=
o

Energy(eV)

&
o

-1.0

Propane (isopropylidene)

I S Carbonic acid (Carbonate)
[ ¥
v % Benzene-Phenol (phenylene)
\
.‘. '\\
h .
ATIEEN
. ~
~, ~
b e
..... Ty &
>
Y }_
2.0 3.2
istance(Angstroms)




CPMD: Dependence of Phenol-Ni
Interaction on Ring Orientation

Interaction very
sensitive to orientation!

80 100




Ab Initio MD: Conclusions

« Strong repulsion of propane and carbonic acid
+ the strong orientational dependence
+ short interaction range of phenol
with Ni {111}
>
Internal phenylene comonomers in BPA-PC are
sterically hindered from adsorbing on Ni {111}.
> 4
Torsional freedom in carbonate group allows for
terminal phenoxy groups to adsorb



Coarse-Grained BPA-PC with End-
Group Resolution (Dual Scale MD)

SIspheno-A-polycarionate Phenol-Ni interaction

@Vﬁ\oﬁ\io@ strongly dependent on
| - -'n'—f .

C,-C, phenol orientation

4:1 Coarse—grained *In standard 4:1 model,
O.Q.Q.O phenoxy end orientation
not strictly accounted for

“n—1
. | *Resolving only the
4:1 with end—group resolution terminal carbonates

specifies 1-4 orientation
and Is inexpensive




Competition Energy-Entropy
Other Chain Ends

L. Delle Site et al., J.JAm.Chem.Soc.; 126; 2004; 2944



L. DelleSite, S. Leon, KK, J. Phys. Cond. Matt. 2005



Shearing a Melt

W‘

i
b

_ﬂgﬁ'}l

end adsorption energy
dominated case:
phenolic chain ends

Surface Potential for Ends




Photoswitchable Azobenzene
Structure Developing Liquid
VW Stiftung, C. Peter,L. Delle Site, KK - D. Marx (Bochum)

frans azobenzene as a mesogen

8ABS8
%V M=
@7“\\“ @ @ @ Hscw"'@'“l‘h O"\/\/\/\/%
light induced
(particularly in phase transition

polymer or anisotropic
environment)

Crystal Nematic
lkeda & Tsutsumi, Science 1995

phenomena on wide range of time and length scales mutually influencing each other
= multiscale approach



Example LC phase transitions

Disordered @ 480 K SmA @ 460 K

CG model should
reproduce this transition !

Super-cooled fluid @ 460 K \

CG model should
reproduce structure

Parametrisation
impossible here:
(layering built
Into potentials)

Parametrise HERE !



CG model for di-phenylalanine
with/without explicite water

= Mapping

= Intramolecular degrees of freedom
= Nonbonded interactions
1. solvent free model

2. model w. explicit (CG) solvent representation




Intramolecular (bonded) degrees of freed(k:

180

Atomistic sampling 20 CG sampling -

| -

-60

-120

-180
0 60 120 18 0 60 120 18(

NH3-Cab-Phe (degrees) NH3-Cab-Phe (degrees)
0 G (kJ/mol) 24.0

. T

= Correlations between degrees of freedom are well
represented in the CG description




Simulation and Modeling: (idea) Work Flow
orgamie, electronics (. Andrienko, K. Daoulas)

U

Quantum chemistry,
Force field all atom,
coarse grained
MD simulation

Kinetic MC
Quantum Chemistry

Processing
Nonequilibrium




MD, SCMF

Processing
Nonequilibrium




Structure Based Coarse Graining

« Dynamics -- Melts, Rheology
-- Diffusion of Additives



Time scale, PS, BPA-PC

M., =104

. Neprimpath ~ 150

— 2[e)1/2
_ _ T3~ (Msp_hereo._/a)
Time scaling: T ¢9, ;= physical time x constant
Moon = 254

Msphere ~ 63 =====>7 ;= 17p5

o =5A

Neprimpath ~55




PS: Polystyrene

D. Fritz, V. Harmandaris, G. Floudas, N. Van der Vegt




Dynamics

« Too complicated already for PS!

T -
‘?"-é ?-"
., ';[-"2
360

- =

S 240 E

=

E“ 2

E' 120 %

5

120 240 360 0 120 240 360
v, (Degree) U, (Degree)




Atomistic vs cg Simulation:
Time Mapping

mean square displacements

Leon et al, Macrom. 2005, Hess et al Soft Matter, 2006

atomistic vs coarse grained BPA-PC
e | | /AII atom sims
—— N5at 1 G Al - . - :
--------- NG &t (1050 kg m™ ) ] T :
o NG GG | 1 1= 30ps o '
10° b --- N20at _ DDDDD'
— o N20 CG = T -
= of
- € o1 5
= 2 % —— N5 atomistic <
10 o N5 backmapped L3
[ - —— N20 atomistic
[ - O N20 backmapped ”
|:||:|-1 1 1 | ku
||||d ||||5 L1l 5 '1|:| 15
10 10 10 O 2 (A7 ps'®)
tips]
CG sims

Back mapped



Time scale, PS, BPA-PC

M., =104

Neprimpath ~ 150

— 21e\1/2
_ _ T3~ (Msphe_rec /5) /
Time scaling: T ¢9, ;= physical time x constant
Moon = 254

Msphere ~ 63 =====>71 ;= 1.7ps
o =5A




Application: Diffusion Constant of PS

(two step approach AA->UA->CG)

e Exp. Data[10]
O AA-scaled CG data

Simulation:
E = e NO adjustable parameter
— N [ <
§ 108F iy - M,y < 50kD
“g Y B 0
o — -
= 1of g Ju :
10
a 10 Dam-@. B
- 3‘ :
1077 -
E = |
14 | ] . Experiment:
10" 1000 10000 Raw FRS data, Sillescu

_ M (gr/mol)
V. Harmandaris, KK, Soft Matt. 2009



Application: NMR data of PS

. Simulation:
1071 17 NO adjustable parameter
[ | — NME. M=16kDa
1{}'&? —— NME, M=2.1kDa
F |- NME. M=109 kDa
- | © CGMD. M=1kDa
m—T:_ O CGMD, M=2kDa
5 & CGMD, M=10 kDa
5107 F
o = =
L u .
10°F 3
107 Experiment:
- M. D. Ediger et al, MM 2004
-11 ! I ! I ! I ! I ! ! I ! I I |

|
10577205 21 215 22 225 23 235 24
1000/T (K)

Figure 5: Segmental correlation times from NMR experiments [30] and CG MD simu-
lations for three different molecular weights.



Conclusion preliminary

e Soft and Nanostructured Matter
— Finite size effects crucial

e Coarse Graining
— Bonded, nonbonded interactions, transferability
— Inverse mapping => link to details
— Dynamics



3772 Biophysical Journal Volume 96 May 2009 3772-3780

Force Field Bias in Protein Folding Simulations

Peter L. Freddolino,” Sanghyun Park,* Benoit Roux,® and Klaus Schulten™

fCenter for Biophysics and Computational Biology, University of lllinois at Urbana-Champaign, Urbana, lllinois; *Mathematics and
Computer Science Division, Argonne National Laboratory, Argonne, lllinois; and SDepartment of Biochemistry and Molecular Biology,
University of Chicago, Chicago, lllinois

Force field errors can be very significant for large
molecules

For proteins easily sum up to size of basin off
attraction

Can CG be used to refine underlying force fields?




Conclusion preliminary

Soft and Nanostructured Matter
— Finite size effects crucial

Coarse Graining

— Bonded, nonbonded interactions, transferability
— Inverse mapping => link to details

— Dynamics

Adaptive Resolution Simulation: AdResS
Conclusion/Outlook
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