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Our dream

Quantum Chemistry  Statistical Physics Continuous Models
Ground/Excited states Advanced sampling techniques Drift-diffusion solvers
Electrostatic multipoles Master Equation solvers Self-consistent field
Polarizabilities Long-range Interactions techniques

1nm 100nm
_ no fitting parameters, quantitative accuracy —
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One-dimensional Ising model

1D lattice T | T T | | T T
| v | | v | |

s; = 1 (spinup) s; = —1 (spin down)

T | —J (energetically good)

spins interact

—

, 4/ (entropically good)

Low T
configurations

A A A A A
|

High T
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Statistical Physics

Interaction between two neighboring sites only B = kBLT
Eiiv1 = —JSiSi+1 e rion
Hamiltonian l
H = z Eiji+a 5,

i

Partition function

z= ) ep(-pm)= ) | [exp@sisi)

[,si=%1 si=x1 1

Can we invent a smart way of evaluating the partition function?
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Real space renormalization group: Decimation

Partition function Decimated partition function
Z = Z HeXp BJsiSiv1 £ = Z 1_[ Z exp fJ(Sz2nSan+1 + San+1 Szn+2)
Si:il i Son [=2n Son+1

substitutions

exp fB/siSi+1 = cosh BJ(1 + us;s;41)
u = tanh fJ

Z = z 1_[ coshBJ(1 + us;s;+1) Z = 2 1_[ 2 cosh? BJ (1 + u?s,,597+1)

Son 1=21

Similar sum but two times less sites. Repeat!
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Coarse-grained Ising is again Ising!

poalle alle 4 s A A A

decimation

Z = z 1_[ cosh BJ(1 + us;s;+1) Z = z 1_[ 2 cosh? BJ (1 + u?s,,52n41)
Si l

Son =21

Our first bottom-up coarse-grained model

new coupling constants
tanh )’ = tanh? gJ

B]' = %ln cosh ]

Check coupling constants whenn — oo
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Coupling constants

A RIK)

1
" = =In cosh
Graphical solution 'B] 2 1 €05 '8]

K =p]
/ Attraction points

] = 0 - stable (T — o0)
f] = oo - unstable

; ' At some length-scale the coupling
. | ;K always becomes small, no matter how

strong the microscopic coupling was

1. No long-range order in 1D systems with finite interaction range
2. Fluctuations in 1D always eliminate phase transition

Generalize to more complex systems?
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Summary

1. Chose blocks: two spins combined into one
Mapping operator: Ising -> CG Ising

2. Integrate out “unneeded” degrees of freedom
Effective CG potential

3. Project effective potential on a CG force-field
No need, CG Ising has the same Z(s) as Ising Z(s)
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Coarse-graining of particle-based systems

Atomistic system Coarse-grained system
polypyrrole chain n<N 10 PPY repeat units
r* ={ry, .., 1)} coordinates RN ={R,,...,Ry}
p" = {p4, ..., Pn} momenta PN ={P,,.., Py}
Hamiltonian
N

n
1 1
AG7P") = ) spt+uG™) HRY,PY) = ) S PE 4 UGRY)
i=1 =1
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Canonical (NVT) ensemble

p(r™) ~ exp[—Bu(™)] Boltzmann  P(Ry) ~ exp[—BU(RM)]

n
2
p(p™) ~ exp [—,BZ ZI:;%_ Maxwell  P(Py) ~ exp —ﬁz 0
1=
Total probability
prp (™, p™) = p.(rM)p, (P™) Ppp(RYN, PN) = P (RV)P, PV

physical intuition

Prp (r™, pn)szP (RN» PN)

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

n
R; = Mg, (") = z CriTy
i=1
n
CriDi
P, = Mp;(p™) = Mlz —
e M,
i=1
c;; isan N X n matrix Propane CM:

4x1,3x1,4%x1

Y.; ¢;; = 1 (translational invariance) block matrix

Here: linear mapping operators only
You will have to specify c;; in the VOTCA input files!
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Conditional probabilities

Equilibrium probability density for CG variables

pr(RY) = [ dr*p,(r™)5(MY,(r™) — RV)

pp(PY) = [ dp™p,(p™)S (M, (p™) — PV)

delta function sorts microscopic states in
appropriate coarse-grained states

Consistency of the CG and the atomistic models

Prp (RN; PN) — DRP (RN: PN)

10/8/2013 Denis Andrienko, Max Planck Institute for Polymer Research, Mainz, Germany



Potential of Mean Force

PRP(RN;PN) = pRP(RN»PN)

is equivalent to

~1
2
momentum space: M, = (2 &)
m;

S|

coordinate space:
exp[~BU(RM)] ~ [ dr'exp[—pu (™15 (M}, (™) — RV)
F (RY) =(F; ™))y

The CG interaction potential is the potential of mean force
The CG force is a conditioned expectation value of the atomistic force

W. Noid et al., J. Chem. Phys. 120, 244114 (2008)
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Force-field basis set functions

PMF provides exact mapping of the atomistic onto CG system

G[Rl' RZ ’ RB]

G[(R1—R3) - (R; — R3)]

PMF requires many-body potential functions G;(R"),
MD force-fields provide a limited set of many-body potentials
(angles, dihedrals)
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In a nutshell

Atomistic Coarse-grained
model model

Force Matching -
Inverse Monte Carlo =

. s inl
Relative Entropy |
Iterative Boltzmann Inversion
Conditional Reversible Work

: T

\/
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Variational principle

Project the many-body potentials on the functions provided by
the force-field

N

2161 = |F ) — 6, (M)

=1

The global minimum of the functional y for G in the vector space
of CG force fields is achieved when G is F

This is exactly what force-matching (MSCG) is doing:
projecting many-body PMF onto the CG force-field basis functions

S. lzvekov and G. Voth, J. Chem. Phys. 123, 134105 (2005)
W. Noid et al., J. Chem. Phys. 120, 244114 (2008)
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Force matching, MultiScale Coarse-Graining

' 5,

Reference simulation ] Include forces in trajectory

N "

v

Define map-
ping scheme

'

Verify map-
ping scheme

.

Setup force-
matching options

v

Run force-matching } csg-fmatch

!

Integrate forces
to get potential

csg-dump to list atoms

csgJmap to map
Visualize reference + mapped in e.g.
VMD

I|.

Provide correct intervals for distri-
butions (e.g. by csg_boltzmann,
csg_stat)

csg.call table integrate

It is @ non-iterative method
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Example: hexane in vacuum

I L L L L L L L L ML ] 35 | cr~r =411 -1 1" 1" " ]
25 — Boltzmann inversion H 10 [ x x atomistic ]
[ —— force matching 3.0F — Boltzmann inversion H
! : [ — force matching ]
20 18 2.5 F :
= I~ E E
g 15} 16 & =29F ]
= | | = = | 3
“-'M-’ l - 15 .
= 10 | 14 : ]
i . LOF -
SF 412 [ ]
] 05 7]
0 [ N 0 0.0 [ . A R R - B P B i{
1.6 1.8 20 22 2. 26 28 3.0 32 16 1.8 20 22 24 26 28 3.0 32
8 (rad) 0 (rad)

Forces have off-plane components
which are not present in the basis set of
the coarse-grained force-field

V. Ruehle, et al, J. Chem. Theor. Comp., 5, 3211-3223, 2009
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Example: water model (SPC/E)

3.0 [ T T T T T T T T T T 3.0 [ ! I
e o target
[ — IBI 25
25 — IMC i
- . 1 2.0 F
— force-matching : [
= = 1ot
B | 3 :
15T 1 D o5F
. I 0.0 | 0.0
1.0 | ; ]
] —0.5 F
05 I | . | " | . | . | . | . _10 ! . | . | . | . | . | " | .
0.2 03 04 05 06 07 08 02 03 04 05 06 07 08

r (nm)

r (nm)

Pair potential is not reproducing the local tetrahedral structure

Molinero V. & Moore E. B. (2009), J. Phys. Chem. B, 113, 4008-4016
Larini, L.; Lu, L. & Voth, G. A. (2010), J. Chem. Phys. 132, 164107
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Structure-based coarse-graining

What if we do not have forces?
(e.g Monte Carlo is used for sampling)

CG procedure can be reformulated in terms of correlation functions

correlation function simple liquid

p1(r1) p - density
p,(1r,15) g(r) - pair distribution function
p3(ry,12,13)

Normally p and g(r) are used (easy to compute)

Denis Andrienko, Max Planck Institute for Polymer Research, Mainz, Germany
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Henderson theorem

A classical analogue of the Hohenberg-Kohn theorem in DFT

g(r) =U(r)

pairwise potential U(r) is unique

All structure-based methods matching p and g(7)
converge to the same coarse-grained potential

Henderson, R. Phys. Lett. A 1974, A49, 197-198.
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Liquid state theory — Yvon-Born-Green equation

Pair potential of mean force
—Wg'(r) = Fe(r) + Z dr'Geer(r, 7" )Fer(r")
6/

Direct force Correlation function

integrated

Wf(r) — Uf(r) + z Wff’ (T', T") ' ' .*

no correlations between DOF

6Ug(r) = we(r)-We(r) ~ kgT In [P () /pe ()]

W.G. Noid (2007): J. Phys. Chem. B 111, 4116-4127
J. Chem. Phys. 139, 090901 (2013)
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lterative Boltzmann Inversion

Either from atomistic simulation or
experiment

Generate target
distributions

¢ =

Generate coarse-
grained topology

g(r) J—

o

either by hand pr csg_gmxtopol
Cenerate all files to run simulation
except for missing potentials

— [ , o Specify all interactions that should be
5U(7") — kB T ln gref(r) IhG&nerate options file }iteratively efined
Start iterations ] ceginverse <options.xml
r Y | Monitor first couple of iterations.
Check output }I"u"lan}r parameters can be tuned on
! the fly

|BI: iterative, local, no correlations.
Robust, but it is not clear if it works for mixtures.

D. Reith et al., J. Comp. Chem. 24 (13), 1624 (2003)
A. K. Soper, Chem. Phys. 202, 295 (1996)
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Inverse Monte Carlo

N(N — 1) 4nr2A
a-shell s, = DDA o

number of particles in shell Ar at a distance 7,

H = z U(TU) =ZSaUa
L,j a

0(Sq)

ouU
” 14

_0(Sa) 0 [ dqSa(gexp[-BH(q)]
v au, 09U, [dqexp[-BH(q)]
Agy = ﬁ(<5a><51/> — (SaS)/>)
In the first order we need only averages (RDF) and correlations

A. Lyubartsev et al., Phys. Rev. E 52 (4), 3730 (1995)
B. R. H. Swendsen, Phys. Rev. Lett. 42, 859 (1979)

5(S,) = (S,) — Skt = §U, + 0(6U%)

A
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Inverse Monte Carlo

(Sa) — Scl;ef — z Aay5Uy
14

Aay = B({Sa)(Sy) = (SaSy))

SU = A~1[(S) — STef]

- non-local, iterative, particle-particle correlations are included
- Ais tricky to invert

A. Lyubartsev et al., Phys. Rev. E 52 (4), 3730 (1995)
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IMC implementation

r Initialize global variables (paths to
Global initialization lscrlpts. executables and user-defined
\ 1 J | scripts)
r Y| Convert target distribution functions
— |teration initialization ]IHTO internal format, prepare input
\ j, J | files, copy data of the previous step
f . ) ] Prepare input files for the external
Prepare sampling
sampling program

v

Sampling

'

' -|

Calculate updates

| Canonical ensemble sampling with
molecular dynamics, stochastic dy-
narmics or Monte Carlo techniques

Analysis of the run. Evaluation of dis-
tribution functions, potential updates

L 1 ) ﬂ{_,ﬂ::l.' ]
f Postprocessing Smoothing, extrapolation of potential
of updates updates Ad-hoc pressure correction.
Update potentials l{ (nt1) — grimd 4 Afr(s)
( Postprocessing Smoothmg, extrapolation of potentials
of potentials frimti)

y

Evaluation of the convergence crite-
rion either for A7) or distribution
functions. Check the number of itera-
tions.

yes

ﬂOl

)
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Examples: SPC/E water

3.0 P M S S S E— 3.0 p '
e o target 1 [
[ — IBI 2.5 F 41.0
25T — IMC i [
- N 2.0 F
A — force-matching |1 [ |
i 1 = 15} 1
2.0 F . : -
_ ] g : {05 &
= = 10F { &
o0 I ] v, i =
1.5 F 7 D05 2 =
i I 0.0 F 0.0
1.0 F : _
- ] 0.5 F
05 I | . l . l " | . | . l . ] _10 ! . | . l . | . | . l . l "
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8
r (nm) r (nm)

IBI and IMC reproduce RDF and give similar potentials
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Examples: Efficiency
L ' —_— 10° ———— T L N ' —
— IBI : — IBI ]
— IMC [ : — IMC ]
i —  1/sqrt(L) |

H
3
-

I
I
. S -l
g -~
S ;
-2 L

5 10 &
> o
=

o

(]

1073 e
100 101 102 102 103

number of iterations, n number of snapshots, L

IMC converges faster but needs longer iterations

Less computational costs for IBI
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Test your CG model!

0.28 |
0.28 | i
0.27 2 0.27 }
0.26 | . 0.26 |
8 auel | ‘g o025}
5 0.25 5
~ = 0.24 F
024} -
, 023}
0.23 | -
0.22 }
0.22 i 0.21 F
16 1.8 20 22 24 26 28 30 i

f (rad)

Bond-angle correlations are not reproduced

affects chain stiffness, end-to-end distance
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Summary

Coarse-graining provides a systematic way to parameterize a
force-field based on selected properties of a reference system

Can be based on
Distribution functions:
Boltzmann inversion
Iterative Boltzmann Inversion
Inverse Monte Carlo
Relative Entropy (talk of Sikandar)
Many-body potential of mean force
. force matching
- MSCG
Desired thermodynamic property
- Simplex algorithm

O
O
O
O
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Software

Versatile Object-oriented Toolkit for Coarse-graining Applications

votca.org
open source
C++, test suite, hg repository, wiki pages, bug tracker, mailing list

votca-csg modules (coarse-graining)
Google code: votca project

votca-ctp modules (charge transport)
Google code: votca-ctp project

Happy coarse-graining!

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

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