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\ Motivations |

many problems in condensed matter are inherently multiscat

interplay between di erent length scales plays the crucialrole in the physics of
the system

an exhaustive description of the system requires the simulineous treatment of
all the relevant scales implied

the aim is to treat in a simulation only as many degrees of fredom as
absolutely necessary for the problem considered

some regions require a treatment on a higher level of detail han the remainder
of the system




Examples

a
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\ MD simulation |

All-Atom MD simulation:
allows to study processes at the atomic level of detalil

IS often incapable to bridge a gap between a wide range of Ié&m@and
time scales involved in the complex molecular systems

Coarse-Grained MD simulation:

reduces the number of degrees of freedom by retaining onlofe
degrees of freedom that are relevant for the particular prepty of
interest =) longer length and time scales can be reached

speci ¢ chemical details are usually lost in the coarse-gning procedure

Solution:

Hybrid Adaptive MD Schemes




Fd

\ Method and model: General Idea |

Adaptive Resolution MD Scheme

allows an on-the-y interchange between given molecule's @aomic and
coarse-grained levels of description, i.e., changing the mlecular degrees of

freedom
Hybrid Model
with:  ex = cg: Pex = Pcg;  Tex = Teg

M.Praprotnik, L.Delle Site and K.Kremer; Annu.Rev.Phys.Chem. 59, 545-571
(2008)
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‘ Scale Coupling I

The Adaptive resolution scheme scheme is a two-stage procade:

(a) Derive the e ective pair potential UM between coarse-grained molecules on
the basis of the reference all-atom system.

() F' = w(X Jw(X JFM +[1 w(X Jw(X )Fem

1
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M. Praprotnik L. Delle Site and K. Kremer; J. Chem. Phys.; 123; 224106 (2005)
M. Praprotnik L. Delle Site and K. Kremer;Phys.Rev.E;73, 066701 (2006)
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‘ Change of Resolution I

How the formula works:

Molecule from Atom ! cg: the contributions of some DOFs become less and
less important until they vanish

w(x) smoothly "freezes the dynamical evolution of such DOFs and their
contribution to the interaction with the other molecules

vice versa,w(x) smoothly \ reactivates' their dynamics and their contributions
to the intermolecular interactions

A further important point: by construction the third Newton's Law is preserved
(crucial in MD) .
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Control of the thermodynamical
equilibrium (1)

The use of the formula abovealone however cannot assure thermodynamic
equilibrium

The force is not conservative and thus apotential energy cannot be written
explicitly

BUT the analysis of the meaning (in statistical mechanics termg of the
process ofvarying resolution provides the tools to preserve equilibrium
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Control of the thermodynamical
equilibrium (I1)

The free energy is an extensive quantity and thus proportioml to the number
of DOF

If the di erent resolutions are interpreted as di erent spe cies of particles!
preferencial tendency for the molecules of one species to migrate into the
other region

l.e. the two resolutions are characterized by di erent chemical potentials,
atom and g

HOWEVER this process does not stem from the physics of the system, but
only from the di erent representations.
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Geometrical induced phase

transition and corresponding
latent heat

The change of resolution have asimilarity with a geometrical induced phase
transition, i.e. there exists a latent heat , associated with acquiring or
releasing DOFs.

This means: atom = ¢g + ., With  being the chemical potential

We do not know the explicit form of

However in a simulation this can be donenumerically by coupling the system
to a position dependent thermostat

Natural question: How to de ne the temperature in
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‘ Temperature in the region I

2hK g i
ng

2hK p i

™ : but in

According to the Equipartition Theorem Ta =

JisT = 22 19 And whatis K i?

, Tg =

Let us calculate it via a simple 2-dimensional example for oe generic molecule
of the system

& @ ®

A D B

2 2 2 2
Ka = 3[R*+p?]= 3[R«" + Ry"+ ], Kg = 3R? = 3[R«" + Ry"]
Rx, Ry, and , contributes to the kinetic energy with an amount of T=2.

Hence, Ta = 2582 Tp = 28872

3
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Adaptive resolution via a continuous
change of the phase space dimensionality

The switching procedure implies that a DOF, ianetermining statistical
guantities, fully counts in the atomistic region ( :::d ), while it does not
count at all in the coarse-grained region (no integration over )

In  (O<w(x)< 1) ! by switching on/o a DOF we continuously change
the dimensionality of the phase space (i.e. of the space of integration)

This process can be described the formalism of the fractionhcalculus:

for a xed value of w, and generic DOF g, the in nitesimal volume element is
de ned as:

dVw = dVq ( w=2)=2 Y=2 (w) = jg¥ ldx=( w)= dg"=w( w).
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Temperature In the region : The
extension of the Equipartition Theorem to
non integer DOF

For the fractional quadratic DOF  we can then write the partition function

as. R
expé{ Fw)=C exp( p2=2)dVy =

w= 2 —
2¢ ¢ exp( p2=)jp v 1= 2TPCLwD w2 we

The consequence is thefractional analog of the Equipartition Theorem

Koei= 9Fw) - w — wl
wi = 74 T2 T 72

where hKK i is the average kinetic energy per fractional quadratic DOF with

the weight w

In equilibrium Tpo = Tg = T =T andthus:n =2+ w (proof of
consistency)




\ Theoretical Basis: Conclusions |

(1) Changing Resolutionformally equivalent to a Phase Transition ! Latent
Heat ! position dependent Thermostat

(2) The temperature in the switching region, T , can be obtained by
extending the equipartition theorem to non integer dimensi ons

M.Praprotnik, K.Kremer and L.Delle Site, Phys.Rev.E, 75, 017701 (2007);
M.Praprotnik, K.Kremer and L.Delle Site, J.Phys.A:Math.T h.40, F281 (2007).

Still to address : Why forces and not potentials
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Coupling the atomistic and
mesoscopic scales via a

POTENTIAL approach

The natural question: Why the forces and not the Potentials:

The coupling scheme using potentials instead of forces :
U = w(x w(x )Uuaom +11  w(x )w(x )JU*

This implies the introduction of unphysical quantities

Faritt = Uatom %\/"‘ ch@_\;(v

not removable on the basis of mathematical derivations

or, if accepted as physical and thus not removed, to the violation of
fundamental physical laws

L.Delle Site, Phys.Rev.E, 76, 047701 (2007)
M.Praprotnik, K.Kremer and L.Delle Site, J.Phys.A:Math.T h.40, F281 (2007).
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\ The Mathematical Problem | |

A generalization to the potentials using two generic weighting functions f (x)
and g(x) writes:UcUIng = f (X ;X )Ucq + g(X ;X )Uatom

Faritt =0 !

Ucg @I X )"' Uatom @gx X ):0
@X @X

Ueg @X ;X ), Ustom @¢gxX ;X ):o: )
@X @X

equations of rst order, each 2 boundary conditions (system overdetermined)

If generalized: UCOUPING = f (X ;X )Ucg + g(X ;X )Uaom + :!
overdetermination shifted from f and g to
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\ The Mathematical Problem Ii |

Above all:

[Ucg @fx(x) + Uatom @gx) Uatom Jdx+ o= ( X)
B. Ensing, S. O. Nielsen, P. B. Moore, M. L. Klein, and M. Parrinello, J.
Chem. Theory Comput. 3, 1100 (2007).

cannot be a solution, since onemust have either

( Xo) = o =0 (atomistic region) or

( X1)= o = Uatom Ucg (coarse-grained region)
but not both! as required by their algorithm.

Overdetermination of ! Conserved Energy does not correspond to
dynamical equations
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Does the method

work?

By comparing the results of AdResS with those of full atomistic
simulations, we have shown:

Global and local structures are reproduced
There is no net ux across the transition region
The di usion occurs in a correct way

Method successfully reproduces statistical properties othe model liquid.

see in particular:

medium dense liquid: M.Praprotnik, L.Delle Site and K.Kremer,
J.Chem.Phys.123,224106 (2005).

dense liquid: M.Praprotnik, L.Delle Site and K.Kremer, Phys.Rev.E, 73, 066701
(2006).
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‘ Results for a medium dense liquid |
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Global and local structure are properly reproduced
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Numerical proof of the "Zero Flux"
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DI usion across the transition

regime
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Further application: Solvating a
Polymer

A generic Polymer solvated by a Tetrahedron Liquid
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o*S(q)

‘ Solvating a Polymer: Results |
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M.Praprotnik, L.Delle Site and K.Kremer, J.Chem.Phys.126 134902 (2007).
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‘ Further application: Liquid Water I

M. Praprotnik, S. Matysiak, L. Delle Site, K. Kremer, C. Clem enti; J. Phys.:
Condens. Matter; 19, 292201 (2007).




I Liquid Water: Results |
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S.Matysiak, C.Clementi, M.Praprotnik, K.Kremer and L.Del le Site;
J.Chem.Phys.128, 024503 (2008).




‘ Triple Scale |

R.Delgado-Buscalioni, K.Kremer and M.Praprotnik; J. ChemPhys.; 128,
114110 (2008)




Numerical procedure to determine the

latent heat (I)

The latent heatis : (X) = w;, w; (free energy per particle)

How to calculate a generic ; with i =1;2;3;4;5;6;77?

transition region: D

coarse-grained

atomistic .
region

region

One can use an MD technique, that is theinsertion particle method (IPM) to
calculate ; How to proceed in this case?




‘ Latent heat (l1) I

Let us take a genericw;, then one has to applied the IPM usingas an
interaction between the particles in the whole box the formula:
F. = wiwiFaom +(1 W1 Wi )F g

This leads to: 1;: the chemical potential the system would have if all the
molecules were interacting with some = wiw; "resolution"(representation)

Then this procedure is repeated again but now using:

F. = wWjFaom +(1 wWawj)Fcq

this leads to: 2, ! again with wzw;, up to the generic wp w; ! ni -
P . hNW- + Ny, |

Then: w, = -1 N ni

Nw, Is the average number of molecules in the regiorw; in the "adaptive"
simulation box and equivalently Ny, , while Nt is the total number of
molecules in the system.




‘ latent heat (1) I

coarse-grained
region

atomistic
region

f (%)

This means that in principle the method is internally consistent




‘ Mixtures (Poster by S.Poblete) I

(a) fundamental questions about the coarse-graining procelure:
Structure reproduced, but how much of the thermodynamics?

(b) Two species, two resolutions each:! 4 dierent chemical potentials

how to preserve equilibrium?

Thermodynamic force proportional to the concentration of t he minor
component




Preliminary Results

Monomer-monomerg(r)
1.4

'Solvent —|— 35 T T T T T E>'<p|icit T
Monomers P
13+ 1 Coarse-Grained
5t AdResS—— 1
12 | 1 |
25 |
11t 1
(=] 2 L
JIg 1L \,/\/\/\/\/J\/\/ AN~ |
k)
15 |
0.9 g
1k
0.8 | 1
07 | cG HYB EX 1 05F
0.6 I | | | 0
0 5 10 15 20 1
X= r=
Solvent-monomerg(r) Solvent-solvent g(r)
25 T T T T T ——— 2 T T T T T ———
Explicit ———— _ Explicit
Coarse-Grained 18 \ Coarse-Grained 1
AdResS—— | AdResS——




\ Contacts |

The MMG group @ MPIP

www.mpip-mainz.mpg.de/~dellsite/multisca

Contact: L.Delle Site
dellsite@mpip-mainz.mpg.de




Backup Slide: Molecular

Interactions Iin the Test System

Shifted 12-6 Lennard-Jones potential:

8
< n 12 6 1 . 1=6
Uatom o — 4 rij rij + Z y r|] 2
g (rij )=,
. 0 rlj > 21—6
FENE potential:
8
atom S %kR(%ln 1 rilj? ’ v Tij Ro
Ueene (rij )= : 0




Backup Slide: E ective pair

potential

In the limitof ! O:;
U™ = F(r)= KgTIng(r) (2)

For > 0 we use the above relation as the initial approximation of an
iteration scheme:

gi (r)

Ut (ry= U (r)+ kg TIn
1+1 ( ) i ( ) B gtarget (r)

3)

Pressure correction:
Vin = A(1

): (4)

I cut

D. Reith, M. P utz, F. Muller-Plathe, J. Comput. Chem., 24, 1624 (2003).




‘ Example: A Polycarbonate I

isopropylidene

terminating
carbonate w phenoxy .. .
@ : %‘@ o Inter-chain interactions
-
\/%\/ NS Excluded Volume
phenylenes

resolved
carbonate

Intra-chain interaction:
Relevant degrees of freedom:

9




Backup Slide:Tabulated e ective
pair potential

ex
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(s) Tabulated potential. (t) RDF ¢m -




Backup Slide: Inverse Boltzmann

method

Atomistic simulation of a single chain! P(r; ; ;T )
Separation of variables
P(r;:T )=PrTIPC;T)HIP(CT)
inversion
U9(r;T)= kgT In[P(r;T)=r?]+ const
U9(:;T)= kgT In[P(;T)=sin ]+ const
U(;T)= kgT In[P(;T )]+ const
Separating variables could dramatically change conformabnal barriers

An advantage for slowly equilibrating systems (e.g. polyme melts)

(5)

(6)
(7)
(8)

To be taken under control for solvated molecules (e.g. biomdecules in water)




‘ Example: A Polycarbonate I

isopropylidene

terminating
carbonate w phenoxy .. .
@ : %‘@ o Inter-chain interactions
-
\/%\/ NS Excluded Volume
phenylenes

resolved
carbonate

Intra-chain interaction:
Relevant degrees of freedom:

9




Backup Slide:Theoretical basis of the

transition region

F(X) A ‘D! B

d +d 3

What happens in , i.e. the in nitesimal region at the interface between A
and B?

The number of DOF is n = n(x) with ; np = consta; ng = constg ; and
n = n(x)

The system is in equilibrium which implies:

. F )
im, g @R i, @R

If the condition above did not hold, a molecule would 'see' a fee energy
density gradient along x within the same level of resolution leading to a drift
along the x axis




Backup Slide:Theoretical basis of the
weighting function

im,, o @A) =iim,, 4 €= =0 can be shown to be equivalent to
lim,, 4 @”@)((X) =lim , g+ @%ix) =0

w(Xx) is such that w(x) =1; 8x 2 A andw(x) =0; 8x 2 B, with

imy, g Zga) =lim,, 4 2 =0.

In accordance with the equation above, we require that the waghting function
w(X) is continuous up to the rst derivative and that goes monotonically from

the value one to zero in the region




