An overview of the school on Multiscale modeling and
simulation in Hard and Soft Materials

P. B. Sunil Kumar
IIT Madras

Monday 7 December 2009



An overview of the school on Multiscale modeling and
simulation in Hard and Soft Materials

P. B. Sunil Kumar
IIT Madras

® The main focus of the school is on modeling materials
and to discuss strategies that are used to take these
models across many decades in time and length scales.

Monday 7 December 2009



An overview of the school on Multiscale modeling and
simulation in Hard and Soft Materials

P. B. Sunil Kumar
IIT Madras

® The main focus of the school is on modeling materials
and to discuss strategies that are used to take these
models across many decades in time and length scales.

® |t is assumed that every one here is familiar with
modeling at some length and time scale.

Monday 7 December 2009



An overview of the school on Multiscale modeling and
simulation in Hard and Soft Materials

P. B. Sunil Kumar
IIT Madras

® The main focus of the school is on modeling materials
and to discuss strategies that are used to take these
models across many decades in time and length scales.

® |t is assumed that every one here is familiar with
modeling at some length and time scale.

® Familiarity with basic concepts in statistical mechanics
is assumed.

Monday 7 December 2009



An overview of the school on Multiscale modeling and

simulation in Hard and Soft Materials
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The main focus of the school is on modeling materials
and to discuss strategies that are used to take these
models across many decades in time and length scales.

It is assumed that every one here is familiar with
modeling at some length and time scale.

Familiarity with basic concepts in statistical mechanics
is assumed.

Apart from the lectures there will be a separate
interactive session with the speakers.
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For example in protein dynamics,

e local motion 102 ... 50 nm, 1075 ... 107" s

— atomic fluctuations
— side chain motion
— loop motion

e rigid body motion 10... 100 nm, 107 ... 1's

— helix motion
— domain motion (hinge bending)
— subunit motion

e large-scale motion  >50 nm, 1077 .. 10%s

— helix-coil transition
— dissociation/association
- folding/unfolding
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“In engineering, physics, meteorology and computer science, multiscale modeling
IS the field of solving physical problems which have important features at multiple
scales, particularly multiple spatial and(or) temporal scales. Important problems
include scale linking” (Wikipedia)
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What are Multiscale models

“In engineering, physics, meteorology and computer science, multiscale modeling
IS the field of solving physical problems which have important features at multiple
scales, particularly multiple spatial and(or) temporal scales. Important problems
include scale linking” (Wikipedia)

In multiscale models various levels of treatment are coupled and fed back into each
other.

For example, reduced models that retain close connections to the underlying
atomistic representations are used to study events that occur at time and length
scales spanning form atomistic to microseconds and micrometers.

Multiscale models in material science use the following scales:

eQuantum mechanical models where information about electrons is included.
eClassical molecular dynamics models with information about individual atoms.
eMesoscale or nano level models build on information about groups of atoms and
molecules.

*Continuum models
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Schematic illustration of the nanostructures formed by an AB diblock copolymer in the bulk.
T.P.Lodge et al Faraday Discuss., 2005, 128, 1 - 12

The phases formed depend on the polymer and the solvent

C. Pierleoni, C. Addison, J.-P. Hansen, and
V. Krakoviack: “Multi-scale coarse-graining
of diblock copolymer self-assembly: From
monomers to ordered micelles”,

Phys. Rev. Lett. 96 (2006) 128302
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T.P. Lodge et al Faraday Discuss., 2005, 128, 1 - 12

The phases formed depend on the polymer and the solvent

C. Pierleoni, C. Addison, J.-P. Hansen, and
V. Krakoviack: “Multi-scale coarse-graining
of diblock copolymer self-assembly: From
Cooling monomers to ordered micelles”,
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The phases formed depend on the polymer and the solvent

C. Pierleoni, C. Addison, ].-P. Hansen, and
V. Krakoviack: “Multi-scale coarse-graining
of diblock copolymer self-assembly: From
monomers to ordered micelles”,

Phys. Rev. Lett. 96 (2006) 128302

Lamellar to onion transition : Temperature dependences of the
shear stress and 2-D depolarized SALS patterns at shear rates of
1 s-1 (b) and 3 s-1 (O) for the sample containing 48 wt%C16E7
in D20.

Yuriko Kosaka et al Langumuir DOI: 10.1021/1a903251v
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MD simulations of DPPC bilayer: 256 DPPC
molecules , 6888 water molecules, Box size
90X80X75 A3 NPT ensembles, GROMOS force
field, rigid bonds by SHAKE, electrostatics by
Ewald

(Alexandert Lyubratsev)

Monday 7 December 2009



Can we take this further, to model ...

MD simulations of DPPC bilayer: 256 DPPC
molecules , 6888 water molecules, Box size
90X80X75 A3 NPT ensembles, GROMOS force
field, rigid bonds by SHAKE, electrostatics by
Ewald

(Alexandert Lyubratsev)

Monday 7 December 2009



Challenges in soft matter ..........

MD simulations of DPPC bilayer: 256 DPPC
molecules , 6888 water molecules, Box size
90X80X75 A3 NPT ensembles, GROMOS force
field, rigid bonds by SHAKE, electrostatics by
Ewald

(Alexandert Lyubratsev)

CF-Rakeasa |

CF-Reloasa [%)

G

Can we take this further, to model ...

o. LI | a

*

=

-

-

Temperature Sensitivity
of Liposomes
L.H. Lindner Clinical Cancer

Research 10,2168 ( 2004)

Monday 7 December 2009



and to understand membrane fusion processes ..

o

al
e

»
W

Monday 7 December 2009




and to understand membrane fusion processes ..

lr“f‘f‘r‘

C.K. Haluska et al , PNAS, 103,15841 ( 2006)
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Martini - S. J. Marrink
J. Phys. Chem. B 2007, 111, 7812-7824
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Mesoscale modeling
“Mesoscale modeling is the name given to the set of techniques that model
materials using fundamental units where length is between the molecular scale

and the engineering scale. This leads to a hypothetical model size between 10

and 100 nanometers.”
from: http://www.accelrys.com/technologies/modeling/materials/meso
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Effective interactions - Certain microscopic degrees of freedom that do not matter any more, and can b
"integrated over" ("averaged" over) ---> Implicit solvent models for membranes

How do we do this ? Carlos Pierloni, Shekar Garde, Prabhal Maiti

Can we have different resolution coarse graining in

i ulation ? Adaptive coarse graining - Delle Site
one simulation !
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Since the chromophores and fluorophores are sensitive to their environments
we can use the spectral information to determine the structure of the

molecule .

So the question is ...

*Can we compute the spectral changes as the structure of proteins change ?

*Need both electronic level and molecular level information

*Similarly, understanding the enzymatic properties of certain molecules depend both on the
structure of the whole molecule and its ability to tunnel hydrogen - for example in the case of
liver alcohol dehydrogenase. (Wikipedia )

Quantum Mechanics/ Molecular Mechanics (QMMM) approach is one such methodology
that allows us to treat certain regions of the molecule quantum mechanically while the
structural changes are computed using classical MD.

Amalendu Chandra and Marcus Elsther

Monday 7 December 2009



“One of the continuing scandals in
the physical sciences 1s that 1t
remains 1impossible to predict the
structure of even the simplest
crystalline solids from a knowledge
of their composition.”

Maddox, J. Crystals from first principles. Nature
335, 201-201 (1988).
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eMicrostructural features in metals can have drastic
consequence on what happens at large length scales .

e Aircraft turbine and ship blades can fail if small amounts of
certain impurities cluster at the grain boundaries.

eStress corrosion cracking : growth of cracks in materials ,
which are otherwise resistant to cracks and corrosion, upon
long time exposure to extreme temperatures.

HE portrait of acrack

v

Compute the stress intensity factor (SIF)
near the crack tip in a plate with
macroscopic dimensions using the

Finite Element Method (FEM).

W

Use the computed SIF to perform a
second FEM calculation to obtain the
stress load at the boundaries of a plate
with microscopic dimensions
surrounding the crack tip.

W

From the computed stress load obtain
the positions of the atoms on the
boundaries of the MD cell contained
within the microscopic plate and
enclosing an atomic lattice surrounding
the crack tip. From these positions
obtain the MD-level boundary forces.

W

Perform the MD simulation to obtain the
crack-tip speed and diffusion constant.

W

Use the speed and diffusion constant in
Ito stochastic calculus to obtain a new
macroscopic position for the crack tip.
and return to the first step.

-
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eStress corrosion cracking : growth of cracks in materials ,
which are otherwise resistant to cracks and corrosion, upon
long time exposure to extreme temperatures.

*Even in pure metals , dislocations determine it plasticity and the
ductile to brittle transition.

*Such effects and are particularly crucial when the material is
functioning at extreme temperatures and pressures.
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eMicrostructural features in metals can have drastic
consequence on what happens at large length scales .

e Aircraft turbine and ship blades can fail if small amounts of
certain impurities cluster at the grain boundaries.

eStress corrosion cracking : growth of cracks in materials ,
which are otherwise resistant to cracks and corrosion, upon
long time exposure to extreme temperatures.

*Even in pure metals , dislocations determine it plasticity and the
ductile to brittle transition.

*Such effects and are particularly crucial when the material is
functioning at extreme temperatures and pressures.

*One strategy is to determine the properties of the dislocations
using atomic level details and feed this information to a
dislocation dynamics simulations in which the basic units are
dislocation interacting though the strain fields. The results from
this calculation is then used to determine the material/device
properties.

v

ZRTE33 b2 22020

hé portrait'of a'crack

Compute the stress intensity factor (SIF)
near the crack tip in a plate with
macroscopic dimensions using the

Finite Element Method (FEM).

W

Use the computed SIF to perform a
second FEM calculation to obtain the
stress load at the boundaries of a plate
with microscopic dimensions
surrounding the crack tip.

W

From the computed stress load obtain
the positions of the atoms on the
boundaries of the MD cell contained
within the microscopic plate and
enclosing an atomic lattice surrounding
the crack tip. From these positions
obtain the MD-level boundary forces.

W

Perform the MD simulation to obtain the
crack-tip speed and diffusion constant.

W

Use the speed and diffusion constant in
Ito stochastic calculus to obtain a new
macroscopic position for the crack tip.
and return to the first step.

-

Monday 7 December 2009




Hard materials Multiscale Strategy

“First-principles™ or “Ab Initio”

Electronic orbitals,

Nucle1, vibrations M?ltel’lal-speqﬁc
microscopic info

P

Defects, e.g.. grains,
dislocations

Intermediate-scale
structure: properties

NN

Dislocation~ P4 ™}
Iine

\

Nano-m, microns

Continuum analysis

Landau-theory Devices, applications,
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Ab Initio
Approaches

Electronic Problem: First-principles Methods
(Density Functional Theory)

[ S}fmmﬂtt‘iﬂ%%
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Energy, forcqs
]

Ab Initio MD,
Monte Carlo

Microscopic Picture:
Bonding, Couplings, Instabilities

¥

[ integrate out Dok |

Ab Initio
W Modeling
H Eﬂ.i Effective Hamiltonian {model)
Focus on relevant phase subspace

Y

p—

V

Macroscopic, T =0 Response,
Different length Scales phenomena

(Material-specific)

eg. lsing,
Heisenberg
Lattice Dyna

Simulations | MD, Monte Carlo, FEM
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ADb Initio Electronic Problem: First-principles Methods
(Density Functional Theory)
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ADb Initio Electronic Problem: First-principles Methods
(Density Functional Theory)

V

[5}’ mmﬂmﬂé]ﬁ Microscopic Picture:
Bonding, Couplings, Instabilities

Approaches

Energy, forcgs [ integrate out Dok ]lb o
] w |\/| anIIIO
Ab Initio MD, odeling |
Monte Carlo HE " Effective Hamiltonian (model) ngfl?l; -
Focus on relevant phase subspace |Lattice Dyna

Y

Simulations | MD, Monte Carlo, FEM
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Limitations of Ab Initio to FEM , Constitutive multiscale modeling -
Michale Falk
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Topics 1n hard materials: multiscale phenomena

eStructural Phase Transitions: eg. Shape memory alloy
eNonlinear switching: time-scales from pico to nanosec

eDefects and disorder: dislocations, faults, Grain boundaries,
interfaces

eNanostructured materials: eg. Alloys, Relaxor Ferroelectrics
eComposites: eg. Carbon-nanotubes+metal/polymers
eMechanical behavior: ductile to brittle transition
eMechanical failure: crack propagation

eMechano-chemistry: how impurites/environ affect mech. beh.

eCatalysis: surfaces and nano-strs [time and length scales]
eCollosal magneto-resistance materials: many energy-scales
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