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Multiscale modeling
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Computer Simulation of Liquids, 2nd Ed., 2017, p404.

Nature Communications 2020, 11, 2296



Who we are
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Is molecular modeling a hot topic?
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Previously, classical physics and quantum chemistry 

belonged to rivalling worlds.

Multi-copper-oxidase embedded in 
water

The Nobel Laureates in Chemistry 
2013 have opened a gate between 
those worlds and have brought 
about a flourishing collaboration.
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Today, when scientists model molecular processes, they apply the

computer power where it is needed. At the heart of the system,

calculations are based on quantum physics. Further away from the

action, they are based on classical physics, and at the outermost

layers, atoms and molecules are even lumped together to a

homogenous mass. These simplifications make it possible to

perform calculations on really large chemical systems.
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The mirror symmetric
molecule 1,6-Diphenyl-1,3,5-
hexatriene studied by Martin 
Karplus and Arieh Warshel

To understand how lysozyme 
cleaves a glycoside chain, it is 
necessary to model only the relevant 
parts of the system using quantum 
chemistry, while most of the 
surrounding may be treated using 
molecular mechanics or a 
continuum model. 
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The detailed structure of a polypeptide chain (top) is 

simplified by assigning each amino acid residue with an 

interaction volume (middle) and the resulting string-of-

pearls like structure (bottom) is used for the simulation.

16



Other examples
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Beyond
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Fluctuation-induced current from freestanding graphene

Phys. Rev. E 102, 042101



Science. 1983 Dec 23;222(4630):1325-1327.
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Science 13 October 1989:

Vol. 246 no. 4927 pp. 221-226



22

Tajkhorshid, E., Nollert, P., Jensen, M.O., Miercke, L.J., O'Connell, J., Stroud, R.M., 

and Schulten, K. (2002). Science 296, 525-530

B.L. de Groot and H. Grubmüller (2001), Science, 294, 2353-2357

Water 

channels

In cell 

membranes



Beyond the sole biology

Layer-by-Layer Assembly of Charged Nanoparticles on Porous 

Substrates: Molecular Dynamics Simulations, J.-M. Carrillo and A. 

V. Dobrynin, ACS Nano, 5, 3010-3019 (2011).

Molecular dynamics simulations of evaporation-induced 

nanoparticle assembly, S. Cheng and G. S. Grest, J Chem Phys, 

138, 064701 (2013).
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Computer simulation of the new superionic water ice phase, 

illustrating the random, liquid-like motion of the hydrogen ions 

(gray, with a few highlighted in red) within a face-centered cubic 

lattice of oxygen ions (blue).

The discovery of superionic ice potentially solves the puzzle of what giant icy planets like 

Uranus and Neptune are made of. They’re now thought to have gaseous, mixed-

chemical outer shells, a liquid layer of ionized water below that, a solid layer of 

superionic ice comprising the bulk of their interiors, and rocky centers.

9 MAY 2019 | VOL 569 | N A T U RE | 251-255

Nanosecond X-ray diffraction of shock-compressed superionic water ice



Nature | Vol 602 | 3 February 2022 | 84-91

Fluctuation-induced quantum friction in nanoscale water flows



Quantum

modeling
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Molecular

modeling

Supramolecular

modeling

Stochastic

methods



What is molecular modeling?
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What is molecular modeling?
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Why Molecular Modeling?

Moore’s law

• Computing speeds double every 18 months = order of magnitude every 5 

years

• Add 2-3 orders of magnitude from parallelization (cheap today)

• Costs driven by consumer market

Costs for experiment?

• Labor-intensive, high capital costs

Costs for theory?
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Do graduate students and/or lab 

personnel/equipment improve by an 

order of magnitude every five years?

Our cluster (AgroParisTech Massy, C200)

20 nodes

~500 cores



Main contributions of molecular modeling

• Three main roles:

– Predicting fundamental properties used in engineering correlations

• E.g., critical constants, molecular structure, dipole moment

– Predicting required properties directly

• E.g., phase equilibrium of mixture, transport properties, mechanical properties

– Providing conceptual molecular-level understanding of properties

• E.g., developing correlations, evaluate theory,

guide/supplement/replace experiment

• Other roles: chemometrics (extracting information from chemical systems by data-

driven means)
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Applications in our group:

Safety of food contact materials, new barrier materials

reverse osmosis, pervaporation, thermodynamics of liquid mixtures



…no experimental but simulated data…
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Self-assembling nanofibers from 
Thiophene-peptide oligomers

32

A. K. Shaytan, E.-K. Schillinger, P. G. Khalatur, E. 

Mena-Osteritz, J. Hentschel, H.G. Börner, P. Bäuerle, 

A. R. Khokhlov, ACS Nano, 5, 6894-6909 (2011),



Self-assembling nanofibers from Thiophene-peptide 
oligomers

33

A. K. Shaytan, E.-K. Schillinger, P. G. Khalatur, E. 

Mena-Osteritz, J. Hentschel, H.G. Börner, P. Bäuerle, 

A. R. Khokhlov, ACS Nano, 5, 6894-6909 (2011),



Molecular modeling is quantively-oriented

• performance characterization,

• model selection,

• verification & validation, 

• figures of merit

34

Think before you model

Think while you model

Think after you model

Science and Occam's Razor

http://en.wikipedia.org/wiki/Figure_of_merit


My perspective

• Description of migration of packaging constituents with Fick Equations 
and appropriate boundary condition

• Stochastic solution of transport equations (all parameters are replaced 
by statistical distributions)

• Optimized identification of transport coefficients (D,K) from 
concentration profiles/desorption experiments

• Relating molecular descriptors to D and K

• Molecular modeling of excess chemical potentials (from scratch)

• Molecular simulation of scaling laws D(M,T,τ)M-α(T)

• Experimental determinations of D from fluctuations methods

• Design of new barriers materials with optimized properties.

• New D models including T-Tg 

Sept 2001

2014
35

Industrial Contracts using these approaches:

SOLVAY, Arkema, AMCOR, Safran, EDF, Cargill, McCain, etc.

Expertises: UE, ANSES, FDA



My perspective

36

From “the Mathematical Universe”

Tegmark, M. Found.Phys. 38:101-150 (2008)

EFFECTIVE LAWS

FUNDAMENTAL LAWS
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OUR RESEARCH AREA

Joint Research Unit 1145 between INRA and AgroParisTech

Group “Interactions between Materials and Media in Contact”

“Desorption”

=diffusion (diffusion coefficient)

+desorption (partition coefficient)

“Sorption”

=sorption (partition coefficient)

+diffusion (diffusion coefficient)

Solubilization-diffusion models and related analytical solutions

Goujot and Vitrac, 2013; Vitrac & Hayert, 2006; Sagiv 2001-2002



MODELING HIERARCHY



Scope of molecular modeling
supplying diffusion coefficients (D) and activity/partition coefficients (K) 

from molecular structures in sorption/desorption models

Higher chemical affinity

for the packaging

Higher chemical affinity

for the food



CONSUMER EXPOSURE TO STYRENE

FROM YOGURT POTS IN FRANCE
6122 Households –1,930,257 Purchased units in one year 

40
Vitrac and Leblanc, 2007

cdf = cumulative density function



CONTENT

Some concepts and questions: computational-
force microscope, multi-scale modeling

Case study: molecular diffusion

Case study: Chemical potentials

Extensions to non-thermal noise
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SOME CONCEPTS
AND SOME QUESTIONS

MODELISATION MOLECULAIRE ET SUPRAMOLECULAIRE

Static 
properties

validation
Dynamic

properties
Prediction

Multiscaling
simulation
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A short story
Isaac Newton’s Principia (1687): physical modeling 
of the world (calculus: differential equation with 
time and space)

Ludvig Boltzmann (<1900): entropy as a result of 
stochastic collisions

Max Planck’s Quantum theory (1900)

Paul Flory (Nobel Prize in chemistry, 1974): 
excluded volume, theta point, solution theory

Pierre-Gilles de Gennes founded the concept of 
“soft matter” (Nobel Prize in physics, 1991)

Soft matter self-organizes into mesoscopic physical
structures that are much larger than the
microscopic scale (the arrangement of atoms and
molecules), and that are much smaller than the
macroscopic (overall) scale of the material. 45



Soft Matter Triangle

The “soft-matter triangle” encompasses a broad, continuous range of materials, from 

colloidal suspensions of particles to flexible long-chain polymer molecules and amphiphilic, 

or soap-like, systems. Many biological systems such as proteins, DNA and viruses have the 

characteristics of all these soft-matter types 46



Molecular modeling? 
Statistical Mechanics?
Statistical Physics?
Statistical Thermodynamics?

47



A molecular
fridge
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Q: what is the force?
A: potential 49



Etot

Classical or quantum potential?

50



Example of simple potentials

(1 cos( )), 2angU B B= + =
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POTENTIALS
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Molecular modeling = 
computational force microscope?
http://www.ks.uiuc.edu/Research/smd_imd/cfm/cfmreview.html
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http://www.ks.uiuc.edu/Research/smd_imd/cfm/cfmreview.html


ENERGY RANGE

Newton’s equation of motion

2

2

dU d R
m

dR dt
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How to derive forcefields?

• Force field development dominated by requirements for drug design (25-
35oC, <5 bar)

• Industrial processing requires force fields valid over wide ranges of 
temperature and density/pressure: vapor-liquid equilibrium, supercritical 
fluids,…. 

• Development of such force fields is rapidly growing in wake of new 
methods developments: GEMC, Gibbs-Duhem, ...

55

MethodsForce Fields

Ab initio

calculations

Experimental 

data



years

hours

minutes

seconds

microseconds

nanoseconds

picoseconds

femtoseconds

1 Å 1 nm 1 µm 1 mm meters

Time

Distance

quantum
mechanics
(electron)

molecular
mechanics

(atoms)

mesoscopic
modeling

(segments)

finite element
modeling
(product)

engineering design
(process unit)

QSAR, QSPR

Modeling scaling
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Worm-like micelles
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Molecular Dynamics
Example of Limitations
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COARSE-GRAINING PROCESS

All-atomic model
Full information
(but limited scale)

RDFs for selected 
degrees of freedom

Effective potentials
for selected sites

Effective
potentials

Properties on a larger 
length/time scale

MD simulation

Coarse-graining –
simplified model

Reconstruct potentials
(inverse Monte Carlo)

Increase
scale

L~N1/2b
100 nm 59



How to move on energy surfaces?

MINIMIZATION NORMAL MODE ANALYSIS
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How to move on energy surfaces?

MOLECULAR DYNAMICS MONTE-CARLO (MC)
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Molecular dynamics
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Tier-modeling
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Vesicle formation

325x325 Å, 3592 lipids

Credits: Alexander Lyubartsev (Univ. Amsterdam) 65



Micelle formation (2D)
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Phase separation

t=0

t=0 t=9500

blue beads 45%

number percent of blue balls is larger than 27

4000 balls at 101010 volume
67



Phase separation: morphology

t=0 t=9500

blue balls 15%

4000 balls at 101010 volume

t=19500

68



Melting / Crystalization

Effect of  heating

Effect cooling

Vettorel et al., 2006

Yamamoto, 1998
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Crystallization PE (45 ns)
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Metling Metals

71

A. Y. Kuksin, G. E. Norman, V. V. 

Stegailov, and A. V. Yanilkin, Comp Phys

Comm, 177, 34-37 (2007)



Block polymer
micro-phase separation
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Block polymer

Petri Nikunen, Mikko 

Karttunen, and Ilpo 

Vattulainen Comp. Phys. 

Comm. 153, 407-421 

(2003)

Credit: softsimu

73



STAT. PHYS. Pedagogical tools
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http://modmol.agroparistech.fr/java/
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DIFFUSION WITH NO EXTERNAL 
POTENTIAL IN POLYMERS

CASE-STUDY

Brandt, 1959
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local mass 
balance

concentration gradient is 
the driving force of mass 
transfer

PHENOMENOLOGICAL DESCRIPTION

C
J D

x

1 2

1 2

2 1
lim
x x

J JC C
D

t x x x x
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Mutual diffusion
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Interpretation 1/2
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Interpretation 2/2
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WHAT IS SELF/TRACER DIFFUSION?

« l’irrégularité du mouvement 

est quantitativement établie et 

c’est là sans doute une des 

plus belles applications des 

lois du hasard ».

J. Perrin

drunk Walker from G. Gamow, One, two, three....Infinity
81



MOLECULAR DIFFUSION

Molecules are 

represented as 

beads with 

equal 

probabilities to 

hop in left and 

right 

directions.

The direction 

of  the next 

hop at 

82



MOLECULAR DIFFUSION

Interpretation 

of macroscopic 

flux J (first Fick

Law) from 

exchange of 

molecules at 

frequency ν

between states 

1 and 2 

Mutual diffusion of additive

Among polymer segments

2
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Here we are

Chimassorb 90

Vitrac et al. J. Appl. Polym. Sci. 2006
84



Einstein’s derivation (1902)
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Einstein equation

D=D0 D=4D0

0

0

mean square displacement:m

2

sd

1
lim

2t t t
all t

D
d t

r r
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Perrin experiment (1908)

1

6 6
B B
k T k T RT

D
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DtDtGS: self part of the van Hove self-correlation function
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D scaling with M

Local and temporary trapping  of 

additive between polymer segments

Additive translation controlled by the 

relaxation of polymer itself and by the 

rate of creation of free volumes.

The relative free volume required 

for the translation of large additives 

is smaller as displacements of 

atoms/patterns are more likely not 

to be correlated together.
88



COMMON values for D  M-

(for simplicity MN with N=#atoms)
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Diffusion in polymers for different solute
sizes

10 He in HDPE 10 CH4 in HDEP

90



10 He in HDPE (500 ps NVT simulation, T=298K, PBC)

HE in HDPE
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10 CH4 in PE (500 ps simulation, T=298K, PBC)

CH4 in HDPE
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Anisole in PE (500 ps simulation, T=298K, PBC)

DIFFUSION IN ENTANGLED POLYMERS

ANISOLE in HDPE

93



25 ns 
movies

1 frame = 10 ps
(25 frames/s) —
1 plot each 2 ps
— 1 s (movie) 
= 0.25 ns 
(simulation)

94



STICKING EVENTS CONTROL
THE SCALING OF DIFFUSION

Example: 

Molecular 

Dynamics 

simulation of 

methoxy

benzene in 

amorphous 

polyethylene at 

298 K



ANISOLE 
108 gmol-1

RUBRENE
532 gmol-1

DECANE
142 gmol-1

96



TRANSLATION MECHANISMS

101



Scaling D with polymer

102

0

2

D exp exp
Tg

solute a

bK

E K
D

RT T

  
= − −  

+ −   

Fang et al.

Macromolecules

2013 46 (3), 874-888



CHEMICAL POTENTIALS

FOOD AND PACKAGING SYSTEMS

103



Permeation

104



This is the work of 

Paul Crozier (pscrozi

at sandia.gov) at 

Sandia to study how 

narrow cylindrical 

pores in silica can 

regulate the passage 

water and ions in the 

presence of a 

pressure gradient for 

purposes of 

desalination



METHODS TO CALCULATE EXCESS CHEMICAL POTENTIAL IN

POLYMERS FOR MOLECULES DIFFERING IN SIZE AND SHAPE

Free energy perturbation

based on Jarsynski’s equality (1997)

Thermodynamic integration to extended 

ensembles

Replica exchange methods = variant of 

above but without reaction coordinates 

(Metropolis algorithm to select likely 

configurations)

Possible biases: only thermally accessible 

configurations contribute to exponential 

averaging

0: system state without solute

1: system state with one solute

0
=ensemble average for a given state 0

(averaging over 0 may be required)

1 0 1 0

0

exp exp
B B

F F U U

k T k T
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METHODS TO CALCULATE EXCESS CHEMICAL POTENTIAL IN

POLYMERS FOR MOLECULES DIFFERING IN SIZE AND SHAPE

2,6-di-tert-butyl-4-methylphenol

in 30 chains of HDPE (C60H120)

= 5440 atoms

random coil in absence 

of volume exclusion

same configuration

with excluding 

volumes

Flory approximation, 

solute interact with 

neighboring polymer 

blobs.
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OFF-LATTICE FLORY-HUGGINS FORMULATION OF EXCESS

CHEMICAL POTENTIALS IN BINARY BLEND-VOID

SYSTEMS
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Off-lattice extension (Bawendi M. G., Freed K. F., J. Chem. Phys. 1988, 88, 2741-

2756)

Flory expression at infinite dilution in k=P or in 

k=F



Alkanes Alcohols Volatiles
Plastics 

additives

decane decanol camphor BHT

undecane undecanol diphenyl oxide chimassorb 81

dodecane dodecanol diphenylmethane Erucamide

tridecane tridecanol d-limonene Irganox 1076

tetradecane tetradecanol dl-menthol Irganox 1035

pentadecane pentadecanol eugenol Irganox 245

hexadecane hexadecanol isoamyl acetate Irgafos 168

heptadecane heptadecanol linalyl acetate Irganox 3114

octadecane octadecanol phenylethyl alcohol Irganox ps802

nonadecane nonadecanol stearic acid
109



Liquid-polymer partitioning

110

Effect of 

overlapping 

F molecules

reference y=x

volatiles

n-alcohols

n-alkanes



Liquid-polymer partitioning

Effect of 

overlapping 

F molecules
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Partitioning with ternary mixtures
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Gillet G., Vitrac O., 
Desobry S. (2010). 
Prediction of Partition 
Coefficients of Plastic 
Additives between 
Packaging Materials and 
Food Simulants. Industrial 
& Engineering Chemistry 
Research, 49(16), 7263-
7280.
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UNILEVER

Examples of works (unofficial review)

113



Interactions of a Hydrophobically Modified Polymer with 
Oppositely Charged Surfactants

Industrial collaborator
Dr. K. P. 
Ananthapadmanabhan, 
Unilever Research, Trumbull, 
CT.
Hydrophobically modified 
polelectrolytes are important in a 
range of applications due to their 
ability to associate with materials 
that are important in cosmetics, 
paints and foods.  
The mechanism of 
association/dissociation of a 
hydrophobically modified anionic 
polymer with a cationic surfactant 
was elucidated by a multi-pronged 
battery of techniques.
Reference: Langmuir, 23, 
5906-5913 (2007). 
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Modeling transdermal permeation.
Predicting the dermatopharmacokinetics of 
percutaneous solutes

AIChE J., 2010,  56(10), 2551-2560

Biophys. J., 2007, 93:2056.

Biophys. J., 2008, 95:4763

Mechanisms of action of drug 
penetration enhancer molecules

Cellular uptake of nanoparticles 
e.g. carbon or silica nanoparticles

115



Multifunctional nanoparticles

Site-targeted 
delivery e.g.

tumours

Imaging:
combined diagnostics 

and therapeutics

Controlled release

Technology for 
challenging molecules

(gene therapy)Multifunctional inorganic 
nanoparticles

Encapsulation

116



Interactions with inorganic surfaces

strong-
binder

weak-
binder

Structure and 

dynamics of water 

on quartz surfaces

Peptides binding 

Conformation and 
energetics of 
peptides in 
solution

Notman, R. and Walsh, T. R., 

Molecular dynamics studies of 

the interactions of water and 

amino acid analogues with quartz 

surfaces, Langmuir, 2009, 

3:1638.

Friling, S. R., Notman, R. and 

Walsh, T. R., Probing diameter-

selective solubilisation of carbon 

nanotubes by reversible cyclic 

peptides using molecular 

dynamics simulations, 

Nanoscale, 2010, in press.
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EXTENSION TO
NON-THERMAL NOISE

Brownian – Hydrodynamic interactions

128
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The problem

• Colloids >> solvent molecules
– Stupendous amount of solvent molecules;  E.g 1011 water molecules per 

R=1 µm colloid.

– Coarse-graining is necessary

Colloid Solvent molecule
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Stokesian Dynamics

• Approximate solution of Stokes’
equation for many spheres
in a solvent (“Oseen tensor”)

• No explicit solvent

• Only correct at low densities of spheres

• Only correct in the bulk

• Non-spherical particles extremely difficult

• Relatively expensive

J.F. Brady and G. Bossis, Ann. Rev. Fluid Mech. 20, 111 (1988)



Hopper flow

131

J. W. Landry, G. S. Grest, L. E. Silbert, S. J. Plimpton, 

Phys Rev E, 67, 041303 (2003)

This is work by James Landry 

(jwlandry at gmail.com), formerly 

at Sandia, now at MIT Lincoln 

Labs, modeling flow of granular 

material from a hopper. Such 

models can be used to study flow 

rates and mixing as a function of 

geometry, or jamming that can 

occur near the mouth of the 

hopper.



Stokesian Dynamics

132
by Christoph Kloss (christoph.kloss at jku.at) and Christoph

Goniva at the Johannes Kepler University (JKU) in Austria,



Stokesian Dynamics
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Stokesian Dynamics

134
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• Each DPD particle represents
a group of solvent molecules

• Pairwise conservative forces

• Pairwise friction & random forces

– Conservation of momentum
(unlike traditional Brownian Dynamics)

R.D. Groot and P.B. Warren, J. Chem. Phys. 107, 4423 (1997)

See also Sodderman, Dünweg and Kremer, PRE 69, 046702 (2003)

Dissipative Particle Dynamics (DP)



Rupture

136

Implementing peridynamics within a molecular

dynamics code, M. L. Parks, R. B. Lehoucq, S. J. 

Plimpton, S. A. Silling, Comp Phys Comm, 179, 777-783 

(2008)



Shear faults in a model brittle solid

137C. E. Maloney and M. O. Robbins, Chaos, 17, 041105 (2007).



Liposome, micelle formation

138
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Lattice Boltzmann

• Solvent hydrodynamics emerges
from collisions on a lattice

• Computationally cheap (order N)

• Discretisation problems with boundaries (walls and colloid-
solvent interactions)

• Brownian motion does not emerge naturally, but must be 
added “by hand”

A.J.C. Ladd and R. Verberg, J. Stat. Phys. 104, 1191 (2001)

• See also Lobaskin & Dünweg NJP, 6, 54 (2004) and Cates et al. 
JPCM (2004) for ways to include Brownian forces
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NOT LIMITED TO CLASSICAL PHYSICS: double slit simulation



TRENDS

Atomistic modeling of liquids, polymers (in solution, melts, semi-crystalline)

Many properties are accessible: mechanical, rheological

Transport of small solutes is well studied

Larger and longer simulations are now possible

System size and simulation time limit resolution

Coarse-graining (+back mapping) extends possibilities but still requires validation

Polarizable forcefields are now available

Reactivities are tractable with reactive forcefields or QM-MM 
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