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OUTLINE

1. MD simulation technique
2. 3 examples of application in link with

Dielectric Relaxation Spectroscopy
3. Take home messages about possibilities

& limits



Molecular Dynamics (MD)
simulation technique



Different time scales t & length scales L

𝑳𝑳 ~ 1 cm, 1 m,…
𝒕𝒕 ~ seconds, minutes, 

hours, days,…

𝑳𝑳 ~ 1 nm,…
𝒕𝒕 ~ picoseconds,

nanoseconds,
microseconds

𝑳𝑳 ~ 1 Å
𝒕𝒕 ~ femtoseconds

Electronic clouds e-

water



Angstrœm Nanometers MillimetersMicrometers

femtoseconds

picoseconds

nanoseconds

microseconds

seconds

minutes, 
hours, days, 

years… 

Meters

Different time and length scales 
→ Different MODELLING TECHNIQUES

Object Kinetic MC
Phase field, 
dislocation dynamics

Molecular Dynamics 
(MD) simulations

(atoms)
Quantum 

Mechanics
(electrons)

Finite elements
(material)

This is only technique which needs nothing as input in particular
"ab initio" calculations → The Schrödinger equation is solved
Time & space scales (highly) limited
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This presentation !



Complex system : many atoms, many nuclei, many electrons

How to model systems from MD simulations ? 
Quantum mechanics vs Classical mechanics

Complex electronic 
clouds e-



Solving the Schrödinger equation𝑯𝑯𝑯𝑯 = 𝑬𝑬𝑬𝑬 for polyectronic atoms and molecules is in general
not possible or very costly in computer time 

Born-Oppenheimer approximation:  
Mass of nuclei >> mass of electrons (mp = 1836xme)

Time-scale separation: Electrons ("fast") adjust instantaneously to the position of nuclei ("slow")

• Quantum mechanics : electronic motions (nuclei fixed).

• Classical mechanics : nuclei motions (electrons motions ignored).

Classical mechanics approximation

« slow » nuclei dynamics (~ picoseconds-microseconds)
can be treated classicaly with Newton equations



Total force action on atom 1 :  

Same calculation for all atoms ! 

The time-dependence of all atoms is governed by a set of Newton's equations which
can solved numerically !

→ N differential equations to be solved to get time evolution of all atoms
→ MOLECULAR DYNAMICS

Newton's equation: 

𝑭𝑭𝟏𝟏 = �
𝒋𝒋

𝑭𝑭𝟏𝟏𝟏𝟏 = 𝑭𝑭𝟏𝟏𝟐𝟐 + 𝑭𝑭𝟏𝟏𝟑𝟑 + 𝑭𝑭𝟏𝟏𝟒𝟒 + 𝑭𝑭𝟏𝟏𝟓𝟓

𝟑𝟑𝟐𝟐

𝟏𝟏

𝟒𝟒𝟓𝟓

𝑭𝑭𝟏𝟏𝟐𝟐
𝑭𝑭𝟏𝟏𝟑𝟑

𝑭𝑭𝟏𝟏𝟒𝟒

𝑭𝑭𝟏𝟏𝟓𝟓

𝑭𝑭𝟏𝟏 = m � 𝒂𝒂𝟏𝟏 = m �
𝑑𝑑2𝒓𝒓𝟏𝟏
𝑑𝑑𝑡𝑡2

𝑭𝑭𝒊𝒊 = m � 𝒂𝒂𝒊𝒊 = m � 𝑑𝑑
2𝒓𝒓𝒊𝒊
𝑑𝑑𝑡𝑡2

= −𝛻𝛻𝑉𝑉(𝒓𝒓𝟏𝟏, 𝒓𝒓𝟐𝟐, 𝒓𝒓𝟑𝟑…𝒓𝒓𝑵𝑵)

5 atoms with positions 𝒓𝒓𝒊𝒊, acceleration 𝒂𝒂𝒊𝒊

FORCE FIELD : 𝑉𝑉(𝒓𝒓𝟏𝟏, 𝒓𝒓𝟐𝟐, 𝒓𝒓𝟑𝟑…𝒓𝒓𝑵𝑵): interaction potential between all atoms 



Numerical integration using a Taylor expansion:

Choice of the time step 𝛿𝛿𝛿𝛿 ?  

Practically, how is it working ? 
Numerical integration of Newton’s equations

𝑟𝑟𝑖𝑖 𝑡𝑡 + 𝛿𝛿𝛿𝛿 = 𝑟𝑟𝑖𝑖 𝑡𝑡 + 𝑣⃗𝑣𝑖𝑖 𝑡𝑡 � 𝛿𝛿𝛿𝛿 + 1
2
𝑎⃗𝑎𝑖𝑖 𝑡𝑡 � 𝛿𝛿𝛿𝛿2 +⋯ 𝑎⃗𝑎𝑖𝑖 𝑡𝑡 =

𝐹⃗𝐹𝑖𝑖 𝑡𝑡
𝑚𝑚

𝛿𝛿𝛿𝛿 too small : the trajectory of the particules in phase space will be limited

𝛿𝛿𝛿𝛿 too large : instability. The Taylor expansion becomes not valid

𝑟𝑟𝑖𝑖 𝑡𝑡 + 𝛿𝛿𝛿𝛿𝑟𝑟𝑖𝑖 𝑡𝑡

𝛿𝛿𝛿𝛿 ≪ 1/𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚

where 𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚 is the highest frequency in the system (𝜔𝜔(O-H, C-H,…) ~ 100 THz)

𝛿𝛿𝛿𝛿 ≈
1

10
×

1
100 THz

≈ 1fs = 0.001 picosecond

Predicted position

velocityposition accelerationPredicted position



+0.001ps

+0.001ps

+0.001ps

….

….

MD simulation can be seen as a sort of "movie"
So let’s make a movie….



4 water molecules :INITIAL CONFIGURATION

𝑟𝑟1 𝑡𝑡
𝑟𝑟2 𝑡𝑡

𝑟𝑟3 𝑡𝑡

𝑟𝑟4 𝑡𝑡



Calculation of the interactions/forces (van der Waals, hydrogen bond, coulombic…)

𝐹⃗𝐹12 𝑡𝑡

𝐹⃗𝐹13 𝑡𝑡
𝐹⃗𝐹14 𝑡𝑡



Calculation of the total Force 𝑭𝑭𝟏𝟏 𝒕𝒕 acting molecule 1

Calculation of its acceleration 𝒂𝒂𝟏𝟏 𝒕𝒕 = 𝑭𝑭𝟏𝟏 𝒕𝒕
𝒎𝒎

using the Newton's equation

Total Force 
𝑭𝑭𝟏𝟏 = �

𝒋𝒋

𝑭𝑭𝟏𝟏𝟏𝟏 = 𝑭𝑭𝟏𝟏𝟐𝟐 + 𝑭𝑭𝟏𝟏𝟑𝟑 + 𝑭𝑭𝟏𝟏𝟒𝟒



𝑟𝑟1 𝑡𝑡

𝑟𝑟1 𝑡𝑡 + 𝛿𝛿𝛿𝛿

Prediction of the position of the water molecule 1
after a short time 𝛿𝛿𝛿𝛿

𝑟𝑟1 𝑡𝑡 + 𝛿𝛿𝛿𝛿 = 𝑟𝑟1 𝑡𝑡 + 𝑣⃗𝑣1 𝑡𝑡 � 𝛿𝛿𝛿𝛿 + 1
2
𝑎⃗𝑎1 𝑡𝑡 � 𝛿𝛿𝛿𝛿2 +⋯



Same can be done for all molecules !

𝑟𝑟1 𝑡𝑡 + 𝛿𝛿𝛿𝛿

𝑟𝑟2 𝑡𝑡 + 𝛿𝛿𝛿𝛿

𝑟𝑟3 𝑡𝑡

𝑟𝑟4 𝑡𝑡 + 𝛿𝛿𝛿𝛿

𝑟𝑟4 𝑡𝑡

𝑟𝑟1 𝑡𝑡

𝑟𝑟2 𝑡𝑡

𝑟𝑟3 𝑡𝑡 + 𝛿𝛿𝛿𝛿



𝑟𝑟1 𝑡𝑡 + 𝛿𝛿𝛿𝛿

𝑟𝑟2 𝑡𝑡 + 𝛿𝛿𝛿𝛿

𝑟𝑟3 𝑡𝑡 + 𝛿𝛿𝛿𝛿

𝑟𝑟4 𝑡𝑡 + 𝛿𝛿𝛿𝛿

CONFIGURATION OF THE SYSTEM AT TIME 𝑡𝑡 + 𝛿𝛿𝛿𝛿



𝑟𝑟𝑖𝑖 𝑡𝑡

𝑟𝑟𝑖𝑖 𝑡𝑡 + 𝛿𝛿𝛿𝛿
𝑟𝑟𝑖𝑖 𝑡𝑡 + 2𝛿𝛿𝑡𝑡

𝑟𝑟𝑖𝑖 𝑡𝑡 + 3𝛿𝛿𝑡𝑡

….etc etc

The process is repeated…. Prediction of the position of the water molecules
after a short time 𝜹𝜹𝜹𝜹,𝟐𝟐𝜹𝜹𝜹𝜹,𝟑𝟑𝜹𝜹𝜹𝜹,𝟒𝟒𝜹𝜹𝜹𝜹



Molecular Dynamics simulation of water 



Dielectric broadband, P. Lunkenheimer
http://www.physik.uni-augsburg.de/exp5/research/glassfl.shtml.en

Typical accessible time scales

MD simulation time step 𝛿𝛿𝛿𝛿 ≈ 0.001 picosecond ≈ 10−15 s
Number of time-step : 106  to 109

Total simulation 
time :

MD

𝟏𝟏𝟏𝟏𝟔𝟔 × 𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏 𝐬𝐬 = 𝟏𝟏𝟏𝟏−𝟗𝟗 𝐬𝐬 (→ ~𝟏𝟏𝟏𝟏𝟗𝟗 𝐇𝐇𝐇𝐇) EASY ! 
𝟏𝟏𝟏𝟏𝟗𝟗 × 𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏 𝐬𝐬 = 𝟏𝟏𝟏𝟏−𝟔𝟔 𝐬𝐬 (→ ~𝟏𝟏𝟏𝟏𝟔𝟔 𝐇𝐇𝐇𝐇)

Feasible but more challenging



Description of interatomic and/or intermolecular interactions  
𝑽𝑽(𝒓𝒓𝟏𝟏, 𝒓𝒓𝟐𝟐 , � � � , 𝒓𝒓𝑵𝑵)

FORCE-FIELD



𝑽𝑽 𝒓𝒓 = 𝟒𝟒𝟒𝟒
𝝈𝝈
𝒓𝒓

𝟏𝟏𝟏𝟏
−

𝝈𝝈
𝒓𝒓

𝟔𝟔

Pauli exclusion principle 

𝑽𝑽 𝒓𝒓

𝒓𝒓

minimum

attraction

repulsion

Van der Waals
London dispersion forces 

+q -q

1µ
 +q

-q

2µ


Induced dipole

Instantaneous dipole

Example of interaction potential to
model Van der Waals Interactions:
Lennard-Jones potential

This empirical potential is a model
(Classical – Newton's equations)

of quantum mechanics
phenomena !

−𝜺𝜺

𝟐𝟐𝟏𝟏/𝟔𝟔𝝈𝝈

SPC/E [Jorgensen et al, J. Chem. Phys. 79, 926 (1983)]

εoo = 0.16 kcal/mol
σoo = 3.17 Å



Atoms: oxygen & hydrogen 
Electrons: localization at same positions as atoms

q=-0.8476e

q=+0.4238e

q=+0.4238e(SPC/E) model of water

Complex electronic clouds e-

Coulombic interactions
between all partial charges

𝑉𝑉(𝑟𝑟) =
𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗
4𝜋𝜋𝜋𝜋

×
1
𝑟𝑟

partial charges

Example of interaction potential to model electrostatic Interactions



How to maintain the topology & flexibility of a molecule ? 
Intramolecular interactions (1)

2)( ob bbkV −=

Bonds:

harmonic potential ("spring")

For all pairs of atoms
forming a covalent bond



Intramolecular interactions (2)

2)( okV θθθ −=

Angles:

harmonic potential ("spring")

For all triplets of atoms
forming covalent bonds



Intramolecular interactions (3) 

( )[ ]δφ ++= mVV n cos1
2

Torsions :

Multi wells cosine potential

For all quadruplets of atoms
forming covalent bonds



Intramolecular interactions

Bonds:

Angles:

Torsions :

Flexibility of the molecules
can be (easily) controlled !

Bonds never break 
→No chemical change
(NO DEGRADATION)
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FORCE-FIELD
Total interaction
potential energy

FORCE-FIELD =  {Bonds (kb,bo), Angles (𝜽𝜽𝒐𝒐,𝒌𝒌𝜽𝜽), Torsions (Vn,m,d), 
Van der Waals (𝜺𝜺𝒊𝒊𝒊𝒊, 𝝈𝝈𝒊𝒊𝒊𝒊), Electrostatics charges (qi)} 

The force field is the set of parameters describing all interactions
existing in the simulated systems  

Hundred to Thousand parameters !!!



THERE ARE MANY (MANY) WAYS TO BUILD FORCE-FIELDS : MANY FORCE FIELDS !
Some popular generic force-fields from literature: CHARMM, AMBER, OPLS, GROMOS…

More than 50 force fields have been published just for water
(TIP3P, TIP4P, TIP5P, SPC/E, OPC3,…) 

How to get the parameters ? 

The agreement between MD simulations and experiments is often only fair
(unless you build your own force field)

• Bonds (kb,bo), angles (𝜃𝜃𝑜𝑜, 𝑘𝑘𝜃𝜃), torsions (Vn,m,d),… : ab-initio quantum chemistry, small molecules spectroscopy (IR),…

• Van der Waals (𝜀𝜀𝑖𝑖𝑖𝑖, 𝜎𝜎𝑖𝑖𝑖𝑖) : small molecules crystals (x-ray), properties of simple liquids (density), vaporization enthalpy,…

• Electrostatics charges (qi) : ab-initio quantum chemistry, small molecules crystals, properties of simple liquids
(dipole),…



Comparison of different force 
fields to model water



J. Chem. Theory Comput. 2012, 8, 61–74

Comparison of 3 different
force fields to model different

small molecules

Enthalpy of 
vaporizaton Density



J. Chem. Theory Comput. 2012, 8, 61–74

Static
permittivity



4 Examples of application in link 
with Dielectric Relaxation 

Spectroscopy



Example 1: Analysis of the complex molecular mobility in ibuprofen

Prof. Madalena Dionísio
FCT-NOVA (Portugal) Dr. Natalia CORREIA

Univ. Lille (France)

Dr. M.T. Viciosa
Instituto Superior Técnico
(Portugal)

The
"Dream Team"



MD simulation : what are the 
molecular motions associated with
the relaxation processes (α,β,γ,D) ? 

“Debye-like” 
process observed 
in ibuprofen



INTRA-MOLECULAR DYNAMICS  (torsions) → local dynamics



𝝁𝝁

𝝁𝝁
𝝁𝝁

𝝁𝝁
𝝁𝝁𝝁𝝁

𝝁𝝁

𝝁𝝁
𝝁𝝁

𝝁𝝁 = �
𝒂𝒂

𝒒𝒒𝒂𝒂 × 𝒓𝒓𝒂𝒂
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Dipolar time-correlation functions

DRS

Fourier Transform

MD
Time 

domain

Frequency 
domain



Comparison MD simulation and
Dielectric Relaxation Spectroscopy

2 3 4 5 6 7
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Most of the dipolar response comes the 
carboxylic acid group O=C-O-H

“slow” Internal rotational jump between the syn and 
anti conformations of the O=C-O-H group “influenced” 

by the inter-molecular HB structures made of 
linear/cyclic dimers

syn-conformation anti-conformation 

Anti
Syn

Torsion 
angle

0° 180°

Origin of the Debye process in ibuprofen?



Example 2: Impact of very low concentration of water on the dynamics of 
amorphous pharmaceuticals

• Amorphous state of high interest for formulation of poorly water soluble molecules
• Some systems almost insoluble in the crystalline state can be highly hygroscopic in 

the amorphous solid state !
• In almost all cases: amorphous solids contain a "certain amount of water and may 

also "adsorb even more water" upon storage !

Dr Emeline Dudognon
Univ. LILLE (France)



Plasticization of α mode

DRS: Characterisation of annealed glass of Terfenadine
After several days at RT…

Supplementary process: S

glass at 76% RH, 21 days: 1.73% H20
glass at 36% RH, 45 days: 1.26% H20

Thermo Gravimetric Analysis:

very difficult to remove



300 350 400 450 500
0

20

40

60
% water

 molecules

T (K)

MD simulations : Hydrogen Bonding interactions analysis

TFD#1

TFD#2

TFD#2

TFD#1 TFD#3

TFD#2

TFD#3

TFD#1 TFD#4

T = 300 K, 1%w/w water

water creates bridges 
between Terfenadine

majority of weackly/moderately HB water

minority of highly HB water

difficult to remove

Water-Terfenadine HB:

no HB

1 HB

2 HB3 HB

4 HB

easy to remove

2 HB

3 HB 4 HB



Amorphous Terfenadine can uptake a small content of water (1 % w/w)
which is very difficult to remove → Ultra HB water molecules

S mode : reorientation of ultra HB water molecules bounded to the 
flexible central part of Terfenadine molecules (𝛄𝛄-process)

Origin of the S-process ? 

10-1 100 101 102 103 104 105 106
0.000

0.004

0.008

tan δ

F(Hz)

% H20

𝛄𝛄

S

0 %

1.26 %

1.73 %

𝝁𝝁

S

𝛄𝛄

𝝁𝝁

Tomorrow 
Tuesday 09:15 

S𝝁𝝁
𝛄𝛄

𝛄𝛄



Example 3: Nanometric confinement of Simvastatin in mesoporous silica

Prof. Madalena Dionísio
FCT-NOVA (Portugal) Dr. Natalia CORREIA

Univ. Lille (France)
Dr. M.T. Viciosa
Instituto Superior Técnico
(Portugal)



Distance from 
the center

Density of simvastatin within the pore

Higher 
density at 

the surface



Analysis of the HB interactions 
between Simvastatin & Pore surface

Part of the 
pore surface

Simvastatin 



No 𝜶𝜶 process from DRS 
detected in confined 

simvastatin ! 

Tg from DSC 
experiment ! 



Simvastatin dipole 𝝁𝝁

𝝁𝝁

MAXIMUM AT 
𝝓𝝓 = 𝟎𝟎

𝑴𝑴 = �
𝒊𝒊

𝝁𝝁𝒊𝒊 = 𝟎𝟎

Simvastatin dipoles 𝝁𝝁 tend to be 
perpendicular to the pore surface

No 𝜶𝜶 -process



Example 4 : Translation/Rotational dynamics in channel-like cocrystals
(a true type of nanometric confinement) 

See presentation scheduled
tomorrow at 11.00 



TAKE HOME MESSAGES



MD simulations: limits

How complex is the force field and the system ?
Van der Waals, Electrostatics, 3-body potentials ?

Simple atoms, molecules, biomolecules,.. ?
How many pressures P to investigate ? 

How many Temperatures T ? How many concentrations ?

Duration of the simulations ?
How many pico, nano, micro… seconds ? 

How big is the system ? 
N = 103, 106, 109 atoms ?

1) Everything is not possible from MD simulations
It often depends on your computational resources

In general some "compromises" have to be
done to reduce computational costs

2) MD simulations (as presented here) : Classical Physics
Extension→ polarizable force field, quantum MD simulations… 
(but this has a cost in computation time!)



MD simulations: limits

How complex is the force field and the system ?
Van der Waals, Electrostatics, 3-body potentials ?

Simple atoms, molecules, biomolecules,.. ?
How many pressures P to investigate ? 

How many Temperatures T ? How many concentrations ?

Duration of the simulations ?
How many pico, nano, micro… seconds ? 

How big is the system ? 
N = 103, 106, 109 atoms ?

1) Everything is not possible from MD simulations
It often depends on your computational resources

2) MD simulations (as presented here) : Classical Physics
Extension→ polarizable force field, quantum MD simulations… 
(but this has a cost in computation time!)



• A very common tool nowadays: Efficient programs (parallel computing) already
available (CHarmm, Amber, Gromos, DL_POLY, LAMMPS,…)

• Very different physical systems can be studied : metals, alloys, small molecules 
compounds, polymers, proteins,…

• Very good resolution: time (10-12 - 10-15 sec) & space (Å = 10-10 m)
Investigation at the molecular scale ! "Seeing is believing"

• Direct comparison with a variety of experiments: X-ray diffraction, Neutron 
scattering, Calorimetry, dielectric relaxation spectroscopy,…

• No assumption is made about the processes/mechanisms to be investigated
→ The system follows a reasonable physics law (Newton’s law) based on
physically reasonable forces (van der Waals, coulombic, harmonic bonds,…) 

MD simulations: possibilities



Thank you for your attention

Questions ?
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