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Lennard-Jones

What would | like you to take | ...
away from today? 5

AA basic understanding of the
mathematical underpinnings of MD

ASign posting to the array of software
that is available for both setting up and
analysing MD

AA convincing argument about how and
why MD and Neutron scattering can
and should be used to extract more | R\
information from one another oo

Energy transfer (meV)

Intensity (a.u.)
o
'




What is Molecular Dynamics?

AA method/model that generates a movie at the atomic scale, letting
us examine or interrogate the motions/structure of the atoms

Example: Small molecule diffusion in Zeolites

This can help us
understand the links
between the atomic
properties and the
macroscopic properties c
a system

e.g. Diffusion of products
» IN catalytic zeolite can be
a rate limiting effect




Basic objective of MIgycle of consistengy

» Aim: To predict the equilibrium macroscopic properties of large systems

(1023 atoms/molecules) using properties of atoms and molecules

Experiment
Spectroscopy
Thermophysics

) S—

Theory
Statistical
Mechanics

Solid:Primitive cell
Liquid:Radial
distribution

System
[ Structure |

Thermodynamics
[Dynamics

Simulations

» Simulations: supports

interpretation of experimental

Phase transitions
Thermal expansion

Seltdiffusion
Rotational diffusion
Viscosity

Thermal conductivit]

observations,

test

theories and it is also a discovery tool => new experiments and theories
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Multiscale laddervfhat scale does MD probe?

FE

S macroscale

DPD, SPH, A
| S(q,w)
microstructure

Classical MD

*Time: fs — us

*Length: 0.1-

Niq o

« ectronic .
http://www.icams.de/content/research/
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Length Scale

» Strong overlap in time-lengths scales (q, w)in neutron scattering
and classical Molecular Dynamics

ADynamics QEN%

ASructure
(SANS/diffractioh

AlLarge scale
structures/surfaces
(reflectometry)



2 S JSYSNYUS aY20ASacg¢.
we are explorinéPhase Space

»Molecular Dynamics provides an approach to solve the dynamic behaviour of
atoms and molecules, i.e., to sample the phase space, I'(qN,pN), and to compute
the properties of a system.

Phase Space Trajectory
~ Time dependence of

Easily Visualised with the case of & |  stateVariables 1'5

harmonically coupled system "] z 1 \
| 005 -
o2 g displacement
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Thermodynamic quantities can be,
calculated as temporal averages of  eniacement 15 -
these state variables

» In MD we asume [ergodicity:] the system can explore “all” the points in the
phase space

» We will focus on cartesian coordinates for which Newton’s equations apply




Revisiting Newtortl{e basic math of MD

» The force on a given particle / can be represented as the gradient of the potential
energy. The time evolution of Newton’s equations is given by:

#f A mathematical term describing Forcefield usually expressed
g, 4 the time evolution of the positions / as potential energy

1A Napl an dueY) |

st Ay = - L U => Potential energy

Y G4 dt dt? dr; N

x 3 r =(I‘1,I‘2,...,I‘N)

\, ----- Y% Something that is fully
K‘Eﬁw\z determined by the

L3 %P  current state of the
“  system (Forcdield)

»For an isolated set of particles Newton’s equations conserve the total energy
and linear momentum => (N,V,E) ensemble

p?
2'm,%-

()

Energy conservation Linear momentum conservation

E=U+K=U+




How do we solve this in practice?

»Objective: develop a numerical method to integrate the trajectory of N
interacting atoms. Most methods rely on a Taylor expansion of r about time t.
One of the most successful methods was developed by Verlet (1967).
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state, the more accurate the truncated Taylorz Pis ‘ At Time ste
expansion will be (i.e. small timatep). ’l—ﬁl\l\|\ — P

»Perform a Taylor expansion about r(t):

dr(t) N At? d?r(t) N At? d3r(t)
dt 2 dt? 3! dt3

dr(t) N At* d’r(t)  At® d’r(t)
dt 2 dt? 3! dt?

r(t + At) = r(t) + At + O(At)*

dzri
dt?

FiZmi

r(t — At) = r(t) — At + O(At)*

d?r () + O At) (1) Time reversible, conserves linear
dt? momentum (conservative forces)

Previous step \We have this! F/m “good” energy conservation

dr(t) r(t+ At) —r(t — At)
dt 2At

r(t + At) = 2r(t) — et —Af) + At”

»Subtract equations to get:  v(t) = + O(At)? ()



Time steps and energy conservation

»The numerical integration of Newton’s equations of motion should conserve
energy. Criterion: conserve energy in ., /(§E2)/E < 1/10*°

>In order to conserve energy the time step At should be < 1/10'" of the fastest
time scale:

Time dependence of
State Variables

15

1 T

~ —— & — v: Frequency of fastest vibrational mode v

100 10

) |

N|

o5 Time step (fs=10-15 s)

Stretching 0.5-1
Bending 2
Translation 5-10

Note: Rigid models are often available, and perform very well in mars{y cases



Example energy conservation

You probably want less than a 1% energy drift over the course of the simulation
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Thermostats an8arostats

[Guide the system to a given temperature or press@re

»Microscopic state: defined by the atom
positions and momenta {q,p} => phase

) . Microcanonical Canonical Isothermal-
space (I). A point {q,p} defines a (NVE) (NVT) Isobaric (NPT)
microstate, and a collection of points Isolated q W, q

satisfying the conditions of a given
thermodynamic state define an ensemble.

»Integration of Newton's equations of motion generates microstates in the
microcanonical ensemble (NVE). Ensemble average = Time average (ergodic
principle)

»Simulation in other ensembles can be performed by coupling the system to a
heat bath (NVT) or to a barostat (NPT)

Nosé-Hoover canonical dynamics (NVT)

Instantaneous
dr; _ pi temperature\‘
FTn SaEe e
dt =F; —&p; / / e
Relaxation rate g~ 3N Ensemble temperature

It is often appropriate to run a simulation in NPT at a desired pressure, and from the
average box dimensions, switch to a NVE ensemble



But what Is the forcéeld?

Usually a potential energy that can be expressed as a function of the atomic positons

» The interaction potential can be written as a sum of N-body contributions,
including bonding and non-bonding (coulombic, dispersion, polarization,
charge transfer) interactions

N

U I'1, Zul r'.', + Z rz_y Z U3(I'ij,rjk,1‘ki) + -

1<i<j<N 1<i<j<k<N

External field Two body Three body

» Very often we use the pairwise additivity approximation

U(rl"“ 7rN): Z u2(rij):U2(r12)‘|‘"'—|—’uf2(1‘23)—|—-'-
1<i<j<N

Higher order than pair potentials are very costly and rarely used



Interatomic potentials

Overlapping electron clouds

.. ha repulsion
»Hard spheres (no liquid phase)
= Lennard-Jones
TR R | |
70 ifrzo | o -

London forces
attraction

How wouldyou simulatenthis!?
-0.8 | €

»Lennard-Jones potential=> dispersion |

=26

c(1+3cosb,cos6;cosb,)

» Three-body: Axilrod-Teller u(r,,r;,n) = S
ij = jk "k .
» Coulomb qiq; These have to be treated via special methods (e.g. Ewald

u(r) = This is due to 1/# nature (energy drops off at the same

4megr :
rate as volume increases



Intraamolecular terms

energy .

Bonding
9—9- Harmonic

Bt

distance
Very important for keeping

Improper dihedrals
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Bending
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angle angle

planar geometry of molecules 4, , . = Z ky(r —re)? + Z ko (0 — 60)2 + Z ke (k1 — &0)2

V, (k) mole™)

" Dihedrals

g

1 [ 1
90 180 270

b 0 £
+ Z ks (14 cos(ngijk) — 0)

¢Carefu| about dihedral convections in different codes/FFs
» At ~300 K vibrations are in the ground state => rigid

bonds (constraints)

> AMBER, CHARMM, GROMOS (BIO), OPLS, TraPPE
(MOL. LIQUIDS), UFF (GENERIC), FENE (POLYMERS)



Coarsegraining gomething to be aware pf

The forcefield jungle

A Particularly important for large systems in

biology (lipid bilayers, proteins etc.) | 5;’3‘»».5‘?
A Can be important for SANS and reflectometry B L e | i
A Note thatdynamic quantitiecan bevery wrong - S— —
[ChMIM]™ [BF4]' A
(b)
,i BF,
T1 Tz T3 "&

=
=

vdd

CzMIM
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i

Martini CG vs atomistic



Where do these forcéelds come from and
what are their weaknesses?

» It is not possible to model chemical reactions (bond breaking formation, electron
excitations / charge transfer). Multi-scale:approaches-doexist

» Parametrized to reproduce properties at specific conditions => transferability

may be limited. Phase transitions-fonexampleamay befshifted

» Classical FF can be fairly accurate at predicting thermodynamic, structural and
dynamic properties + it is possible to investigate large systems
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Gold nanopartiﬁles, 5nm
at the water surface

103 molecules, atomistic 0.5x106 particles, atomistic Reddy et al, 108 Particles, CG
DOI: 10.1021/acs.jctc.5b00080 DOI:10.1039/C5NR00620A DOI: 10.1016/i.str.2014.12.019




Periodic Boundary Conditions
S OFyQu aAYdzZ 4SS I)

> Simulations are performed using “small” systems 10°< N < [F===-----

10 (CPU limited). Interactions ~ O(N?)

» Large fraction of molecules influenced by surface effects:
50% for a sytem containing 102 molecules.

» Periodic boundary conditions (Born
and von Karman, 1912) => infinite
number of copies of the simulation box

(a) (b)

Fig. 1.10 Non-cubic simulation boxes. (a) The truncated octahedron and its containing
cube; (b) the rhombic dodecahedron and its containing cube. The axes are those used in
microfiche F.1.
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Cutoffs and minimum image convention

» Periodic boundary conditions => spherical truncation + minimum image (Ml)
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» What cutoff, r, should | use? => as small as possible! and < (Box length/2) to avoid
multiple image interactions: BEWARE: short cutoffs modify cohesive energy (e.g. critical
point) significantly

» Typical cutoff for dispersion (LJ) interactions 2.5 o => u(2.5 o) ~ 102-10-3 kgT

» Coulomb: U(r.)~102 kgT at r,~100 o (water, 0.033 molecules/A3=>107-® molecules!!)=>

Special techniques required to compute Coulombic interactions => Ewald summation

(Particle Mesh Ewald), Reaction Field, Wolf method (see Allen & Tildesley).

You also need to be aware of neighbour lists, which keep track of which atoms are within a given radial distance
of one another, meaning only a suget of distances need to be calculated each step




What can we measure?

Energy and entropy changes | Atomic positons relative to
as a function of T etc. each other and surfaces

Thermodynamics Structure

Individual or collective
motions of atoms

Dynamics
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Ergodic principle: <A>ensemble — <A>time




Equilibrationyhen are we ready to analyge?

Has the running average plateaued?
Is the typical variation consistent with time?



