From Atoms to Materials:
Predictive Theory and Simulations
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Structure of a minimalist MD code

Initial conditions
[R;(0), V;(0)]

Y

/ Calculate forces at current G
time [F,(t)] from R,(t)

y

Integrate equations of motion
R(t) = R(t+Dt)
V(t) = V(t+Dt)
t—>t+Dt

v

Save properties

ol

Y
End

h ok .
NANOHUB| LT URDUL Ale Strachan - Atoms 2 Materials
\"— /



How can we compute interatomic potential?

* Ab Initio electronic structure methods
*Density Functional Theory, Hartree-Fock
* Quantum Monte Carlo
 Very accurate but computationally intensive
(applicable to small systems — 100s-1000s
atoms)

* Interatomic potentials:

V({Ri }) = Vciv/@_gt ({Rz}) +Vosecr ({Rz}) +Vaw ({Rz})

Parameterized to describe specific materials
* Ab initio data
* Experiments
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Covalent interactions

.........................................................................................................................

Represent the effect of chemical bonds
e 2-body, 3-body and 4-body interactions

2-body — bond stretch
« Pairs of atoms separated by a chemical bond) K.

1 0 \2 | s
Bpona(R) = = ks (R=Ry) 00 K<tl/iol /&

—_—

Advantages of harmonic bonds
e Stable (bonds can’t be broken) and simple
Disadvantages

 Symmetric and compression and tension (no thermal expansion)
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Covalent interactions

...............................................................................................................................

Other functional forms for bond stretch:

Lennard-Jones (6-12) P} /“;’"
(7 -7 |

Exponential-6

¢, (R) = 4¢

T Morse

Gop-o(R) =€ €7 — AR

energy (arb. units)

Morse

_ _RI| oK
¢M0rse(r)—€[e><p(y(l Ro)) Zexp(z(l Ro))

distance (a.u.)
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energy
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Covalent interactions: 3-body

...............................................................................................................................

Angle
squared /

ang2(x) ——
angl{x) ——

Pangie (0) = 5

l cosine
\ quargd
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angle
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Torsion bending (dihedral angles)

D ,orsions (P) = I/{{'jkl [1 - COS(";’C (¢ _@)ﬁ))]

Ethane (staggered)

H
H ? H
Ne oA
HW \H
sp? hybridization H
« Equilibrium at 0° & 180° sp? hybridization
» Maxima at: 90° & 270°  Equilibrium at 60°, 180°, & 300°
* High torsional barrier  Maxima at: 0°, 120°, & 240°
 Rotating around C-C bond  Low torsional barrier
breaks the Pl bond * Dominated by vdW between H
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Hybrid orbitals and torsional potentials
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Atom types in molecular force fields

* Element alone is not enough to determine the interactions
» E.g.: sp3 carbon and sp2 carbon behave differently

* In traditional molecular force fields the user specifies force field
types to establish the character of the atom

* Force field types & connectivities need to be determined prior to MD
simulation

* FF types and connectivities are kept fixed during run

» Reactive force fields (like ReaxFF and REBO) describe
interactions purely in terms of atomic positions and allow for atoms
to change coordination and environment
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Force fields for molecular simulations

......................................................................................................................................................................
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