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The underlying physical laws necessary for the mathematical
theory of a large part of physics and the whole of chemistry are
thus completely known, and the difficulty is only that the exact
solution of these laws leads to equations much too complicated t
be soluble.

Paul Dirac
on Quantum Mechanics (1929).
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Predictstatic and dynamical properties of materials,
Including chemical and biological systems

Compute certain properties of the system where
experiment cannot be done.

Allows us to understand our system at the most
fundamental level (atomistic level)



Fundamental physics law governing our system

Ab initianolecular dynamics (AIMD)
(Classicalholecular dynamics (MD)

Technical details and examples



Timeindependent Schrodinger equation:
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The solution of this equation will be a set of wavefunctian®) ({
and energies ({fp for all the allowed states.

Time evolution of a given system:
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Examples of exact quantum calculations.

H+H, > H,+ H (collinear)

D. Truhlar and A. Kupperman (1970)

Dimensionality issue:

Adding one more atom to the system increase the dimension:
THREE.
For example, a nuclear wavefunction for a system with 10 atol

function with 30 variables.



oDemoted to a classi cal
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Nucl el moti ons now (gl ven

. Compute the potential energy and force by solvin
electronic Schrodinger equation for a given nuclei configurati
(almost always using DFT)

. Compute the potential energy and force by using
a omodel 6 (called oforce f
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Simple Molecular dynamics

Newton’s law of motion: MD algorithm
calculate
forces F (1)
In discete time : integration algorithm. =1+
Example: Verlet algrorithm 1 ——
r(t+0t) = r(t)+v(t)x5t+5a(t)x6t2 r(1 + 0t)

r(t=0t)=r(t)-v(t)x ot + %a(t) x Ot

()
m

M~1fs=101s
x Ot

) r(t+0t)=2r(t)—r(t-0t)+

Propagation of time: position at time t+dt is a determined by position at time t and t-dt, and by
the acceleration at time t (i.e., the forces at time t)

The equations of motion are deterministic, e.g., the positions and the velocities at time zero
determine the positions and velocities at all other times, t.
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Start with nuclei —— Add electrons — Compute ¥;,N —— ‘ w.,,n=F ‘

| |

Add electrons < Propagate nuclei a
short time o with F

e.g. Verlet:

R, (At) = 2R, (0)-R, (—At)+ﬁ/|—t2|:, OB At =0.1fs




Traditional approachHartreeFock(cheap, too crude),
MP2 (accurate, expensive),
CoupledCluster (accurate, really expensive

Density Functional Theory (DFT):
Good balance between the cost and the accuracy.

Hohenberg-Kohn Theorem (1964):
External potential, and hence the total energy is a unigue fun
of electron densitylvays a three dimensional olpject

Minimize total energlg[n(r)],
with respect to electron density, n(f).
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Hydrated proton

T. C. Berkelbach, . Lee and M. E. Tuckernfaimys. Rev. L&03 238302 (2009)
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Organic reaction

- styrene forms lines on Si (100)
- precursor to molecular electronics
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Butadiene on silicon surface

a) [2+2] Cycloaddition

ethylene

oO=0%

ethylene cyclobutane
b) [4+2] Cycloaddition
butadiene
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Product Distributionfrem 40 butadiene drajectories
P. Minary and M. Tuckereman JACS (2005); STM i Teague and Boland JPCB 107, 3820 (2003)

Product Theory (%) Exp. (%) |Product Theory (%) Exp. (%)
A 15 11+ 3 D(+E) 30 22 +15
B 30 31+ 6 H 10 21+ 5
C 15 16+ 7

A: DA [4+2]

B: X-dimer
intra-row

C: X-dimer
inter-row

D(+E): [2+2]

Intermediate
Fluxional spgcies



Force Field:

Define empirical potential energy function, V(R), to model molecular interac
These model potential should be differentiable in order to compute the force

acting on each atom

Implementation

A theoretical functional fornvith adjustable paramgtsrassumed for a given tyj
of |l nteracti on: e.g. Stretching,

Each functional form has a set of adjustable parameters. These parameters are dete

S0 as to reproduce the experimental data

The same atoms in different chemical environment are treated diftfesmdynt(atom type

e.g. The carbons in C=0 and0Gare of different types.
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