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“T’he fundamental laws necessary for the mathematical treatment of
a large part of physics and the whole of chemuistry are thus
completely known, and the difficulty lies only 1n the fact that
application of these laws leads to equations that are too complex to
be solved.”

— Paul A. M. Dirac

'‘Quantum Mechanics of Many-Electron Systems', Proceedings of
the Royal Society (1929),



Introduction

* Molecular guantum mechanics aims to solve the time-
independent Schrodinger equation (SE).

—Determine the electronic structures of atoms and molecules.

* In this lab we introduce some of the computational techniques
that are used to solve the SE for electrons in molecules.

—Equations

—Approximations



Introduction

* We concentrates on the calculation of the electronic
wavefunction and the electronic energy.

* Single point calculations = potential energy surface.

* Once those quantities are known:
- Minimum of potential energy surface: equilibrium structure.
- Gradient: force constants and vibrational frequencies.

- Stationary points: transition states in a reactive system.



Introduction

HyperChem:

* Molecular Mechanics
- Newtonian particles under (different) force field.

— Cut-off interaction distance to reduce computational burden.

* Ab-initio

- Arbitrary basis set for expanding the molecular orbitals.

e Semiempirical

— Solve the SE, with certain approximations (only valence electrons,
neglecting the integrals for certain interactions, using non-optimized
electron orbital basis functions...)
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Formulation

* The crucial complication: electron-electron interactions.

 As a first step, we assume that the solution is similar to the
form without interactions.

T
=1

Vo= (DY (2) - (1)



Formulation

e Taking into account the spin:
Ve (x; R) = (n!) ™' *det|p, (1), (2) - . ()

—Slater determinant.

—Goes to zero if any two spin orbitals are the same (=Pauli
exclusion principle).



Mean Field Approximation

* In the HF method, we search for a Slater determinant using an
average electron-electron repulsion.

* Each electron moves in the field created by the nuclei and the
other n — 1 electrons.

* The spinorbital that give the lowest energy are found using
variational theory.
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The Roothaan equations

* For a given spatial function,
fl % (1) — Ealpa (1)

* where the Fock operator is

= b+ Y {2.(1) - Ku(1)}

(1 { [ 50 (e 21 pu 1)
D= { [5:0) (5o 21 b, 1)

—_—



The Roothaan equations

* We introduce a set of M basis functions 6},

M
=) ¢l
=1

* Our goal: find the coefficients.

* We substitute the expansion into the equation for a given spatial

function v v

flzcm i(1 )—Sachan(l)

=1 =1

* Multiplying both sides by the ket and integrating,

Zc,a / 1)dr, = FQZCM / (1) dry
—_—Y



The Roothaan equations

* The structure becomes more simple if we introduce a compact
notation.

S,-]- - /9?(1)91(1)(:17‘1 Overlap matrix
Fl-]- — /8?(1)](19]-(1)(;11/1 Fock matrix
* We get
M M
> Ficia=¢a ) Siici ‘ Fc = Sce
=1 =1

Roothaan equations

—_—



The Roothaan equations

* Roothan equations:

Fc = Sce

e Solution for

det|F —¢,8| =0

* The matrix elements F;; involve integrals over the Coulomb

and exchange operators which themselves depend on the
spatial wavefunctions.

—Self-consistent field approach.



The SCF Procedure

Input
3D Coordinates
of atomic nuclei

Initial Guess : _
Molecular Orbitals | | Fock Matrix
(1-electron vectors) Formation
Fock Matrix
Diagonalization
Calculate
Properties Yes SCF No

) Converged?
End
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* In principle, a complete set of basis functions must be used
to represent spinorbitals exactly.

—HF limit.

* Because an infinite basis set is not computationally feasible,
a finite basis set is always

—>basis-set truncation error.

* Slater-type orbitals:

R(r) = Nr"le "



Gaussian-Type

e Cartesian Gaussians are functions of the
form

ke—z\rl—rc\z

91’;’1@(”1 — rc) — (xl — xc)i(yl — yc)f(zl — Zc)

N\Gla,

where i, j, k are integers and a is a G, f\u

positive exponent. {.f' \H |
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* The central advantage: the product of %EL / |./ l
two Gaussians at different centers is < f LN
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Gaussian-Type

* Disadvantage: a 1s hydrogenic 1
atomic orbital has a cusp at the (
atomic nucleus.

—a larger basis must be used
relative to STOs.

* To alleviate the problem: linear
combinations of Gaussians. 0.4
Gaussian

.:E dilg; 0.2
£ — P’ | n=1STO

I
. = 137 0
w’ Z i }(] Distance from nucleus
]
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Reference energies

* Molecular Mechanics: zero when all nuclei are at rest, all springs
are at equilibrium and all nuclei are separated by infinite
distances.

- Note: we still have a potential energy term.

* HF: Zero when all particles (nuclei and electrons) are at rest, and
are separated by infinite distances.

- Note: we can deduce that the LUMO is the energy needed to bring
an electron from infinity to our system, and the HOMO is the
energy needed to take an electron from the system and place it at
infinity.

—_—



