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1. Quantum Chemistry
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Hartree-Fock approximation

H\O/H Electronic configuration:
10e — (1SO)Z(GOH)2(G OH)Z(HQ)Z(%)Z(G *OH)O(G *OH)O

Equivalent to the MO approximation
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Molecular orbital model

In practice:

the unknown spatial orbitals (MO) are described as a
linear combination of a set of known basis functions

N
W, = Z C,ui ¢# ¢ﬂ = one-electron basis function
p=1

If the basis function contains the atomic orbitals > MO=LCAO

I:I} Next problem:

How do we determine the unknown coefficients c ; ?

Variational principlez an approximate wavefunction has an
energy which is above or equal to the exact energy, and the
unknown coefficients are determined so that the total energy
calculated from the many-electron wavefunction is minimized.



Basis sets
@ Slater-type orbitals
_f.r
¢STO oC € —_—) Closest to H atom solutions

@ Gaussian-type orbitals

2 | D
¢GTO oC e S < Less accurate than STO

Fast integral calculation!!

@ SOLUTION Linear combination of Gaussians

d GTO |
¢CGTO D ﬂ¢ L=length of contraction

contraction P=l  primitives



Number of basis sets used

Minimal basis set: using the minimum number of basis functions 1s,1s’
1s,1s’,1s”

1s
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DZ: doubling all basis functions

T/Z: contains 3 times as many basis functions as the minimal basis set



Any Extras....?

Polarization functions: higher angular momentum functions *or(d : p)

p orbitals are used for the polarization of s orbitals
d orbitals are used for the polarization of p orbitals

H N
C

Diffuse functions: small exponents to describe weakly bound electrons I

Examples: anions, Hydrogen bonds



Type of basis sets

Pople basis sets

Split-valence: 3-21G, 6-31G, 6-311G,...

C: 1s? 2s%p?

2s 2G
2s'1G  (6s3p) — [3s2p]

2p 2G
2p’ 1G
3G

Dunning basis sets, ANO basis sets, Core correlated...



Electronic correlation

TWO APPROXIMATIONS:

= Our wavefunction consists on one single slater
determinant

= Use of limited basis set in the orbital expansion

MAIN DEFICIENCY:
lack of correlation between motion of the electrons

E _ _EHF-limit HE Improveme_nt of Full-ClI
corr exact o correlation
G |+
SOLUTION: 5|
more than a 2|9
. Q.
single e
configuration!! g _
HF-limit Exact




Perturbation theory

H=H,+\V
H_J
perturbation is assumed to be
small

can be solved exactly
E=E,+AE;+A°E,+ASE +...
Y=Y +A¥+ AV, +A3P +...

Ho=2F HW¥Y.=E W,

MP2, MP3, MP4....

= |[n principle, leads to good results, but perturbation must be small



Configuration interaction

Wo=coly, )+ D chlwi)+ Y calwa )+
ra | a<b
r<s
single, S double, D : X2k
b—s = Ks
= Orbitals not re-optimized H,O 6-31G* -
= Complete expansion: FullCl 10 electrons
38 spinorbitals
— 1 —4— XN
Truncated CI: CIS, CISD, CISDT,... +/107 Sbiin : ,
b
@ Size-consistency problem ! :
Quadratic Cl: QCISD, QCISDT... 4 %
Coupled Cluster: CCSD, CCSDT... 4



Multiconfigurational methods

When a single Lewis structure is not enough
= excited states

= diradicals
= often transition states

Coefficients in front of the determinants are optimized

MOs used for the construction of the determinants are
also optimized

CASSCF (Complete Active Space Self Consistent Field)

= Select electrons and orbitals involved in the chemical process
CASSCF(n, m)
n number of electrons
m is the number of orbitals



CASSCF (Complete Active Space Self Consistent Field)

CAS
All

excitations

Dynamic correlation:
Second Order Perturbation Theory
CASPT?2
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Density functional Theory (DFT)

In Hartree-Fock I > LP(Xl,XZ’ e ..XN)
Exact Hamiltonian, but approx. wavefunction.

ELECTRON DENSITY

Important Saving: The wavefunction depends on 3N spatial coordinates + Spin
The electron density depends just on 3 spatial variables

Principles of DFT

The ground state density of the system is enough to obtain
the energy and other properties.

Variational principle: for any trial density p the energy

will represent an upper bond to the ground state energy E,




|:> Exact wavefunction, but...unknown Hamiltonian!!!

Looking for an approximate Exchange Correlation functional

— Exchange + Correlation
|:xc - fx T fc J

LDA
VWN (Vosko, Wilk and Nusair)

GGA
B-P86 (Becke88 and Perdew386)

Hybrid Functionals
XC— X XC
F=Chet HetCoeal™ coa

B3-LYP (Becke 3 parameter functional-Lee Yang Paar)

Excited States Time-Dependent Density Functional theory
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2. Quantum Dynamics
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Goal: Follow the evolution molecular system in real time

The speed of atomic motion: 1000m/s
> t=1013s = 100 fs
Chemical changes involve distances of Angstroms

Femtosecond laser camera




Time dependent Schrddinger equation

iha Yo (1) = H)| W o (1)

o (THRAD =Y v (FH{R D e ((RA 1Y)

el

H(t)=H - z-E



1. Obtention of an initial wavefunction

Solution of the time independent nuclear Schrédinger equation

)

Numerically: FGH (Fourrier Grid Hamiltonian)

2.Propagation: solution of the TDSE \

X e

Wavepacket:
coherent superposition of stationary states \

v=3 \
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3. Quantum Control
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Conventional chemical control

Temperature

o

i

Pressure

Concentration

Catalysis

OA/



Mode-selective chemistry

g peb
%\ g}{

’Fails In many cases since bonds are not independent!!

energy flows between them: IVR



Brumer-Shapiro
“phase control”

Control through the manipulation
of the amplitude and
the phase parameters
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CPL 126 (1986) 541.

Tannor-Kosloff-Rice
“pump-dump control”

JCP 85 (1986) 5805.



Judson-Rabitz
Optimal Control Theory

Laser |, Modified E(t)

Pulse-shape

E(t)

Control system
(molecule)

Learning algorithm

A A

Products

A
Detector Objective

“ Teaching laser to control molecules”
Rabitz, PRL 68 (1992) 1500.
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