
Picking Basis Set 



Basis Sets 
• Minimal Basis: only those in atomic orbital so one 1S 

orbital for hydrogen, one 1S, 2S, 2P for carbon, oxygen 

• STO-3G 

• Split Valence: valence orbital has two, for hydrogen two 
1S orbital, one 1S and two 2S, 2P for carbon oxygen 

• 6-31G, 3-21G 

• Diffuse: large version of valence orbital 

• +, ++ 

• Polarization: higher angular momentum add 2P for 
hydrogen, add 3D for carbon, oxygen 

• *,**, (d), (d,p) 



Geometry 

Hartree Fock 



PO bond length 

Experiment 1.476 

B3LYP 



Pick Basis Set Convergence 
Dipole moment of H2O 

Method # of basis Debye

B3LYP/STO-3G 7 1.5936

B3LYP/6-31G 13 2.3986

B3LYP/6-31+G 17 2.5458

B3LYP/6-31+G(d,p) 29 2.1951

B3LYP/6-311G 19 2.4296

B3LYP/6-311++G 25 2.5240

B3LYP/6-311++G(d,p) 37 2.1592

B3LYP/6-311++G(3d,3p) 61 1.8963

B3LYP/6-311++G(3df,3pd) 83 1.8897

B3LYP/aug-cc-pVTZ 105 1.8473

B3LYP/aug-cc-pVQZ 215 1.8458

Exp 1.8550

Computational time ~ (# of basis)2 



Beyond Hartree Fock:  
Electron Correlation Methods  





Failure of Hartree Fock 
F2 Molecule 

The cross is the energy for two F atoms. 
For Hartree Fock the minimum energy for F2 molecule at 1.2 
angstrom is higher then the energy for two F atoms = no bond??? 

2F 

F2 



So to go beyond Hartree Fock 

• Use more than one slater determinant  
• CISD: Configuration Interaction Singles and Doubles 

• CCSD: Coupled Cluster Singles and Doubles 

• MCSCF: Multiconfigurational Self Consistent Field 

• MR-CISD: Multireference CISD 

• Add in Corrections to Hartree Fock Energy 
• MP2,3,4: Mollar Plesset perturbation theory 

• Explicitly Correlated methods F12 

• Totally Change the Hamiltonian 
• Density Functional Theory Method B3LYP 

• Mixed methods G3, CBS 



Configuration Interaction SD 
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H2 Potential Curve Revisited Review 
This is equivalent to using CI double excitation  for the wave function 



H2 Configuration Interaction Review 
Two 1S orbitals can make TWO molecular orbitals 

Why not use the two and make combinations 
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What we did in H2 is minimal basis 
CID 

Using two 1S orbitals you can get two molecular orbitals  

A B 



A B 

+C2 C1 

Hartree Fock Solution Double excitation from 
Hartree Fock Solution 

In most cases due to limitation of computational power we cut at 
the double excitation CISD, MRCISD, CCSD 

Use variational theory to calculate the values of C1 and C2 



Brillouin’s Theorem 

ij

n

j

jjia

n

j

a

i

afi

aKiaJihjaijajijahiDHD
electronelectron



 
 11

0 ||

Interaction between the Hartree Fock solution and the one 
electron excitation determinant is zero 

Interaction energy is the cross term of the Fock matrix and by 
definition it is zero in the cannonical Hartree Fock 

However two one electron excitations can have interaction and the 
one electron excitation and two electron interaction can have 
interaction, so if Hartree Fock is a good solution the two electron 
excitation contribution is the greatest  



One Electron Operator Matrix Element 
(two electron system) 
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Due to orthonormality of the spin orbitals last three terms 

are zero with integration with respect to x2 



One Electron Operator 2 
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Two Electron Operator Matrix Element 
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Since |r12| is equal to |r21| perform interchange of electron 1 and 

electron 2 and first and second are the same and third and fourth 

are the same 



Two Electron Operator 2 
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Coupled Cluster 
• Coupled cluster is a smarter way to do CI 
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We have Hartree Fock solution 

When using Couple cluster or CCSD or CCSD(T) what do you have to 
be careful for? 
CC assumes Hartree Fock is a good answer so if Hatree Fock is a bad 
answer CCSD is bad!  CHECK T1 DIAGONOSTIC (tells you how much 
one electron excitation is contributing to the wave function) 



T1 Diagnostic in Gaussian 



T1 Diagnostic for H2 

H2 at equilibrium 0.76 Angstrom 

If T1 diagonostic greater than 0.03 means Hartree Fock in not a good 
starting point 

Last time we show that Hartree Fock is not good for long distances 



T1 Diagnostic for H2 

H2 at longer 1.76 Angstrom 

Not very good to use this CCSD results 



CASSCF/MRCI 
• You pick which configuration you want to put 

into the summation of configuration 
interaction  

• CASSCF optimizes the orbitals in each 
determinant as well as the coefficient 

Why Use? 
1. If you know the problem correctly, you can choose only the 

important configuration more efficiently 



MP2, 3, 4 

• Perturbation Theory: Add in correction one by 
one  

Why Use? 
1. Easy to do after SCF results 
2. Can get good accuracy for van der waals interactions 
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Perturbation Convergence 
STO-3G 



CCSD(T) 
• CCSD with contributions coming from Triples 

excitation is done by perturbation “golden 
standard” of quantum chemistry 

TriplesCCSDTCCSD EEE )(

Explicitly Correlated F12 
• MP2-F12, CCSD-F12 are methods where two 

electron distance rij is explicitly in the basis set 
of the calculation. Usually this uses density 
fitting and resolution of identity 
approximation so needs to define three basis.    



Valance and Full Correlation  

• Usually most post-Hartree Fock calculation are 
performed for only the valance electrons, 
since valance electrons are most important 

• However to get high accuracy one has to 
consider the core correlation energy in that 
case one is recommended to use basis set that 
also include core correlation using usual basis 
that was made for valance correlation is not 
good  

Aug-ccpCVXZ basis 



Density Function Theory 
• Instead of getting the wavefunction let’s get 

the correct density 
 EEH       rrr  *

Problem is no one knows this relationship 
Many people have thought of approximate 
solution:  B3LYP, PBE, BLYP….. 

Why? 
1. Can get good answer with SCF 
2. Density is much easier to calculate than orbital 

http://vergil.chemistry.gatech.edu/courses/chem3412/handouts/h2o-mo.html 



Single Point of Methanol Time 



Single Point of Methanol Time 



Present State of Art Gas Phase Water 
results: using time independent 

O L Polyansky et al. Science 299, 539 (2003) 

Complete basis set gets you to 15 cm-1 accuracy 
Addition of core valence gets you to 8 cm-1 
Relativistic lowers 4 cm-1, QED does not change much  
and addition of nonBO gets you to 2cm-1  

Include transitions to 30,000cm-1 



Mixed Methods G2 

Use different methods to obtain values and add up contributions 
that are estimated by small basis set 



Mixed Methods CBS-Q 



Level of Accuracy and time 



Ozone Hole Problem 

O3+Cl→ClO+O2 

O3+ClO→Cl+2O2 



When is Hartree Fock Bad 

• WHEN electronic state can not be described 
by one slater determinant (configuration) 
Hartree Fock is bad 

1. Metal systems with small HOMO LUMO gap 

2. Bond dissociation 

3. Transition state 

4. Intermolecular interaction 



Small Rules to Remember 
• Equilibrium geometry present day state of art 

calculation is from CCSD(T) 

• Transition metals you should use multireference 
methods, d orbitals are hard! 

• If you want to correctly write the potential 
energy curve of dissociating problems must use 
multireference methods 

• Van de waals interaction must use MP2, CCSD CI, 
MRCI methods to accurately get 

• You have to do test calculations for your problem 
to find the best way to do your problem 



Quantities other that Energy 

• Dipole Moment of the Molecule: Rotational 
Spectroscopy 

• Dipole Derivative of the Molecule: Infrared 
Absorption Spectroscopy 

• Polarizability Derivative of the Molecule: 
Infrared Raman Spectroscopy 

• Nuclear Shielding by the electron related to 
NMR spectrum  

 


