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Ab Initio Methods: Hartree-Fock
│3

04/12/2020

• Self-Consistent Field

• Born-Oppenheimer Approximation and Mean
Field Approach

• Little consideration of correlation and no
dispersive interactions

  H  Ψ =  E  Ψ

ΨHP =  

i=1

N

Ψi
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Ab Initio Methods: Hartree-Fock
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• Slater determinant
• Fulfills the antisymmetry

principle

• indistinguishability of electrons

ΨSD =
1

N!

ψ1(1)α(1) ψ2(1)β(1) ⋯ ψN/2(1)β(1)
⋮ ⋮ ⋱ ⋮

ψ1(N)α(N) ψ2(N)β(N) ⋯ ψN/2(N)β(N)
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Roothaan-Hall
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• Self-Consistent Field

• High computational cost
• Small molecules, systematic errors

• Improvement: Post-HF methods

Fμν = Hcore + 2 Jμν − Kμν

FC = SCE

EHF ≥ E
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The Active Space
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Perturbation Theory
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• Taylor expansion for the eigenvalues and eigenfunctions

• Solving the corresponding eigenvalue equations

• MP1: No improvement over HF

Ψ0
(0)  V Ψ0

(0)
= a(1)

 H =  H0 + λ V

EHF = EMP0 + EMP1
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Perturbation theory: Dispersion

Sandwich T-Shaped Parallel Displaced Geometry

4.50 1.48 5.59 dESCF/kcal ∙ mol-1

-2.13 -2.84 -3.33 dEMP2/kcal ∙ mol-1

-1.48 -2.46 -2.48 dECCSD(T)/kcal ∙ mol-1
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Configurational Interaction (CI)
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• Full CI
• exact solution of Schrödinger

equation at CBS limit

• High computational cost

• CISD, CID, CISDT

• MRCI-methods

Ψ = c0ΨHF+  

i

occ

 

r

vir

ci
rΨi

r +  

i<j

occ

 

r<s

vir

cij
rsΨij

rs
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Coupled Cluster (CC)
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• All excitations considered
• Exact solution of Schrödinger equation

• Truncation: Singles, Doubles, Triples, Quadruples…
• Higher excitations are approximated due to exponential ansatz

• State of the art: CCSD(T)

• MRCC-methods

ΨCC = e
 TΨHF

 Ti =
1

i!
 

α1,..,αi
r1,…,ri

tα1,..,αi
r1,…,ri

 

j=1

i

 Crj

† Cαj
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Density functional theory (DFT)
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• Thomas-Fermi
• Uniformal electron gas

• Hohenberg Kohn theorems

• properties of a molecular system unambigiously can be traced back to ρ

• E0 ρ0 r

E ρ r

• Kohn-Sham
• No simplification of solving the Schrödinger equation

• Calculation for non-interactive system with same density
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DFT: Exchange-correlation energy
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• Local density approximation (LDA)
• VWN, PZ81, PW92…

• Generalized Gradient Approximmation (GGA)
• B, PBE, PW91, LYP, P86, PBE, PW91…

• meta-GGA
• B88, PKZB, TPSS, M06…

• Hybrid Functionals: B3LYP, B3PW91, B3P86…

E ρ r =  

i

N

χi −
1
2∇i

2 χi − χi  k
Zk

r − rk
χi +  

i

N

χi
1
2 

ρ r
r − r′

dr′ χi + EXC ρ r
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Benchmark
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Relative energy with respect to iso-butene
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Conclusion
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Interacting orbitals Stabilization energy
(B3LYP-D3BJ)/kcal ∙ mol-1

Stabilization energy
(BP86-D3BJ)/kcal ∙ mol-1

cis-Butene:
σ C(sp2)-H → σ* C(sp2)-C(sp3) 

6.2 6.4

trans-Butene:
σ C(sp2)-H → σ* C(sp2)-H

5.4 4.9

iso-Butene:
σ C(sp2)-H → σ* C(sp2)-C(sp3)

6.2 6.5
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Thanks to…
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