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A typical scheme of quantum chemical 

calculations (ab initio)

One electron basis set choice

construction of the approximate geometry

of the molecule

Hartree-Fock

calculation

More exact calculation

(taking into account electron correlation) 

Calculation of normal

vibrational modes

and thermodynamic parameters

Geometry Optimization

Molecular Modeling (Quantum Chemistry) 2



Critical Points of Potential Energy surface
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Optimal Geometry



Topography of PES
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Critical Points of PES:
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Characteristics of Critical points of PES (Hess matrix):
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Fragment of PES for water molecule

36336N3 

 )HOH(q);OH(qE
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𝐸 = 𝐸(Θ𝐻𝑂𝐻, 𝑟𝑂𝐻1,
𝑟𝑂𝐻2)
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E - Quantum Number

Quantum Theory of vibrations 
Harmonic approximation
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Zero-point energy, ZPE
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Total energy of system
(account vibrations)
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Accounting for vibrational, rotational, 

and translational states
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Thermochemical calculations

Main thermochemical parameters

 Internal energy U and its changes U throughout a 

chemical transformation.

 Enthalpy H=U+PV. Its changes H are characteristics 

of thermal effects.

 Entropy S.

 Gibbs free energy G = H-TS G = H-TS

G < 0 – spontaneous reaction (process).
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Thermochemical Characteristics
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ZPE – zero point energy
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transrotvibelectrtot HHHHH 

nRT)T(H)T(H)T(HH)T(H transrotvibelectr 

Thermal Correction:



Elements of statistical Mechanics

tot elec vibr rot transE E E E E   

 exp /
all states

i i B

i

q g E k T Partition function

gi – degeneracy,
kB – Boltzmann constant, 1.380649×10−23 J⋅K−

Т – temperature
i – number of quantum state

( ) exp( / ) /i i BP E E k T q 
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q is a measure of the number of states accessible to the 
molecule at a particular temperature.

transrotvibelecttot qqqqq 
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Thermodynamic parameters in statistical physics

!/NqQ N

tot



Heat effect of the reaction
dDcCbBaA 

 )B(Hb)A(Ha)D(Hd)C(HcH ffff 

nRTE)PV(EH 

fH - Enthalpy of formation
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• In Physical Chemistry we are computing Hf relative to the elements 
in their standard states. For instance graphene for C, O2 for oxygen etc.
• In Quantum Chemistry we are computing H relative to infinitely
separated electrons and nuclei.

    
ChemistryChemistry QuantumPhysical

ffreaction )reagents(H)product(H)reagents(H)product(HH 

HF/6-31G E(H2O)= –75.985359 a.u.

10e- + 2H+ + O8+→  H2O
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Hydrogen Bond energy  HF…..HF

Hartree-Fock calculation 6-31(d,p)

2HF → (HF)2

1) Calculate HF molecule (optimization geometry and vibrations !)
2) Calculate dimer (HF)2 (optimization geometry and vibrations  !)
3) Calculate the enthalpy: 

ΔH= ΔE+ ΔnRT

ΔHH-bond =(E(dimer) - 2E(HF)) + (Evrt (dimer) - 2Evrt (HF)) + (1-2)RT
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HF  molecule
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HF  molecule
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E(a.u) Evrt (kcal/mol)

HF -100.011691 8.496

(HF)2 -200.032903 18.067

ΔΕ -0.009521

(kcal/mol) E(dimer)-2E(HF) Evrt (dimer) - 2Evrt (HF)

ΔΕ -5.97 1.075

ΔHH-bond -5.49

ΔHH-bond (Experim) -4.81±0.2 

2HF → (HF)2

ΔHH-bond =(E(dimer)-2E(HF))627.50+ (Evrt (dimer)-2 Evrt (HF))+(1-2)RT

RT=0.592 kcal/mol



Enthalpy of dimerization of formic acid

HF

3-21G

HF

6-31+G(d)

B3LYP

6-31+G(d)

MP2

6-31+G(d)

Experim
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)мольккал(H 115.298 
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To be continued

Methods for accounting of electron correlation effects
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