
Statistical Thermodynamics 
Essential Concepts  

 
(Boltzmann Population, Partition Functions, Entropy, Enthalpy, Free Energy) 

 
- lecture 5 - 
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Quantum mechanics of atoms 
and molecules 

STATISTICAL  
MECHANICS 

MACROSCOPIC 
Properties 

Equilibrium 
Properties: 

Thermodynamics 

Time-dependent 
behavior: 
Chemical  
kinetics 
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Macroscopic world 

Quantum states and energies 
 of a molecule 
 
Properties of a molecule: 
 
geometry 
multipole moments 
ionization potential 
electron affinity 
spectroscopic properties 
vibrations/rotations 
etc. 

Microscopic world 

Thermodynamic states and energies 
 of a huge ensemble of molecules (material) 
 
Properties of a material: 
 
phase 
(boiling/freezing) temperature 
pressure 
heat (enthalpy) 
order/disorder (entropy) 
free energy 
magnetic susceptibility 
optical activity 
etc. 
  
 

STATISTICAL  
THERMODYNAMICS 

Properties of a molecule Properties of a matter: 
(“Wavefunction”) (“Partition function”) 
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State functions and their relations  
known from classical thermodynamics 

pVUH +=

TSHG −=

A

U H

G

TSUA −=

pVAG +=

S, U, H, A, G – state functions cannot be measured directly 

∆S, ∆U, ∆H, ∆A, ∆G – state-function changes can be measured directly 

                  endothermic/exothermic reaction (in terms of ∆H) 
                  endergonic/exergonic reaction (in terms of ∆G)  
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Definitions of systems in statistical thermodynamics 

{N, V, T} 

{N, µ, T} 

{N, V, E} Microcanonical system (isolated system) 

Canonical system   (closed system) 

Grand-canonical system (open system) 
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Toward the principles of statistical thermodynamics 
- Boltzmann distribution  

Canonical 

Microcanical 

∑ = totii EEn

E1 

E1 

E1 

E2 

E2 

E2 

E1 

E3 E3 

E3 

E3 

E1 

E3 

E2 

E4 

E4 

Collection of thought systems  
Quantum states of systems and their 
energies: E1, E2, E3, E4…. 

ni  - number of systems having Ei. 

∑ = toti nn

∏
=

!
!}{
i

tot

n
nNW

Then: 

There exists the most probable configuration  
with the maximal weight.. 
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Toward the principles of statistical thermodynamics 
- Boltzmann distribution  

∑ = totii EEn∑ = toti nn ∏
=
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!}{max
i
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n
nNW

Having these equations: 

1)Stirling approximation 
2) Method of Lagrange multipliers ∑ =
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Partition Function 

Partition Function  
for a classical system: 

! 

! ! ( )∫∫ −= pqqp ddeQ kTE ,
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Partition function and entropy 

∑∑ ℘+℘=
i

iii
i

i dEdEdU = dqrev  = TdS 

From Boltzmann distribution: [ ] ii EQkT =+℘− lnln

∑∑∑ ℘−℘℘−=℘=
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i
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i

ii dQkTdkTdETdS lnln
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Integration 
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Partition function and entropy 
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In N,V,E ensemble 

W= 1/pi 
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Partition function and free energy 

TSUA −=Since  

Then,   QkTA ln−=  ! 
Since  pVAG +=

Then,   
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Lectures 8/9 on how to evaluate A or G by means of  
Molecular Dynamics (MD) and Monte Carlo (MC) techniques  
where Q treated classically: 

( )∫∫ −= pqqp ddeQ kTE ,
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Molecular partition function 

!N
qQ

N

=

ntranslatiorotationvibrationelectronicnuclear qqqqqq =

For ideal gas (gas of non-interacting atoms/molecules):  

N – the number of particles (molecules) 
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Molecular partition function 

transqkT ln−
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ZPVE 
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Translational partition function 

Energy of an atom/molecule in the 3D box 
(Solution of the Schroedinger equation with the infinite potential well): 
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Vibrational partition function 
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Vibrational energy of a molecule in the 3N-6 harmonic potential 
(Solution of the Schroedinger equation): 

in 3N-6 well 
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Vibrational partition function and vibrational entropy 
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 To overcome (partially) a problem by considering vibrational  
 low-frequency degrees of freedom as  “free or hindered rotors” 

Small error  
in low freq. lv Large error in S 
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Rotational partition function 

)1(
8 2

2

+= JJ
I

hErot π

12 += Jgrot

2

28
h
IkTqrot σ

π
=

SE for rotational  
motion of diatomics 
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Gibbs free energy of a reaction (in an implicit solution)  
- “simplest approximation” 

       G  =  [U0 + RT– RTlnQ]gp + Esolv 

       
           = Eelec + ZPVE + RT – RTlnqvibqrotqtrans + Esolv 
 
 
 
∆G = ∆Eelec + ∆ZPVE – ∆RTlnqvibqrotqtrans +∆Esolv  
                          
   

Ideal-gas harmonic-oscillator/rigid rotor approximation: 

Solvation energy 
discussed in 
Lect. 6 

  ! 

QRTRTpVQRTG lnln −=+−=
Valid 
for ideal gas approx 

Low-frequency  
mode issues 

Harmonic oscillator 
Approx. fails 
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The relation between K and the partition function 

=> Ke
q
qe RTU
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(Gibbs/Helmholz) free energy of a reaction (in an explicit solution) 

( )∫∫ −= pqqp ddeQ kTE ,
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More in lectures 8/9 

0=∆pVif 
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