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Chemical Bonds



Mass-spring model for n atoms with 3n degrees of freedom

Vibrations, translation, and rotation



Vibrations, translation, and rotation
for a diatomic molecule

Eigen modes for CO



Vibrations, translation, and rotation

N atoms in a molecule

3N degrees of freedom

3 translational degrees of freedom

Linear molecule: 2 rotational, 3N-5 vibrational degrees of freedom

Nonlinear molecule: 3 rotational, 3N-6 vibrational degrees of freedom



Dieke, Journal of Molecular Spectroscopy 2, p. 494 (1958)

Emission spectra



Transition rates

Fermi’s golden rule:

H = H0 + H1

We know the eigenstates of H0 = molecule + EM waves 
| i > is the initial state, | f > is the final state. 

H1 is the perturbation that couples the molecular states to the EM 
waves. 

Often you can show by symmetry Forbidden
transition
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Chemical bonds 

Ionic bonds
Covalent bonds
Metallic bonds
Bond potentials
Polar bonds
s - bonds
p - bonds
double bonds
triple bonds



Ionic bond

Coulomb force:

Energy needed to separate 
charges e and -e

Ionic bonds are a few eV 
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Covalent bond: Square well potential
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Covalent bond

Energy of a particle confined to 
a cube  L  L  L

Energy of a particle confined to 
a cube  L  L  2L

Decrease in energy:

For L = 0.2 nm      DE = 14 eV
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Covalent bond

Energy of a particle confined to 
a cube  L  L  L

Energy of a particle confined to 
a cube  L  L  2L

Decrease in energy:

For L = 0.2 nm      DE = 14 eV

22 22 2

2 2 2
  

2x y z

yx z
n n n

x y z

nn n
E

m L L L

p  
    

 



2

2

9

32

h
E

mL


2 2

2 2

3 12

8 32

h h
E

mL mL
 

2 2

2 2

3 3
2

32 16

h h
E

mL mL
  

Two electrons



Morse potential (covalent)
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Polar  bonds

Partly covalent and partly ionic. The more electronegative element 
will have more negative charge.



Van der Waals bond

Lennard - Jones (van der Waals) 



Sigma bonds

Sigma bond between two s orbitals

Sigma bond between  s and  p orbitals

Sigma bond between two p orbitals

The angular momentum of a sigma orbital around the interatomic axis is 
zero. A molecule can twist around a sigma bond. 



Pi bonds

Pi bond between two p orbitals

There is an energy barrier for rotation around a Pi bond.



Single bond / double bond / triple bonds

Single bond : Two electrons are shared, sigma bond

Double bond : Four electrons are shared, sigma bond + pi bond

Triple bond : Six electrons are shared, sigma bond + 2 pi bonds



Hybrid orbitals

isolated carbon atom

In molecules, carbon 
forms sp, sp2, and sp3

orbitals.
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sp3 hybrid orbitals



sp3 hybrid orbitals 109o
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sp2 hybrid orbitals   120o

The four orbitals are sp2,sp2, sp2, p
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sp hybrid orbitals

The four orbitals are sp, sp, p, p
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Examples of bonds

s - sp2

C C

H H

H H

sp2 - sp2, p-p

ethene

butadiene

C CH H

s-sp
s-sp

sp-sp, p-p, p-p

acetylene

benzene

better described by molecular 
orbitals than by bonds

ethane



Symmetries

Molecules can be classified by their symmetries. The 
eigenfunctions of the Hamiltonian will also be eigenfunctions of 
the symmetry operators. 

Symmetries belong to a group. for A, B  G, AB  G



https://symotter.org/tutorial/intro



Point symmetries
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If one point remains fixed during transformation, symmetries can be 
represented by 33 matrices.

AB  G for A, B  G

Rotation about the x axis by angle : 



http://lamp.tu-graz.ac.at/~hadley/ss2/crystalphysics/crystalclasses/crystalclasses.html


