
Bonding in Simple Diatomic Molecules

We use bonding models with various degrees of complexity to understand the interaction between atoms 
in a molecule and explain the geometry, physical properties, and chemical reactivity of the molecules.

Lewis structures and hybrid orbitals treat bonds as being completely localized between two atoms. This is 
a crude approximation but these models are simple and useful in many cases. Lewis structures are formed 
by combining valence electrons of all atoms in the molecule to generate structures with bonds and lone 
pairs such that all atoms have the most stable number of electrons around them. Taking account of 
repulsion between regions of electron density (VSEPR), we can predict the geometry of the molecule. 
Hybrid orbitals of the correct shape and orientation on each atom are formed by mathematically 
combining the valence orbitals.

In a molecular orbital treatment we consider bonding over the whole molecule rather than in localized 
bonds. A molecular orbital picture of bonding gives us a much better picture of electron density within the 
molecule and better predicts molecular properties. 

Computational methods, such as ab initio calculations, also treat electron density over the whole 
molecule. They use theory from quantum mechanics and computer programs to calculate the electronic 
energy levels, structures and properties of molecules. All of the computational methods use 
approximations. Only the wavefunction for H2+ can be solved completely.

Outline
• Molecular Hydrogen
• Nitrogen and Related Diatomic Molecules
• Special Cases
• Homework

Molecular Orbitals of Simple Diatomic Molecules

Molecular orbitals give us a picture of electron density in a molecule along with the number and ordering 
of electron energy levels. A simple molecular orbital diagram doesn't give us the exact energies of the 
electron levels though. We need other calculations for that.

Hydrogen
Forming a bond between the hydrogen atoms in H2 begins with looking at the valence orbitals of the 
atoms, the 1s orbitals of H1 and H2. 

These two orbitals have the same symmetry. They behave just like each other when they are rotated 
around the bond axis, or reflected in a plane. They also have the same energy. Because we start with 2 
atomic orbitals, we must combine these into 2 molecular orbitals by adding them or by subtracting them.

When we construct molecular orbitals:
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1. The total number of orbitals can't change when combining atomic orbitals into molecular 
orbitals.

2. The average energy of the atomic orbitals must be the same as the average energy of the 
molecular orbitals.

    The bonding molecular orbital, H1(1s) + H2(1s), is lower in energy than the 
atomic orbitals. It puts most electron density between the positive nuclei for 

electrostatic stabilization. 

 The antibonding molecular orbital, H1(1s) - H2(1s), has much less electron 
density between the nuclei and a nodal plane (a plane with zero electron 

density) bisecting the bond axis. Repulsion between the nuclei raises the 
energy of this orbital. 

The energy stabilization of the bonding molecular orbital equals the destabilization of the antibonding 
molecular orbital so the average energy of the two molecular orbitals is the same as the average energy of 
the atomic orbitals they were made from.

Both of the molecular orbitals have sigma symmetry. That is, rotation around the bond axis doesn't 
change those orbitals. Note that in the picture below, blue represents the positive sign of the mathematical 
function describing the electron density and red represents the negative mathematical function.

The bond order indicates the strength of the interaction. A bond order of 2 is stronger (but not necessarily 
twice as strong) as a bond order of 1. When the bond order is 0, there is no bonding interaction between 
the atoms. Bond order is the number of electrons in bonding molecular orbitals minus the number of 
electrons in antibonding molecular orbitals divided by 2, or...

In H2 the atomic orbital of each atom have the same energy. What would happen if the energy of the 
atomic orbitals were different? In general, electronegative elements have lower energy orbitals of a 
particular type than less electronegative elements.
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In the picture below, we see that the strongest bond occurs when the atomic orbitals have the same energy. 
As the energy gap between the two atomic orbitals (ao1 and ao2) increases, the stabilization and 
destabilization of the molecular orbitals decreases. When the two atomic orbitals, ao1 and ao2, are far 
apart in energy, the molecular orbitals are essentially "perturbed" atomic orbitals. They are shifted only 
slightly in energy.

What would have the stronger bond, NaH or H2?

Molecular Nitrogen and Related Diatomic Molecules

Lewis Structure
Let's look at the Lewis structure of and N2. 

Atomic nitrogen has 5 valence electrons and 4 valence orbitals (2s, 2px, 2py, and 2pz). In the Lewis 
structure there is a triple bond between the nitrogen atoms and a non-bonding pair of electrons on each. 
This is consistent with the physical properties of N2.

Molecular Orbitals
Because there are 4 different valence orbitals on each nitrogen atom, need to see which orbitals 
have the same symmetry to overlap in a sigma sense. 

Consider the two atoms along the z axis. The 2s orbital on one atom has the symmetry to overlap 
with the 2s orbital and with the 2pz orbital on the other atom. The 2pz orbital on the first atom 
also has the symmetry to overlap with the 2s and the 2pz orbital on the second atom.
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There are 4 atomic orbitals with the correct 
symmetry to overlap. These must make 4 sigma 
symmetry molecular orbitals with an average 
energy equal to the average energy of the 4 
atomic orbitals.

In N2 and in most other diatomic molecules (NO, 
NS, CO, CS) there are 4 sigma symmetry 
molecular orbitals made from a mixing of the 2s 
and 2pz atomic orbitals on each atom.

In both molecules the pi symmetry molecular 
orbitals are the same. The 2px orbitals on each atom combine to make a pi bonding and a pi antibonding 
molecular orbital in the xz plane.

Perpendicular to these in the yz plane, the 2py orbitals on each atom combine to make a pi bonding and a 
pi antibonding molecular orbital.
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Here is the full molecular orbital diagram for N2.

Now we add the 10 electrons, 5 from each nitrogen atom. Note that the bottom sigma symmetry orbital is 
strongly bonding, the top one is strongly antibonding, and the 2 in the middle are only weakly bonding 
and antibonding, respectively. The σ2 and σ3 orbitals correspond to the non-bonding electron pairs in the 
Lewis structure. There is one sigma bond and 2 pi bonds when the 10 electrons are added to the lowest 
energy molecular orbitals.
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Molecules with Similar Molecular Orbital Diagrams
Molecules and ions formed from 2 boron atoms or from 2 carbon atoms have molecular orbitals diagrams 
of the same sort as N2.

Diatomic molecules made up of two different atoms also have molecular orbital diagrams very similar to 
that of N2. When the electronegativity of one atom is lower than the other, the more electronegative 
atom's orbitals are lower in energy.

The molecular orbital diagram of carbon monoxide, CO, is show below. On the left you can see all of the 
orbitals. On the right, the total valence electrons (4 from C, 6 from O) have been added to the orbitals.

Special Case of Highly Electronegative Elements
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Electronegativity
Electronegativity is the tendency of the nucleus of an atom to pull bonding electrons towards itself. The 
electrons are closer to the more electronegative atom in a bond because the orbitals associated with the 
atom are lower in energy than orbitals associated with the other atom.

Electronegativity of the Elements

The s orbitals, because they form a spherical shell around the nucleus, are more influenced by the nature 
of the nucleus than are the p orbitals that project away from the nucleus. 

For the two most electronegative elements, O and F, the 2s orbitals are especially low in energy. Their 2p 
orbitals are stabilized as well but to a much lower extent. The result is an especially large energy gap 
between the 2s and 2p atomic orbitals of oxygen and fluorine. 

Lewis Structures
Atomic oxygen has 6 valence electrons and 4 valence orbitals (2s, 
2px, 2py, and 2pz). We can draw a Lewis structure of molecular 
oxygen with a double bond between the oxygen atoms and 2 non-
bonding pairs of electrons on each atom. However, experimentally 
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we can determine that O2 has 2 unpaired electrons. The Lewis structure seems to be inaccurate in this 
case.

Fluorine has the same valence orbitals as oxygen but has 7 
valence electrons. In the Lewis structure there is a single bond 
between the fluorine atoms and three pairs of non-bonding 
electrons on each. The weak F-F bonding we would predict from 
a single bond and electron-electron repulsion among the non-bonding electrons is consistent with the 
physical properties of F2.

Molecular Orbitals Oxygen
In O2 and in F2, the 2s orbital is too far down in energy to combine with the 2pz orbital. Orbitals combine 
when they have the same symmetry and when the energy gap is small.

The 2s orbital combines only with the other atom's 
2s orbital and the 2pz orbital combines only with 
the other atom's 2pz orbital.

Just as with N2, the 2px on one atom combines with 
the 2px on the other to make two molecular 
orbitals, pi bonding and pi antibonding.

The 2py on one atom combines with the 2py on the 
other to make another two molecular orbitals, pi 
bonding and pi antibonding.

Here is the full molecular orbital diagram for O2.

Now we add the 12 electrons, 6 from each oxygen atom. There is one electron each in the 2 pi 
antibonding orbitals. This means that there is only 1 net pi bond. Also, the molecules has 2 unpaired 
electrons and therefore has magnetic properties. Molecules with half-filled orbitals are called radicals. 
The bulk material is paramagnetic, that is, it is attracted to a magnetic field.
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Complete a molecular orbital diagram of F2. How does the bonding predicted from the MO diagram 
compare to the bonding predicted from the Lewis structure?
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