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CHAPTER 9: Covalent Bonding: Orbitals 
 
 
9.1 Hybridization and the Localized Electron Model 
 
In molecular orbital theory, electrons in a molecule are viewed as occupying orbitals which are not 
necessarily constricted to the volume of space between any single pair of atoms, but instead, may extend 
over several atoms, or even over the entire molecule. The success of molecular orbital theory indicates that 
this concept is probably an accurate picture of the behavior of electrons in real molecules, and that the 
simplified valence bond theory should therefore be expected to give erroneous results at times. (One such 
erroneous result is the description of "resonance".) Hybrid orbital theory is an attempt to bring to valence 
bond theory some of the advantages of molecular orbital theory without adding too many complications. 
The premise is that, prior to overlapping, the valence orbitals can "hybridize", or mix, to form a new set of 
hybrid atomic orbitals that have different spatial characteristics than the atomic orbitals from which they 
were derived.  For the main group elements, there are three types of hybrid orbitals: 

sp hybrid orbitals, formed by mixing one s orbital with one p orbital, leaving two p orbitals 
unhybridized. The two new sp hybrid orbitals are 180° apart (linear), and perpendicular to the two 
remaining p orbitals. 

sp2 hybrid orbitals, formed by mixing one s orbital with two p orbitals, leaving one p orbital 
unhybridized. The three new sp2 hybrid orbitals are 120° apart (trigonal), and perpendicular to the 
remaining p orbital. 

sp3 hybrid orbitals, formed by mixing one s orbital with all three p orbitals (leaving no unhybridized 
valence orbitals). The four new sp3 hybrid orbitals are 109.5° apart, in a nonplanar tetrahedral 
configuration. 

The type of hybridization can be determined by considering the properties of each type of orbital.  
Since hybrid orbitals are part s and part p, they are going to be directional, but with one fat end, which is 
effective for forming sigma bonds better than the slim unhybridized p orbitals. However, the other end of a 
hybrid orbital is stunted, making it ineffective for forming pi bonds. The energy of a hybrid orbital is lower 
than an unhybridized p orbital, and therefore more stable for lone pairs. 
 

hybrid orbitals p orbitals 
form sigma bonds don't form sigma bonds 
can't form pi bonds form pi bonds 
contain lone pairs don't contain lone pairs 
never empty can be empty (in electron 

deficient compounds) 
 
Hybridization can be determined by counting the number of sigma bonds and lone pairs around the atom, 
and choosing the scheme which provides the proper number of hybrid orbitals, or by counting the number of 
pi bonds and empty orbitals and choosing the scheme which provides the proper number of unhybridized p 
orbitals. Either way, the total number of hybrid and p orbitals must be four (except for expanded shell 
compounds). 
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hybridization    sigma bonds or 

lone pairs 
pi bonds or empty 
orbitals 

shape example 

sp3 4 (4 and 0) 0 tetrahedral       CH4 
 4 (3 and 1) 0 pyramidal NH3 
 4 (2 and 2) 0 bent H2O 

sp2 3 (3 and 0) 1 (1 and 0) trigonal H2CO 
  1 (0 and 1) trigonal BF3 
 3 (2 and 1) 1 (1 and 0) bent SO2 
  1 (0 and 1) bent SnCl2 
sp 2 (2 and 0) 2 (2 and 0) linear CO2 
  2 (0 and 2) linear BeF2 
  2 (1 and 1) linear HBO 
 
 
If the molecular geometry is already known from VSEPR, the hybridization can be determined from the 
known bond angles: 

180°   sp hybridization 
120°  sp2 hybridization 
109.5°  sp3 hybridization 

    ..   .. 
EXAMPLE: What is the hybridization of each atom in :N=N=O: ? 
 
SOLUTION: The first N has 1 sigma bond (a double bond is 1 sigma and 1 pi) and two lone pairs, so the 
hybridization is sp2. The second N has 2 sigma bonds and no lone pairs, so the hybridization is sp. The O 
has 1 sigma bond and two lone pairs, so the hybridization is sp2. 
 
PROBLEM: Determine the hybridization of C in :C≡O:          (Ans.       sp) 
 
For the transition metals and those main group elements which form expanded shell compounds, d orbitals 
are included in the hybridization scheme to form sp3d (trigonal bipyramidal or square pyramidal) or sp3d2 
(octahedral) hybrid orbitals. 
 
The following molecules are nonpolar, even if individual bonds are polar, if the B atoms or groups are 
identical: 

linear molecules AB2 
trigonal molecules AB3 
tetrahedral molecules AB4 
square planar molecules AB4 
trigonal bipyramidal molecules AB5 
octahedral molecules AB6 

any molecule with a net dipole moment of zero 
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9.2 The Molecular Orbital Model 
 
Quantum mechanical treatment of a molecule is complicated by electron correlation.  A wave function 
which describes the behavior of an electron in a molecule is called a molecular orbital (vs an atomic orbital).  
SInce the wave equation cannot be solved exactly, it is a good approximation to assume that molecular 
orbitals form as a result of linear combinations of atomic orbitals. 
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σ = 1sA + 1sB 
σ* = 1sA - 1sB 
 
The sigma and sigma* MOs have the electron density symmetrically distributed around the line connecting 
the 2 nucleii 
 
In the σ MO, the e density is greatest in the volume of space between the nucleii. The energy of the σ MO is 
lower than the energy of the original s orbital. 
 
In the σ* MO, there is a nodal plane perpendicular to the bond between the two nucleii.  The energy of the 
σ* MO is higher than the energy of the original s orbital. 
 
The two H electrons occupy the σ orbital and thus the total energy is lower (more stable) than for 2 
individual unbonded H atoms.  This orbital is called a bonding orbital. 
 
The σ* MO is called an antibonding orbital. 
 
Orbitals are conserved.  There must be as many MOs as there were atomic orbitals. 
 
H2 has the electron configuration 1σ2  
 

Bond Order = 
number of bonding electrons - number of antibonding electrons

2    
 
He2 would have the configuration 1σ21σ*2, and is therefore not stable 
 
He2

+ would have the configuration 1σ21σ*1, and is therefore stable, with a bond order of 1/2 
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9.3 Bonding in Homonuclear Diatomic Molecules 
 
For the second period, there will be overlap of p orbitals as well as s orbitals 
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Theoretically, the σp orbital 
should be lower in energy 
than the πp, (energy level 
diagram on left) but it is 
found that the order is 
reversed (digram on right) 
 
Li2: 2s2, b.o. 1 
 
Be2: 2σ22σ*2, b.o. 0 
 
B2: 2σ22σ*22σp

2, b.o. 1 

B2: 2σ22σ*22π2, b.o. 1 
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If the left diagram is correct, B2 should have no unpaired electrons, if the right diagram is correct, B2 should 
have 2 unpaired electrons. 
 
Paramagnetism is a property caused by unpaired electrons.  B2 has a degree of paramagnetism which is 
consistent with 2 unpaired electrons. 
 
C2: 2σ22σ*22π4 b.o. 2 
 
N2: 2σ22σ*22π42σp

2 b.o. 3 
 
O2: 2σ22σ*22π42σp

22π*2 b.o. 2 (2 unpaired electrons) 
 

F2: 2σ22σ*22π42σp
22π*4 b.o. 1 

 
Ne2: 2σ22σ*22π42σp

22π*42σp*2 b.o. 0 
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9.4 Bonding in Heteronuclear Diatomic Molecules 
 
For atoms close to each other, the atomic orbital energies are close and the homonuclear orbital diagram can 
be used with little error. 
 
CO: 2σ22σ*22π42σp

2 b.o. 3 
 
For atoms further apart, the orbital diagram will depend more on the relative energy levels of the nonbonded 
atoms. 
 
The closer two orbitals are in energy, the better the overlap. 
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In HF, the F p orbital is lower in energy, so the sigma orbital has more 
Fp character and the e density is situated more on the F, resulting in a 
polar bond.  The antibonding orbital has more H 1s character. 

 
9.5 Combining the Localized Electron and Molecular Orbital Models 
 
Use the localized model to describe the s bond network, but use MOs to describe the π bonding in the 
molecule. 
 
SO2   O – S = O →←   O = S – O 
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The π bonding orbital is formed by having all 3 p 
orbitals in phase: + + + 
 
The π* orbital is formed by having the three orbitals 
alternate phase: + - + so that there are nodes between 
the S and each O 
 
The nonbonding orbital forms by having one in-phase 
and one out-of-phase overlap, so the net bonding is 
zero: + + - 

 
There are 4 π electrons, 2 bonding, 2 non-bonding, no antibonding, so the π bond order is 1 
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Benzene, C6H6, is described as having sp2 
hybridized C with one p orbital per C to form 
π bonds.  There are 3 bonding and three 
antibonding orbitals, with a bond order of three 
 

 

 

π1 has all 6 p orbitals in phase for the strongest 
bonding interaction.   
 
π2 and π3 each have 1 nodal plane 
 
π4 and π5 each have 2 nodal planes and are 
weakly antibonding 
 
π6 has all 6 p orbitals out of phase for the 
strongest antibonding interaction.   
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