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A simple, four-step method for better introducing undergraduate students to the fundamentals of molecular orbital (MO) theory of 
the polyatomic molecules H2O, NH3, BH3 and SiH4 using group theory is reported. These molecules serve to illustrate the concept of 
ligand group orbitals (LGOs) and subsequent construction of MO energy diagrams on the basis of molecular symmetry requirements.
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INTRODUCTION

Undergraduate students often have great difficulty understanding 
the molecular orbital (MO) theory for non-linear, polyatomic molecu-
les. Most inorganic chemistry textbooks address the MOs of simpler 
polyatomic molecules without using molecular symmetry or group 
theory. Typically, only in later chapters of textbooks is the concept of 
ligand group orbitals (LGOs) and application of group theory in the 
MO approach introduced, and even then chiefly for transition metal 
compounds.1-5 To better appreciate LGOs, it is important to understand 
that the orbitals of the ligands cannot be treated independently, be-
cause they transform under the symmetry operations of the molecular 
point group concerned. We describe here a relatively straight-forward, 
stepwise method by which undergraduate students can better unders-
tand the benefits of MO theory in inorganic chemistry. Nowadays, 
in many universities throughout the world, undergraduate students 
are introduced to group theory on physical chemistry courses before 
embarking on inorganic chemistry courses. 

RESULTS AND DISCUSSION

We are assuming here that the students understand the princi-
ples of point group symmetry and know how to identify the basic 
symmetry elements for a molecule: principal rotation axis and other 
rotation axes, planes of symmetry, center of symmetry (or inversion 
center), rotation-reflection axes and identity. In addition, we assu-
me that students know how to classify a molecule according to its 
particular point group and are aware that irreducible representations 
represent the symmetries of specific molecular properties, in our case, 
the valence orbitals.6 It is also assumed that the basic principles of 
molecular orbital (MO) theory for diatomic molecules which students 
have seen in earlier courses are understood along with the fact that 
molecular orbitals are linear combinations of atomic orbitals. These 
linear combinations occur when the symmetries of the atomic orbitals 
are the same and the orbitals are close in energy. Finally, the students 
are taken to fully understand the differences between bonding, 
antibonding and nobonding molecular orbitals. Four representative 
polyatomic molecules will be considered in this paper, namely: H2O, 
NH3, BH3 and SiH4 .

Example 1: H2O

The point group of H2O is C2v. The symmetries of the valence 
orbitals of the central O atom can readily be obtained from the C2v 
character table. The symmetries of s orbitals are always given by 
the totally symmetric irreducible representations in character tables, 
while symmetries of p orbitals are obtained from the 3rd column of 
the character tables in which the x, y and z Cartesian coordinate axes 
are indicated. The d orbitals can be identified from the 4th column 
of the character tables as the binary products of the Cartesian coor-
dinates (z2, xy, etc.). To obtain the symmetries of the LGOs of H2O, 
we need to know that the C2 principle rotation axis is about the z-axis 
containing the O atom. In order to find the reducible representations 
for the LGOs, the following well-known group theoretical reduction 
formula is used: 

	

where ai is the number of times the i-th irreducible representation 
appears in the reducible representation, h is the order of the group, R 
represents the symmetry operation, g is the order of the class, Xi(R) is 
the irreducible representation character in R and Xt(R) is the reducible 
representation or total representation character in R. The orbitals that 
are going to combine linearly must have the same symmetry and be 
close in energy. The actual energy levels for individual molecules 
are readily obtained from experimental measurements, such as by 
photoelectron spectroscopy. 

For H2O, we therefore have:
Step 1. Identification of the point group symmetry of the molecule: C2v 

Step 2. Determination of the symmetries of the valence orbitals of 
the central atom.

From the C2v character table (Table 1), the s valence orbital has 
a1 symmetry, while the symmetries of the p valence orbitals are 

Table 1. C2v character table

C2v E C2 sv (xz) s’v (yz)

A1 1 1 1 1 z x2, y2, z2

A3 1 1 - 1 - 1 Rz Xy

B1 1 -1 1 - 1 x, Ry Xz

B2 1 -1 - 1 1 y, Rx Yz
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identified as: pz, a1; px, b1 and py, b2 (N.B. Lower-case letters are used 
to represent the irreducible representations).
Step 3. Identification of the symmetries of the LGOs for the H atoms 
of H2O. To achieve this, the internal coordinates for the σ bonds (σ1 
and σ2) in Figure 1 must be considered. In the four examples exam-
ined in this paper, the orbitals of the H atoms in the molecular orbital 
diagrams are referred to as “ligand group orbitals” which are sym-
metry - adapted H atomic orbitals. The reducible representations for 
the LGOs are given by the number of internal coordinates (σ) that do 
not move when each of the different symmetry operations is applied.

C2v E C2 sv (xz) s’v (yz)
Gred 2 0 0 2

aa1 = ¼ [(1 x 2 x 1) + (1 x 0 x 1) + (1 x 0 x 1) + (1 x 2 x 1)] = 1 
aa2 = ¼ [(1 x 2 x 1) + (1 x 0 x 1) + (1 x 0 x -1) + (1 x 2 x -1)] = 0
ab1 = ¼ [(1 x 2 x 1) + (1 x 0 x -1) + (1 x 0 x 1) + (1 x 2 x -1)] = 0
ab2 = ¼ [(1 x 2 x 1) + (1 x 0 x -1) + (1 x 0 x -1) + (1 x 2 x 1)] = 1

Thus, the symmetries of the LGOs for H2O are a1 + b2.

Step 4. Construction of the energy level diagram for H2O. Figure 2 illus-
trates the MO energy diagram for H2O. The students know that linear 
combinations of the central atom atomic orbitals and the LGOs have 
to be accomplished with orbitals with the same irreducible representa-
tions and that, in the four examples being considered in this paper, the 
orbitals have the energy requirements to combine. For more advanced 
students, some papers that deal with more detailed energy calculations 
are suggested.7,8 (Comment: it should be noted it is an approximation 
to state that a1 and b2 ligand orbitals have the same energies.)

Considering the number of electrons in the various orbitals:
Bond order of H2O= ½(4 - 0) = 2
Bond order of O-H = 2/2 = 1

We use the approximation that two orbitals combine to form 
two new orbitals, such that the a1 orbital which originates from the 
pz oxygen orbital is represented as shown above and not as a linear 
combination of all the a1 orbitals in the molecule. This orbital is 
lowered in energy as a result of interaction with other orbitals of the 
same symmetry.

Example 2: NH3

Step 1. The point group of NH3 is C3v
.

Figure 1. Internal coordinates of H2O

Figure 2. Molecular orbital energy diagram for H2O

Step 2. The symmetries of the 2s and 2p orbitals of N are a1 and a1 
+ e, respectively.
Step 3. The symmetries of the LGOs are represented as three vectors 
along the NH bond axes:

C3v E 2C3 3sv

Gred 3 0 1

aa1= 1, aa2 = 0, ae= 1
Thus, the symmetries of the LGOs for NH3 are a1 + e.

Step 4. The MO energy diagram for NH3 is shown in Figure 3.

The energy of the central a1 orbital is lowered by interactions 
with other orbitals of the same symmetry in the approximation that 
we are using, as explained above.
Bond order of NH3 = ½(6 - 0) = 3
Bond order of N-H:1

Example 3: BH3

Step 1. The point group of BH3 is D3h.
Step 2. The symmetries of the 2s and 2p orbitals of B are a1’ and e’ 
+ a2”, respectively.
Step 3. The symmetries of the LGOs are given by:

D3h E 2C3 3C2 sh 2S3 3sv

Gred 3 0 1 3 0 1

aa1’ = 1, ae’= 1
Therefore, the symmetries of the LGOs for BH3 are a1’ + e’.

Step 4. The energy level diagram for BH3 is shown in Figure 4.

Bond order of BH3 = ½(6 - 0) = 3
Bond order of B-H: 1

(N.B. Chemically, BH3 is actually a H-bridged dimer, B2H6, but 
it is easier for the students to understand the approach for the simpler 
BH3 species.)

Figure 3. Molecular orbital energy diagram for NH3

Figure 4. Molecular orbital energy diagram for BH3
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At this stage, we ask the students what is required for NH3 (a 
Lewis base) and BH3 (a Lewis acid) to react together to form the 
1:1 adduct NH3

_BH3. The answer is that the BH3 molecule must 
distort from D3h to C3v symmetry, so that its LUMO orbitals (which 
are empty and higher in energy) will have the same symmetries as 
do the HOMO orbitals (which are full and lower in energy) of NH3. 
Only then, will it be possible for the LUMO and HOMO orbitals to 
combine linearly to form two new molecular orbitals thereby produ-
cing the adduct (Figure 5). 

Example 4: SiH4

Step 1. The point group of SiH4 is Td.
Step 2. The symmetries of the 3s and 3p orbitals of Si are a1 and 

t2, respectively.
Step 3. The symmetries of the LGOs are given by:

Td E 8C3 3C2 6S4 6sd

Gred 4 1 0 0 2

aa1= 1, at2 = 1 
Therefore, the symmetries of the LGOs for SiH4 are a1 + t2.

Step 4. The MO energy level diagram for SiH4 is shown in Figure 6.

Bond order of SiH4 = ½(8-0) = 4
Bond order of Si-H:1

The students have now been introduced to the stepwise use of 
group theory in MO theory for some simple polyatomic molecules 
where the next step is to apply the same approach to transition-metal 
complexes. From their earlier studies of crystal field theory, the 

Figure 5. Acid and base coordination interaction

Figure 6. Molecular orbital energy diagram for SiH4

students know that the d orbitals for an octahedral ML6 molecule 
are not degenerate and that the molecular point group is Oh. After 
applying the same four-step approach described above, the LGOs 
for the s bonds of an ML6 molecule can be shown to be a1g + eg + 
t1u. The symmetries of the central metal atom orbitals are: t2g and eg 
[for the (n-1)d orbitals from the 4th column of the Oh character table 
where the symmetries of the binary products of vectors appear], a1g 

(ns) and t1u (np). The MO energy diagram can then constructed, as is 
given in most modern inorganic chemistry textbooks.1-6 We believe 
that following this introduction to the application of group theory 
in generating MO energy diagrams, the students will be in a better 
position to understand the symmetries of p bonds and will also be 
able to handle other geometries of transition-metal complexes, i.e., Td 
(tetrahedral) and D4h (square planar), in which the internal coordinates 
for both σ and π bonds are involved. 

CONCLUSIONS

In order to render our group theoretical method for producing 
MO energy diagrams easier for undergraduate students to follow, we 
have constructed the following stepwise general approach: 
Step 1. Identify the point group symmetry of the molecule
Step 2. Determine the symmetries of the valence orbitals of the central 
atom from the character table 
Step 3. Find the symmetries of the LGOs
Step 4. Construct the MO energy level diagram .

This algorithm is entirely consistent with Taber’s well-known 
pedagogical approach to chemical education.9
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