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However, in the case of an sp2 hybridized atom, the atom retains one pure

p atomic orbital, while an sp hybridized atom has two ‘left-over’ p atomic

orbitals. Similarly, when an atom is sp3d or sp3d2 hybridized, either four or

three (respectively) atomic d orbitals on the central atom remain unhybridized.

In this section we consider the roles that ‘left-over’ p atomic orbitals play

in bonding.

A trigonal planar molecule: BF3

In BF3, the �-bonding framework is similar to that in BH3. Each localized

B�F �-bond is formed by the overlap of a B sp2 hybrid orbital and an

orbital from an F atom; each resultant �-bonding orbital is occupied by two

electrons.

As in BH3, once the �-bonding framework has been formed in the BF3

molecule, an unhybridized, empty 2p atomic orbital remains on the B atom.

However, unlike the situation in BH3, in BF3 each F atom possesses three

lone pairs, and one may be considered to occupy a 2p atomic orbital with the

same orientation as the unused 2p atomic orbital on the B atom (for

example, they may be 2pz atomic orbitals). Figure 7.16 illustrates that it is

possible for the B atom to form a �-bond with any one of the F atoms by

overlap between the B and F 2p atomic orbitals. Look back at the resonance

structures for BF3 in Figure 7.4. One group of three resonance structures

includes B¼F double bond character.

The valence bonding picture for the BF3 molecule illustrates a general

point: unhybridized p orbitals can be involved in �-bonding. Related

examples are BCl3, ½BO3�
3�, ½CO3�

2� and ½NO3�
�. These species all possess

trigonal planar structures in which the central atom may be sp2 hybridized.

In each case, the central atom possesses an unhybridized 2p atomic orbital

which can overlap with a p atomic orbital on an adjacent atom to form a

�-bond.

Exercise Which atomic orbitals are involved in �-bond formation in BCl3
and ½CO3�

2� ?

A linear molecule: CO2

The C atom in the linear CO2 molecule is sp hybridized and retains two 2p

atomic orbitals (Figure 7.17). The �-bonding framework in the molecule

involves two sp hybrids on C which overlap with orbitals on the two O

atoms. Each localized �-bonding orbital contains two electrons (one from C

and one from O).

Fig. 7.16 Valence bond theory in

BF3. After the formation of the

�-bonding framework using an

sp2 hybridization scheme, the

remaining 2p atomic orbital on

the B atom is of the correct

symmetry to overlap with an

occupied 2p atomic orbital of an

F atom. A �-bond is formed.
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The two remaining 2p atomic orbitals on the C atom lie at right angles to

one another and each overlaps with a 2p atomic orbital on one of the O

atoms. This produces two C�O �-bonds (Figure 7.17) and each �-bonding

orbital is occupied by two electrons (formally, one from C and one from O).

The overall result is the formation of two C¼O double bonds, each

consisting of a �- and a �-component.

7.8 Molecular orbital theory and polyatomic molecules

Polyatomic molecules create a problem

In this section, we look briefly at the way in which MO theory is used to

approach the bonding in polyatomic molecules.§ A key question is how to

represent the problem. If we look back at MO diagrams such as Figure 4.15

(the formation of H2) and Figure 5.8 (the formation of HF), we notice that

each side of each diagram represents one of the two atoms of the diatomic

molecule. What happens if we wish to represent an MO diagram for a

polyatomic molecule? Any diagram that represents the composition of MOs

in terms of contributions from various atomic orbitals will become very

complicated, and, probably, unreadable!

An approach that is commonly used is to resolve the MO description of a

polyatomic molecule into a two-component problem. Instead of looking at

the bonding in CH4 in terms of the interactions of the 2s and 2p atomic

orbitals of the carbon atom with the individual 1s atomic orbitals of the

hydrogen atoms (this would be a five-component problem), we consider

the way in which the atomic orbitals of the carbon atom interact with the

set of four hydrogen atoms. This is a two-component problem, and is

called a ligand group orbital approach.

Ligand group orbitals

Methane is tetrahedral and to make an MO bonding analysis for CH4 easier,

it is useful to recognize that the tetrahedron is related to a cube as shown in

Figure 7.18. This conveniently relates the positions of the H atoms to the

Cartesian axes, with the C atom at the centre of the cube.

The valence orbitals of C are the 2s, 2px, 2py and 2pz atomic orbitals

(Figure 7.19a). Remember that the 2s atomic orbital is spherically

Fig. 7.18 The relationship

between the tetrahedral shape

of CH4 and a cubic framework.

Each edge of the cube runs

parallel to one of the three

Cartesian axes.

§ For a more detailed introduction including the use of group theory, see: C. E. Housecroft and
A. G. Sharpe (2008) Inorganic Chemistry, 3rd edn, Prentice Hall, Harlow, Chapter 5.

Fig. 7.17 Valence bond theory

in CO2. After forming the

�-bonding framework using an

sp hybridization scheme, the two

remaining 2p atomic orbitals on

the C atom can be used to form

two C�O �-bonds. Each O atom

uses a 2p atomic orbital for

�-bonding.
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symmetric. The orientations of the 2p atomic orbitals are related to a cubic

framework; the same axis set is used in Figures 7.18 and 7.19.

Consider now the four 1s atomic orbitals that the 4 H atoms contribute.

Each 1s orbital has two possible phases and, when the four orbitals are taken

as a group, various combinations of phases are possible. With four atomic

orbitals, we can construct four ligand group orbitals (LGOs) as shown in

Figure 7.19b. The in-phase combination of the four 1s atomic orbitals is

labelled as LGO(1). We now make use of the relationship between the

arrangement of the H atoms and the cubic framework. Each of the xy, xz

and yz planes bisects the cube in a different direction. In Figure 7.18,

mentally sketch the xy plane through the cube – two H atoms lie above this

plane, and two lie below. Similarly, the four H atoms are related in pairs

across each of the yz and xz planes. Now look at Figure 7.19b. In LGO(2),

the four 1s orbitals are drawn as two pairs, one pair on each side of the yz

plane. The orbitals in one pair are in phase with one another, but are out of

phase with the orbitals in the second pair. Ligand group orbitals LGO(3)

and LGO(4) can be constructed similarly.

Combining the atomic orbitals of the central atom with the ligand
group orbitals

The next step in the ligand group orbital approach is to ‘match up’ the

valence orbitals of the C atom with LGOs of the four H atoms. The

criterion for matching is symmetry. Each carbon orbital has to ‘find a

matching partner’ from the set of LGOs.

The carbon 2s orbital has the same symmetry as LGO(1). If the 2s orbital is

placed at the centre of LGO(1), overlap will occur between the 2s orbital and

The number of ligand group

orbitals formed ¼ the

number of atomic orbitals

used.

Fig. 7.19 (a) The 2s, 2px, 2py and 2pz atomic orbitals are the valence orbitals of carbon. (b) The four hydrogen 1s atomic

orbitals combine to generate four ligand group orbitals (LGOs). The rigorous approach to the construction of ligand group

orbitals uses group theory.

272 CHAPTER 7 . Polyatomic molecules: bonding

https://www.pearson.de/9781839611445


each of the hydrogen 1s orbitals. This interaction leads to one bondingMO in

the CH4 molecule: �(2s). This is the lowest-lying MO in Figure 7.20. It

possesses C�H bonding character which is delocalized over all four of the

C�H interactions.

The carbon 2px orbital has the same symmetry as LGO(2), and if it is

placed at the centre of LGO(2), overlap occurs between the 2px orbital and

each of the hydrogen 1s orbitals. This interaction leads to a second

bonding MO in the methane molecule: �(2px). This MO contains a nodal

plane coincident with the yz plane. Similarly, we can match the carbon 2py
orbital with LGO(3), and the 2pz orbital with LGO(4). These

combinations generate two more bonding molecular orbitals. The three

MOs that are formed from the combinations of the carbon 2p orbitals and

LGOs (2) to (4) are equivalent to one another except for their orientations.

These MOs are degenerate and are labelled �ð2pÞ in Figure 7.20. Each MO

contains C�H bonding character which is delocalized over all four of the

C�H interactions.

There are therefore four bonding MOs (and hence four antibonding MOs)

that describe the bonding in CH4. In each orbital, the C�H bonding

character is delocalized.

Putting in the electrons

As usual in MO theory, the last part of the operation is to count the available

valence electrons and place them in the molecular orbitals according to the

aufbau principle.

In CH4 there are eight valence electrons and these occupy the MOs as

shown in Figure 7.20. All the valence electrons in the molecule are

paired and CH4 is predicted to be diamagnetic, in keeping with

experimental data.

Fig. 7.20 Molecular orbital diagram for the formation of CH4.
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7.9 How do the VB and MO pictures of the bonding
in methane compare?

The valence bond and molecular orbital descriptions of methane

Valence bond theory describes the bonding in the CH4 molecule in terms

of an sp
3 hybridized carbon atom, and four equivalent �-bonding orbitals

(see Figure 7.14). Each orbital is localized, meaning that each C�H bond

is described by one �-bonding orbital.

Molecular orbital theory also produces a description of CH4 which

involves four molecular orbitals. However, unlike the valence bond model,

the molecular orbital approach gives one unique MO and a set of three

degenerate MOs (see Figure 7.20). In each MO, the C�H bonding

character is delocalized over all four of the C�H vectors.

Are these two pictures really different? If so, is one of them wrong? Indeed,

is either of them realistic?

Photoelectron spectroscopy

One of the major differences between the results of the VB and MO

treatments of the bonding in the CH4 molecule is that the former suggests

that there are four equivalent MOs (equal energy) while the latter is

consistent with there being two molecular orbital energy levels, one

associated with a uniqueMO and one with a set of three degenerate orbitals.

In Box 4.4, we briefly mentioned the experimental technique of

photoelectron spectroscopy in the context of probing the energies of

molecular orbitals. This method can be used to investigate the question of the

MO energy levels in CH4 and the photoelectron spectroscopic data

support the results of MO theory. But, does this mean that the VB model

gives the wrong ‘answer’?

Valence bond versus molecular orbital theory

Molecular orbital theory describes the bonding in the CH4 molecule in terms

of four MOs. The unique �ð2sÞ MO is spherically symmetric and provides

equal bonding character in all of the four C�H interactions. The �ð2pxÞ,

�ð2pyÞ and �ð2pzÞ MOs are related to one another by rotations through

908. Because they are degenerate, we must consider them as a set and not

as individual orbitals. Taken together, they describe the four C�H bonds

equally. Thus, the MO picture of CH4 is of a molecule with four

equivalent C�H bonds. This result arises despite the fact that the four

MOs are not all identical.

The sp3 hybrid model (VB theory) of CH4 describes four equivalent C�H

bonds in terms of four localized �-bonds. The associated bonding orbitals are

of equivalent energy.

Both the VB andMO approaches are bondingmodels. Both models achieve

a goal of showing that theCH4 molecule contains four equivalent bonds.While

the MO model appears to give a more realistic representation of the energy

levels associated with the bonding electrons, the VB method is simpler to

apply. While MO theory can be applied to small and large molecules alike, it

very quickly goes beyond the ‘back-of-an-envelope’ level of calculation.
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SUMMARY

In this chapter, we have considered the bonding in polyatomic molecules. We have considered the octet
rule, and introduced hybridization schemes that can be applied to different spatial arrangements of
bonding and lone pairs of electrons around a central atom. Finally, we have introduced the use of
MO theory, applying it to a simple example, methane.

Do you know what the following terms mean?

. the valence shell . hybrid orbital . ligand group orbital approach

You should now be able:

. to work out the number of electrons in the
valence shell of atom X in a molecule XY

n

. to draw a set of resonance structures for a
simple polyatomic molecule or molecular ion

. to discuss what is meant by orbital hybridization

. to relate hybridization schemes to arrangements
of bonding and lone pairs of electrons around a
central atom

. to relate hybridization schemes to molecular
shapes

. to use hybridization schemes to describe the
bonding in simple polyatomic molecules
containing both single and multiple bonds

. to develop a bonding scheme for CH4 using MO
theory and to understand why a ‘ligand group
orbital approach’ is useful

PROBLEMS

7.1 In which of the following molecular species does

the central atom possess an octet of valence

electrons? (a) BBr2F; (b) OF2; (c) PH3; (d) CO2;

(e) NF3; (f ) ½PCl4�
þ; (g) AsF3; (h) BF3;

(i) AlCl3.

7.2 In which of the molecular species in problem 7.1

does the central atom possess a sextet of valence

electrons?

7.3 What is the origin of the ‘octet rule’?

7.4 For each of the following, draw Lewis structures

that are consistent with the central atom in each

molecule obeying the octet rule: (a) H2O; (b) NH3;

(c) AsF3; (d) SF4.

7.5 N2O4 is a planar molecule. Explain why 7.5 is not a

reasonable resonance structure. Suggest what

resonance structures do contribute to the bonding in

N2O4. Does this approach indicate why N2O4

readily decomposes to give NO2?

(7.5)

7.6 How many single bonds may each of the (a) N�,

(b) B� and (c) C� centres form while obeying the

octet rule?

7.7 Place charges on the atomic centres in each of the

following resonance structures such that each centre

obeys the octet rule.

(a) For ½N3�
�:

N N N

(b) For ½NCS��:

N C S

(c) For ½NO2�
þ:

O N O

(d) For ½NO2�
�:

O N O O N O

Comment on the shapes of these species.

7.8 The azide ion, ½N3�
�, is linear with equal N�N bond

lengths. Give a description of the bonding in ½N3�
�

in terms of valence bond theory.

7.9 Outline how the combination of carbon 2s

and 2p atomic orbitals leads to hybrid orbitals

that can be used to describe the carbon centres in
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