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7.14: Resonance

In addition to molecules containing odd numbers of electrons, there is another class of molecules which does not fit easily into the
electron-pair theory of the covalent bond. For these molecules it is possible to draw more than one Lewis structure which obeys the
octet rule but which is unsatisfactory in other ways. A simple example of such a molecule is ozone, an unusual form of oxygen,
whose molecular formula is Os. Like the oxides of nitrogen, ozone is important in a discussion of atmospheric-pollution problems,
but for the moment we will confine ourselves to its structure.

We can draw two Lewis diagrams for Os, both of which obey the octet rule:

Structure 1 suggests that there is an O—O single bond on the left and an ©=—0 double bond on the right side of the molecule.
Structure 2 suggests the opposite placement of the double bond. However, it seems unlikely that electrons should be able to
distinguish left from right in this way, and experimental evidence confirms this suspicion. Both bonds are found to have the same
length, namely, 128 pm. This is intermediate between the 0=0 double-bond length of 121 pm in O, and the O—O single-bond
length of 147 pm in H,0,. In other words the structure of O, is somehow intermediate in character between the two structures
shown.

On a mathematical level, we can satisfactorily account for the properties of ozone by regarding its structure as a hybrid of the two
structures shown above, the term hybrid having exactly the same sense as for hybrids. We then obtain an electron probability
distribution in which both bonds receive equal treatment and are intermediate in character between double and single bonds. Such a
structure is called a resonance hybrid and is indicated in one of the following ways:
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Two resonance structures of "O" 3 are either shown with double headed arrows in between or with both structures enclosed in a

bracket.

The term resonance and the use of a double-headed arrow, «, are both unfortunate since they suggest that the structure is
continually oscillating between the two alternatives, so that if only you were fast enough, you could “catch” the double bond on
one side or the other. One can no more do this than “catch” an sp hybrid orbital instantaneously in the form of an s or a p orbital.

The most important example of resonance is undoubtedly the compound benzene, CgHg, which has the structure
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The two resonance structures of benzene are shown enclosed in a bracket. The double bonds are located on every other carbon and
each double bonds moves to the next carbon between each resonance structure. The alternate way to express this resonance shows a
benzene ring with a circle in the middle of the cyclic structure.
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The circle within the second formula indicates that all C—C bonds in the hexagon are equivalent. This hexagonal ring of six carbon
atoms is called a benzene ring. Each carbon-carbon bond is 139 pm long, intermediate between the length of a C—C single bond
(154 pm) and a €=C double bond (135 pm). Whereas a double bond between two carbon atoms is normally quite reactive, the
bonding between the carbons in the benzene ring is difficult to alter. In virtually all its chemical reactions, the ring structure of
benzene remains intact.
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Even when a molecule exhibits resonance, it is still possible to predict its shape. Any bonds which are intermediate in character can
be treated as though they were single bonds, though perhaps a bit fatter. On this basis one would predict that the ozone molecule is
angular rather than linear because of the lone pair on the central oxygen atom, with an angle slightly less than 120°. Experimentally
the angle is 117°. In the same way each carbon atom in benzene can be expected to be surrounded by three atoms in a plane around
it, separated by angles of approximately 120°. Again this agrees with experiment. All the atoms in CgHg lie in the same plane, and
all bond angles are 120°.

v/ Example 7.14.1 : Resonance Structures

Write resonance structures to indicate the bonding in the carbonate ion, CO3%". Predict the O—C—O angle and the carbon-
oxygen bond length.

Solution
We must first write a plausible Lewis structure for the ion. Counting valence electrons, we have a total of

4(from C) + 3 x 6(from O) + 2(from charge) = 24 electrons

There are 4 octets to be filled, making a total of 4 x 8 = 32 electrons. We must thus count 32 — 24 = 8 electrons twice, and so
there are 4 shared pairs. Since there are only three oxygen atoms, one must be double bonded to the carbon atom:
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Central carbon is double bonded to one oxygen and single bonded to two oxygen. The total charge of the structure is negative
2.

Two other equivalent structures can also be drawn, and so the carbonate ion corresponds to the following resonance hybrid:

The resonance structure of carbonate ion shows the double bonds with three different oxygen. The charge of each structure is
negative 2.
Since the carbon has no lone pairs in its valence shell, the three oxygens should be arranged trigonally around the carbon and
all four atoms should lie in a plane. As we saw in the previous chapter, the C—O single-bond length is 143 pm, while the
C=0 double-bond length is 122 pm. We can expect the carbon-oxygen distance in the carbonate ion to lie somewhere in
between these values. Experimentally it is found to be 129 pm.
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