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21.9: Conjugated Systems

In some molecules the delocalization of electron pairs can be very much more extensive than in ozone and benzene. This is
particularly true of carbon compounds containing conjugated chains, i.e., long chains of alternating single and double bonds. An
example is provided by vitamin A, which has the structure
HsC_ CHy  CHas CHg
NN N -
CHg

Figure 21.9.1: Chemical structure of retinol, one of the major forms of vitamin A

Both the physical and chemical properties of this molecule indicate that all the bonds in the conjugated chain (shown in color) are
intermediate in character between single and double bonds and that the pi electrons are free to move over the whole length of the
conjugated chain.

A very simple, though approximate, method of handling delocalized electrons mathematically is to treat them as though they were
particles in a one-dimensional box of the same length as the chain. In the case of vitamin A2 the distance from the carbon atom at
one end of the conjugated chain to that on the other is about 1210 pm. If we feed this value and the mass of the electron (9.110 x
1073 kg) into the particle-in-the-box formula (Equation 21.9.1), we can obtain approximate values of the energy levels occupied
by the delocalized electrons:
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Figure 21.9.2: The energy levels of the delocalized pi electrons in vitamin A2 calculated from the particle in a one-dimensional
box model. The arrow shows the electronic transition responsible for the absorption band at 350 nm.
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The first seven energy levels derived from this formula are shown in Figure 21.9.2 Note that since there are 12 pi electrons (one
for each carbon atom on the conjugate chain), these will occupy the six lowest levels in accord with the Pauli principle.

This model allows us to calculate the wavelength of the main absorption band in the spectrum of vitamin Aj. If an electron from
the highest occupied level (n = 6) is excited to the lowest unoccupied level (n = 7), the energy required can be calculated from
Equation 21.9.2%

AE=E;—Es=(7"-62)x4.11x10720J =534 x1071°J
Thus
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This is in reasonable agreement with the observed value of 350 nm, considering the approximate nature of the model.

As a general rule, the longer a conjugated chain, the longer the wavelength at which it absorbs. Ethene (C,H,), for example, has
only one double bond and absorbs at 170 nm. Hexatriene (CgHg) has three alternating double bonds and absorbs at 265 nm, while
vitamin A,, with six double bonds, absorbs at 350 nm. It is not difficult to explain this effect in terms of the particle-in-a-box
model. According to Equation 21.9.1the energy of a level varies inversely with the square of the length of the box. Thus the longer
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the conjugated chain, the closer the energy levels will be to each other, and the less energy a photon need have to excite an electron.
Naturally the lower the energy of a photon, the longer its wavelength will be.

A similar effect is found for molecules containing several benzene rings. Since these correspond to Lewis formulas of alternating
double and single bonds, they can also be regarded as conjugated systems containing delocalized electrons. Experimentally we find
that the more benzene rings a molecule contains, the longer the wavelengths at which it absorbs:

Q OO Co0C

Benzene Naphthalene Anthracene Naphthacene

260 nm 280 nm 375 m 450 nm
Thus increasing the extent of electron delocalization increases the wavelength at which a molecule will absorb light, whether the
electron is delocalized over rings or chains.

This behavior of delocalized electrons is important in the preparation of compounds which strongly absorb visible light, i.e., in the
preparation of dyes. Very few compounds which are held together by sigma bonds alone are colored. The electrons are so tightly
held that a very energetic photon is needed to excite them. In order for an organic molecule to absorb in the visible region of the
spectrum, it must usually contain very delocalized pi electrons. Thus most dyes and most colored compounds occurring in living
organisms turn out to be large molecules with extensive systems of conjugated double bonds.
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