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that the �-bonds are localized in particular positions, the �-character is actually

spread out over the carbon chain. The molecule is conjugated.

The effect of conjugation on the �
�
3��� transition

A consequence of conjugation is that the energy difference between the

highest-lying � MO and the lowest-lying �� MO is lowered, and the

associated ��
3��� transition shifts to longer wavelength. In buta-1,3-

diene, the ��
3��� transition corresponds to the HOMO–LUMO

separation (Figure 13.7) and the transition is observed in the near-UV part

of the spectrum (�max ¼ 217 nm).

The �C¼C�C¼C� unit is called a chromophore – it is the group of atoms

in buta-1,3-diene responsible for the absorption of light in the UV–VIS

spectrum. The addition of another C¼C bond increases the �-conjugation

A chromophore is the group

of atoms in a molecule

responsible for the

absorption of

electromagnetic radiation.

Fig. 13.7 The �MOs of buta-1,3-diene. Each dotted line represents a nodal plane. Each �-orbital also contains a nodal plane in

the plane of the molecule. The figure shows schematic diagrams of the MOs and more realistic representations that have been

generated computationally using Spartan ’04, # Wavefunction Inc. 2003.
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BIOLOGY AND MEDICINE

Box 13.1 Carotenoids: naturally occurring polyenes

Nature provides examples of extended �-systems for

which the electronic absorption maxima lie in the

visible region of the electromagnetic spectrum.

Carotenoids are a group of polyenes that are natural

colouring agents, providing yellow, orange and red

pigments in a variety of plant and animal tissues.

Most carotenoids possess 40 carbon atoms. Lycopene

is the red pigment in ripe tomatoes, and is a useful

starting point for looking at the structures of

carotenoids. Its structure (shown below) consists of a

32-atom chain containing 13 carbon-carbon double

bonds, 11 of which are conjugated. The extent of

the p-system can be seen in the representation of the

highest occupied molecular orbital shown below.

Compare this MO with the HOMO of buta-1,3-diene

in Figure 13.7. Lycopene absorbs light of wavelengths

444, 470 and 502 nm and appears red (see Table 11.2).

Carotenoids fall into two groups: the carotenes and

the xanthophylls. Carotenes are hydrocarbons

(i.e. they contain only C and H) and are hydrophobic.

They dissolve in non-polar organic solvents but are

essentially insoluble in water. Xanthophylls are

derivatives of carotenes with hydroxy (OH) or other

oxygen-containing substituents; the presence of these

polar groups increases the hydrophilic character of the

molecule (see Section 30.3).

Cyclization of one end of a molecule of lycopene leads

to g-carotene, while cyclization of both ends gives a- or b-

carotene. a-Carotene and b-carotene are isomers which

differ only in the position of one of the double bonds

(right-hand ring in the diagrams on the next page). The

electronic absorption spectrum of each of the carotenes

exhibits two or three maxima, as illustrated opposite

for a hexane solution of b-carotene. The change in

the position of one C¼C bond on going from b- to

a-carotene influences the �-conjugation, and as a result,

the absorption maxima in a-carotene (445 and 473nm)

are at slightly lower wavenumbers than in b-carotene.

The observed colour changes from orange-yellow

(b-carotene) to pale yellow (a-carotene). g-Carotene is

The red colour in tomatoes comes from lycopene.

The structure of lycopene and the HOMO generated using Spartan ’04 #Wavefunction Inc. 2003.
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red-orange and the electronic absorption spectrum

exhibits bands between those of lycopene and

b-carotene, consistent with the structural relationships

between the three compounds. Molar extinction

coefficients for the absorption bands in the spectra of

lycopene and the carotenes are in the range 132000 and

185000 dm3 mol�1 cm�1.

b-Carotene is a precursor to vitamin A (a provitamin

A carotenoid) and is essential to human health. About

60 carotenoids possess provitamin A activity.

Although lycopene does not show this activity, it is

important because it is a powerful antioxidant,

possessing a very high singlet-oxygen quenching

capacity. Singlet-oxygen is the first excited state of O2,

and, if not scavenged, can cause damage to DNA and

enzymes. The presence of lycopene in the body is

associated with reduced risks of cardiovascular disease

and some cancers. Despite their importance, carotenoids

cannot be synthesized by the human body and we rely

upon their uptake in our diets. Important sources of b-

carotene are carrots, oranges, pink grapefruit and

cantaloupe melons. Tomatoes and tomato-containing

food products are the major sources of lycopene, and

the chart opposite shows the approximate carotenoid

profile of tomato products. Cooking tomatoes greatly

increases the bioavailability of lycopene to the human

body. The carotenoids phytoene and phytofluene

possess three and five conjugated C¼C bonds,

respectively. Both are colourless, their electronic spectra

being blue shifted with respect to that of b-carotene. In

neurosporene, the �-conjugation spreads over nine C¼C

bonds, and the compound absorbs around 450nm and

is orange in colour.

Lutein (see on the next page) is an example of a hydroxy-

substituted carotenoid. Lutein and zeaxanthin are

structurally related in the same way that b- and

a-carotene are, and the electronic absorption spectra of

lutein and zeaxanthin (both yellow in colour and

important components of egg yolks) are similar to

those of b- and a-carotene, respectively. Lutein

extracted from marigold flowers is used extensively as

a colouring agent in foods, and can be recognized on

food packaging by the E-number E161b (European

Union regulations). Being soluble in oils rather than

water makes lutein suitable for colouring margarines

and other fat-based products.

Carotenoids occur more widely in plants than in

animals. However, xanthophylls such as lutein occur

in the skin and flesh of some fish, while astaxanthin is

responsible for the pink colour of salmon. In lobsters

and prawns, astaxanthin is non-covalently bound to

proteins, but is freed when crustacea are cooked. This

leads to a colour change from blue to pink,

corresponding to a dramatic hypsochromic shift in

the absorption maximum from �630 to �480 nm.

[Data: J. M. Rold�an-Guti�errez et al. (2007) Trends Anal.

Chem., vol. 26, p. 163.]

continued
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and causes a further shift in the ��
3��� transition to a longer wavelength (see

Figure 13.5). This is called a red shift (because the shift in absorption is

towards the red end of the spectrum; see Table 11.2) or bathochromic

effect. The shift to longer wavelength for each additional C¼C bond added

to the alternating �C¼C�C¼C� chain is �30 nm. The absorption also

becomes more intense (larger "max). The opposite effect, a shift to shorter

wavelength, is known as a hypsochromic or blue shift.

The addition of an alkyl substituent to a carbon atom in the chromophore

also leads to an increase in conjugation, but as this is due to an interaction

between the �-electrons in the alkyl group and the �-electrons in the

alkene chain, the effect is only small. The result is a red shift of �5 nm per

alkyl substituent. The data in Table 13.1 illustrate the effects of

conjugation in some polyenes, and if the extent of conjugation is great

enough, the absorption maximum moves into the visible region. This is

illustrated in nature by the chromophores in carotenoids as described in

Box 13.1.

A bathochromic shift or

effect is a shift in an

absorption towards the red

end of the spectrum (longer

wavelengths); it is also

called a red shift. A

hypsochromic shift or effect

is a shift in an absorption

towards the blue end

of the spectrum (shorter

wavelengths); it is also

known as a blue shift.

In a polyene, the

�-conjugation and,

therefore, the chromophore

can be extended by adding

another C¼C bond or

adding an alkyl substituent.

Abbreviated structural
formulae are explained in

Section 24.2

"

Table 13.1 Observed values of �max for some conjugated polyenes. Compare these values

with those predicted (see text) using buta-1,3-diene as your starting point.

Compound �max / nm "max / dm3 mol�1 cm�1

217 21 000

227 23 000

263 30 000

352 147 000
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The addition of substituents other than alkyl groups may also affect

the position of the absorption maximum in the electronic spectrum. For

example, an OR substituent (R ¼ alkyl) causes a red shift of �6 nm, an

SR group, a red shift of �30 nm, and an NR2 group, a red shift of

�60 nm. Each of these groups can donate electron density from a lone

pair into the carbon �-system, thereby increasing the conjugation in the

molecule and extending the chromophore. This is illustrated in resonance

structures 13.6.

(13.6)

Conjugation also occurs in alkynes with alternating C�C and C�C bonds.

As the length of the chromophore increases, the absorption in the

electronic spectrum undergoes a red shift and becomes more intense.

Conjugation involving �-electrons is not restricted to carbon–carbon

multiple bonds. Other compounds that exhibit absorption spectra in the

near-UV region include a,b-unsaturated ketones and aldehydes. Structure

13.7 shows the group of atoms that must be present; the carbon atoms of

the C¼C group are labelled a and b as shown in the diagram.

The �-electrons in an a,b-unsaturated ketone or aldehyde are delocalized

in the same way as in an alternating C¼C=C�C chain. This leads to a

��3��� transition characterized by an intense absorption around 220 nm.

The presence of substituents on the a and b carbon atoms may cause

significant shifts in the absorption maximum: the ��
3��� transition in 13.8

has �max 219 nm ("max ¼ 3600 dm3 mol�1 cm�1), but in 13.9, it is 235 nm

("max ¼ 14 000 dm3 mol�1 cm�1).

In addition to the band assigned to the ��
3��� transition, the electronic

spectrum of an a,b-unsaturated ketone or aldehyde contains a less intense

absorption that is due to an electronic transition involving an oxygen lone

pair of electrons: a ��3�� n transition. Aldehydes, ketones, acid chlorides,

carboxylic acids, esters and azo compounds are among those for which

��
3�� n transitions can also be observed, and some typical spectroscopic

data are listed in Table 13.2.

(13.7)

a,b-Unsaturated ketones and
aldehydes: see Section 33.15

(13.8)

(13.9)

"

Table 13.2 Selected electronic spectroscopic data for compounds exhibiting ��3�� n

transitions.

Compound type (R ¼ alkyl) �max / nm "max/ dm
3 mol�1 cm�1

R2C¼O (ketone) 270–290 10–20

RHC¼O (aldehyde) 290 15

RCOCl (acid chloride) 280 10–15

RC(O)OR’ (ester) or RCO2H

(carboxylic acid)

�200–210 40–100

RN¼NR (azo compound) 350–370 10–15
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13.6 The visible region of the spectrum

The �N¼N� chromophore

Although we have seen that extending a conjugated �-system can ultimately

shift an electronic absorption maximum into the visible region of the

spectrum, many organic compounds have absorptions only in the near-UV

region, and the compounds are colourless. However, Table 13.2 indicates

that azo compounds absorb light of wavelength approaching the ultraviolet–

visible boundary. Just as the absorption maximum for polyenes can

be shifted by introducing substituents to the carbon chain or lengthening the

polyene chain, so �max for the �N¼N� chromophore can be shifted into the

visible region. This has important consequences. Most azo compounds

are coloured and many are used commercially as dyes. Two examples are

shown in Figure 13.8, and the UV–VIS spectrum of methyl orange is shown

in Figure 13.9. The azo dye Sudan IV is shown in Box 13.2. This is one of a

series of oil-soluble Sudan dyes used to colour commercial products such as

waxes and polishes. Their addition as colouring agents to foodstuffs is

legislated against in the European Union, the US and Japan, and imported

foods such as chilli and curry powders are monitored for the presence of

Fig. 13.8 Examples of azo dyes,

all of which contain the �N¼N�

chromophore. Congo red is used

as a biological stain, and methyl

orange is an acid–base indicator.

Congo red is also used to

estimate free mineral acids.

    

         

Fig. 13.9 The UV–VIS spectrum

of aqueous methyl orange.
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