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2.1.1  Atomic Orbitals and Molecular Orbitals Revisited 

As early 1923, Louis de Broglie suggested that the properties of electrons in atoms are better explained by 
treating the electrons as waves rather than as particles. An electron in an atomic orbital is like a 
stationary, bound vibration: a standing wave, similar to the wave pattern of a guitar string when it is 
plucked.

2.1  Organic Molecular Structure

For a split-second the guitar 
string is displaced upward.

For an instant the wave 
function, 𝝍, is positive 

A split-second later the string 
is displaced downwards.

An instant later the wave 
function, 𝝍, is negative

The wave function, 𝝍, is the mathematical description of the shape of the wave as it vibrates. We are 
normally more interested in the electron density which is determined by 𝝍2 and, therefore, regardless of 
the sign of the wave function, an identical orbital shape will be produced.

As we've seen before, a plot of electron density for an s-orbital results in a spherical shape and most of   
   the time it has been 'irrelevant' that the original wave function 
    alternates between a positive and a negative value.
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However, when atomic orbitals overlap to form molecular orbitals, the different possible signs on the 
wave function become more significant and explain why multiple molecular orbitals will be formed.

For example, when two s orbitals with the same 
sign overlap in phase, the wave functions 
reinforce each other and increase the electron 
density in this bonding region. 

The result is a bonding molecular orbital 
(bonding MO) which, in this case, is a
cylindrically symmetrical bond, or sigma bond, 
designated s.

When two s orbitals overlap out of phase with 
each other, an antibonding molecular orbital 
forms. The two wave functions have opposite 
signs, so they tend to cancel out where they 
overlap producing a nodal plane in between.

Not surprisingly, the more stable (lower 
energy) arrangement is the bonding MO 
and it is this orbital that the two shared 
electrons will occupy.

We have, so far, ignored the existence of 
the antibonding MO which is normally 
empty anyway.

However, the existence of these empty 
antibonding orbitals can be used to 
explain how organic molecules can 
absorb energy from the visible spectrum 
and produce a colour.

Having said that, molecules with only sigma ( s ) bonds, such as alkanes, tend to be colourless as the 
energy gap between the bonding and antibonding orbitals is higher than the range of the visible 
spectrum, though many of these molecules can absorb ultraviolet radiation.
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2.1.2  Single Bonds (  s orbitals )

One way to consider the formation of a covalent bond is as the overlap of a half-filled atomic orbital on 
one atom with a half-filled atomic orbital on another atom.  The two electrons in the bond are now 
attracted by two nuclei.  Thus the overlap of the two atomic orbitals gives rise to a molecular orbital in 
which the two bonding electrons, now paired up, move under the influence of both nuclei.

The electron arrangement of an isolated carbon atom 
in the ground state is 1s2 2s2 2p2. The two electrons 
in the 2p sublevel will occupy individually two of the 
three p orbitals according to Hund’s rule (see Unit 1).  

So, there are, therefore, only two unpaired electrons and one might 
expect that only two covalent bonds would be formed.  Clearly, this
is not the case.  Methane, the simplest alkane, has the formula CH4 
and obviously contains carbon atoms forming four bonds.

This can be explained by the concept of hybrid orbitals.  These are 
considered to result from the ‘mixing’ of atomic orbitals to generate 
a new set of orbitals. There is a solid mathematical basis for doing 
this based on the Schrödinger wave equations.  Thankfully, you do 
not need to know anything about the complex calculations involved, only about the end result!  
The calculations predict the shapes of the hybrid orbitals as shown below.

In each carbon atom in methane and other alkanes, the 2s orbital and all three 2p orbitals mix to generate 
four equivalent hybrid orbitals.  The 2s and 2p sublevels are close in energy.  One of the 2s electrons has 
to be promoted to the third 2p orbital. This results in a carbon atom containing four singly occupied 
orbitals, which can be mixed to produce four hybrid orbitals of equal energy.

sp3 hybridisation

  
       carbon atom before  carbon atom after        carbon atom after
              promotion        promotion             hybridisation
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The energy required to promote the electron is more 
than compensated for when the hybrid orbitals form 
bonds with other atoms since there is much more 
effective overlap using the hybrid orbitals.  The 
hybrid orbitals are much more directional in shape than 
the unhybridised orbitals and consequently provide better 
overlap when forming bonds with other atoms. Since there 
are four hybrid orbitals, four bonds can now be formed.

A similar process can be used to explain the formation of an ethane 
molecule. For simplicity, the small lobe of the sp3 hybrid orbital is 
omitted from diagrams.  The four hybrid orbitals are arranged 
tetrahedrally around the nucleus, giving exactly the overall 
geometry that minimises electron repulsion.  Since these hybrid 
orbitals are formed from one s orbital and three p orbitals, this 
process is known as sp3 hybridisation and the hybrid orbitals are 
called sp3 orbitals.  

All the covalent bonds in these molecules – indeed for all alkanes – are formed by end-on overlap of 
atomic orbitals lying along the axis of the covalent bond.  Such covalent bonds are known as sigma (σ) 
bonds.

Most covalent bonds can be considered as sigma (σ) bonds - end on overlap of atomic orbitals with the 
greatest probability of finding electrons being directly between the two nuclei. However, as you already 
know, the electronegativity of the atoms involved in the bond will distort the electron clouds and increase 
the probability of the electron density being closer to one nucleus - a polar covalent bond or eventually 
an ionic bond - the bonding continuum.
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2.1.3  Bonding in Alkenes (  p orbitals )

The alkenes are an unsaturated homologous series of hydrocarbons fitting the general formula, CnH2n.  
Each alkene molecule contains one carbon-to-carbon double bond.

In trying to describe the formation of a double bond between two carbon atoms a variety of models can 
be used.  For any model to be acceptable, it must be able to explain the observed facts and measurements.  
For example, spectroscopic measurements confirm that the bond angles in methane and ethane are 
109.5°.  Our sp3 hybridisation bonding model for methane and ethane is consistent with this observation.

What are the key facts about the ethene molecule?

  ➢    Electron diffraction shows that the ethene molecule is planar, with bond angles of 120°. 

 ➢    The carbon-to-carbon double bond is shorter than the carbon-to-carbon single bond. 
 
 ➢    Bond enthalpies show that the carbon-to-carbon double bond is stronger than the 

          carbon-to-carbon single bond but not twice as strong.

C—C C = C C ≡ C

Bond enthalpy (kJ mol-1) 337 607 828
Bond length (nm) 0.154 0.134 0.121

  ➢    There is restricted rotation around the 
        carbon-to-carbon double bond.  For example, 
        but-2-ene has the structural formula 
             CH3CH=CHCH3.  However, it exists as two 
        different geometric isomers. 
        (see later Section on Stereoisomerism)

Once again, a bonding model involving hybridisation can explain these facts.  In this case, one s orbital  
and two p orbitals mix and merge - sp2 hybridisation takes place.  Promotion and mixing as before give 
three identical sp2 hybrid orbitals.

In this case, however, there is still an unchanged p orbital available for 
bonding as well. The three hybrid orbitals lie at 120o to each other
in a plane perpendicular to the unhybridised 2p orbital.  

In ethene, the hybrid orbitals 
are used to form sigma (σ) 
bonds to hydrogen atoms 
and also to link the two 
carbon atoms.
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Remember that sigma bonds are formed by end-on overlap of atomic orbitals 
lying along the axis of the bond.  In ethene, each carbon atom also has an 
unhybridised 2p orbital perpendicular to the plane of the molecule.  These 
orbitals are parallel to each other and close enough to each other to 
overlap sideways above and below the plane of the sp2 bonds.  This 
overlap produces a new molecular orbital between the two carbon atoms, 
with lobes above and below the molecular plane.

Such a bond formed by sideways overlap of p orbitals is known as a 
pi (π) bond.  This extra bond pulls the carbon atoms closer together, 
shortening the bond length.  Sideways overlap is less effective than 
end-on overlap, with the result that π bonds are not as strong as 
σ bonds.  

Thus, the carbon-to-carbon double bond is stronger than the 
carbon-to-carbon single bond but not twice as strong. π overlap between the two p orbitals is 
most effective when the p orbitals are parallel.  If one end of the molecule is twisted relative to 
the other, then the amount of overlap is reduced and eventually the π bond will be broken.  

This will require a lot of energy and so our model also explains the restricted rotation about 
the carbon-to-carbon double bond.

The p orbitals involved in multiple bonds 
have 2 lobes separated by a nodal plane.

The two lobes are out of phase with
each other. When one has a plus sign,
the other has a minus sign.

The lobes will be constantly changing 
sign resulting in two possible (but 
identical looking) orbitals.

Sideways overlapping of two p-orbitals that are 
in phase will result in a stable (lower energy) 
p bonding MO.

Sideways overlapping of two p-orbitals that are 
out of phase will result in a less stable (higher 
energy) p antibonding MO.

Normally, we can simply ignore the existence 
of the antibonding orbital as it is usually empty 
of electrons

However, colour in organic molecules is often a result of electron
transitions involving these antibonding molecular orbitals so we will
need to consider them later.
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2.1.4  Bonding in Benzene & Other Aromatics

The term ‘aromatic’ was first used to describe a group of natural oils, many of which were pleasant 
smelling. As more and more similar compounds were discovered, it became apparent that many had an 
unpleasant smell. Indeed, some are toxic and smelling the vapours can be very dangerous. 

The common link between these compounds was not a similarity 
in their smells but a similarity in their structures. The term 
‘aromatic’ is still retained to indicate a particular structure 
and characteristic chemical behaviour. The systematic name 
for the family of aromatic hydrocarbons is the ‘arenes’. 

The simplest and most important aromatic compound is benzene, 
which was first isolated from whale oil in 1825 by Michael Faraday. 

The molecular formula of benzene was first established as C6H6 in 
1834 but its structure remained a source of controversy for many years.

        A variety of highly unsaturated structures were initially suggested  
        for benzene, including the hexatetraene shown above.

The problem was partly solved by Kekulé in 1865 when he proposed 
a ring structure with alternating single and double bonds. He said that 
he had discovered the ring shape of the benzene molecule after having 
a day-dream of a snake seizing its own tail (this is an ancient symbol 
known as the ouroboros). This vision, he said, came to him after years 
of studying the nature of carbon-carbon bonds.

Though it was attractive and agreed with many of the information known about benzene, 
Kekulé’s structure was unable to explain other subsequent observations and measurements:

Ø	  X-ray diffraction shows that the carbon-to-carbon bond lengths are all the same (139pm), 
shorter than the carbon-to-carbon single bond length (154 pm) but longer than the 

  carbon-to-carbon double bond length (133 pm). In sharp contrast, Kekulé’s structure 
  predicts alternating short and long bonds.

Ø	  Benzene is more thermodynamically stable than Kekulé’s structure suggests. The stan-
dard enthalpy of formation of gaseous benzene is +82 kJ mol–1, based on measured 
enthalpies of combustion:

       6C(s)   +    3H
2(g)      C6H6(g)

Ø	  Benzene is resistant to the addition of bromine. If the ring contained three carbon-to 
-carbon double bonds, bromine would be expected to undergo addition easily, as is the 
case with alkenes.
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One proposal to explain these observations 
was to describe the structure of benzene in 
terms of two different ‘resonance structures’.

Though we now know that structures (a) and 
(b) are ‘incorrect’ they can still be useful but 
the reality is closer to the structure shown in (c).

A more satisfactory explanation of the structure 
involves sp2 hybridisation.     

In ethene, a planar σ framework with 120° bond 
angles was proposed, with the remaining two 
electrons shared between the two carbon atoms 
as a π-bonding pair. 

For benzene a similar σ framework can be envisaged. 
The hydrogen atoms lie in the plane of the ring, pointing 
away from the ring.

The six carbon atoms form a regular planar hexagonal ring. 
Each p orbital contains one electron. Sideways overlap is 
possible with each adjacent p orbital. The result is that the 
six electrons become delocalised and occupy two continuous 
doughnut-shaped electron clouds, one above and one below 
the planar σ framework.

The delocalisation of the electrons helps to bond the atoms 
more tightly together. The result is a completely symmetrical 
molecule, with considerable stability. This type of delocalised 
structure is the common feature shared by aromatic hydrocarbons.  

Indeed, the term ‘aromatic’ can be redefined to describe any system that contains a ring of 
atoms stabilised by delocalised π electrons. Compounds that contain molecules with 
straight- or branched-chain carbon skeletons are described as aliphatic.

         All multiple bonds will involve the 
         creation of a σ bond first, followed by 
         one or two π bonds at right angles.

         These π bonds are weaker and more 
         easily broken and can be responsible for 
      the reactivity of the bond. Like σ bonds, they can also be 
      polar.

     Another molecule that benefits from the extra stability associated
     with delocalised electrons is ozone, O3.  At one time it was thought
           that ozone had a double and
           a single bond. Molecular
           orbitals overlap to produce
           a single electron cloud.
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Questions

1. What kind of molecular orbital (σ, σ*, π, or π*) is formed when the pairs of atomic  
  orbitals shown below interact in the manner indicated?

  a)      b)

            
  c)      d)

                 

2. Consider the structure of formaldehyde   (methanal)
   

  
  
  a)  Identify the type of bonds that form the C=O double bond.

  b)  Identify the hybrid orbitals that form each C—H bond.

  c)  What type of atomic orbitals do the lone pairs occupy?

3. Sigma bonds experience free rotation at room temperature:

  In contrast, p bonds do not experience free rotation. Explain.

4. How many sigma and pi bonds does this structure have?

5. For each of the atoms indicated in the molecules below, choose the correct 
  hybridisation from: 
     A   sp  B   sp2  C   sp3  D  none of these
  a)    b)    c)

                      

   

①
②

③

④

⑤

⑥

⑦

⑧

+ +

+ + +

+

+ +—

-

— — —

—— —

—
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2.1.5  Colour in Organic Molecules - Conjugated Systems

A conjugated system exists when a molecule has alternating single and double bonds. For example, 
buta-1,3-diene has the following structure.

Each carbon will have undergone sp2 hybridisation and will be forming 3 sigma bonds each.

This leaves 4 x 2pz orbitals to overlap and 4 electrons
left to form two pi bonds.

However, the number of possible 'in phase / out 
of phase' overlaps mean that there 4 possible
sets of molecular orbitals.

Option 1:

      This produces a more stable (lower energy) option and   
      would be a p bonding MO that matches the 'expected' 
      structure of alternating double and single bonds.

Option 2:

      This, however, produces an even more stable (lower energy) 
      option and would also be a p bonding MO that would have 3 
      identical bonds in the chain - more than a single, less than a  
      double bond.

Option 3:

      This produces the least stable (highest energy) option and   
      would be a p* antibonding MO that would be unlikely to 
      have any of the pz electrons.

Option 4:

      This is also a less stable (higher energy) option and    
      would be a p* antibonding MO.  However, it will be more 
      favourable than option 3 and easier to reach. 
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Overall:

Energy

p1 

p2 

p3
* 

p4
* 

antibonding
orbitals

bonding
orbitals

The significance of this diagram is that, 
with increased possibilities for both 
bonding and antibonding orbitals, the 
gap between the highest occupied 
(bonding) molecular orbital (HOMO) 
and the lowest unoccupied (antibonding) 
molecular orbital (LUMO) is decreasing.

Buta-1,3-diene, only absorbs in the 
UV region of the electromagnetic spectrum but molecules with larger conjugated systems will absorb 
from the Visible spectrum and produce colours.

For example, lycopene which is 
responsible for the red colour in 
tomatoes.

Organic molecules contain bonding orbitals (s and p ) and non-bonding (lone pair) orbitals ( usually 
designated with the letter n ). In addition they also have anti-bonding orbitals (s* and p*). 

This increases the number of possible 
transitions that would involve electrons 
absorbing energy to move from the 
ground state (s, p or n) to an excited state 
(s* or p*).

However, even the lowest of these (p to 
p*) is within the UV region and, therefore, 
unlikely to give rise to a visible colour, 
without the added effect of conjugation.
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2.1.6  Chromophores

A chromophore is the part of a molecule responsible for its colour. This is usually a reasonably large 
part of the molecule - usually involving a conjugated sytem.

        Vitamin A has a conjugated system that   
        spreads over five carbon-to-carbon double   
        bonds. 

          It appears yellow.

The colour observed will be the complementary colour to the one being absorbed.

In the case of Vitamin A, the gap between the highest occupied (bonding) molecular orbital (HOMO) 
and the lowest unoccupied (antibonding) molecular orbital (LUMO) has decreased to the point where 
the absorbance has moved from the UV to the Visible part of the spectrum - dark blue to be precise.

In the case of β-carotene (found in carrots, sweet potatoes and apricot ), the conjugated system spreads 
over eleven carbon-to-carbon double bonds. This reduces the gap between HOMO and LUMO even 
further - so the light absorbed decreases (energy) from dark blue (445 nm approx) to light blue (475 nm).

The colour observed will be correspondingly higher (energy) so β-carotene is orange in colour.

In general, as gap decreases  colour absorbed  colour observed

  UV ⇒ Visible   Violet ⇒ Green  Yellow ⇒ Red

OH 

CH3 CH3 CH3 H3C 

CH3 

CH3 CH3 CH3 H3C 

CH3 

H3C 

H3C CH3 
CH3 CH3 
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Lycopene has a conjugated system that also spreads over eleven carbon-to-carbon double bonds. 
It appears red and is responsible for the colour in tomatoes, pink grapefruit and watermelons.

.

Other examples of coloured molecules include:

Greens - absorbs red - very small gap

Blues -  absorbs yellow - small gap

Violets - absorb greeny-yellow 

Reds - absorbs green - medium gap

Oranges - absorbs light-blue - large gap

Yellows - absorbs dark-blue - very large gap

Greens -         
     Chlorophyll a - Perhaps one of the most important chemicals on 
     Earth, there are two types of chlorophyll, and both are modified
     porphyrins responsible for most of the light capture into the 
     biosphere. 

     Both types absorb mostly in the red and blue wavelength regimes   
     (several absorption peaks), leaving a reflected green responsible 
     for the color of green plants, algae, and many photosynthetic 
     bacteria.

Blues -

     λmax = 602 nm

Violets -

λmax = 505nm

Indigo - Derived from the tropical plants of the 
genus Indigofera, as well as woad (Isatis tinctoria) in 

more temperate climates, this dark blue dye is now 
commonly synthesized to color blue jeans and work 

clothes in the U.S., though is still used as a native 
colorant by many people around the world.

Punicin - Commonly called "Tyrian (Imperial) Purple", 
this compound is derived from the shells of predatory 

tropical sea snails of the genus Murex. 

It was used to create the royal purple dyes used by 
emperors of Rome and Byzantium, as well as being used 
for centuries beforehand by other peoples of Asia Minor.
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Reds -       
       Carminic Acid - An anthraquinone linked to a unit of 
       glucose, this chemical is produced by some scale   
       insects, such as Dactylopius coccus, and is used to   
       dye fabrics a deep red.      
   
    

Heme B - Important for its role in the transfer of gases for organisms 
with blood, heme is an iron-containing porphyrin of a deep red color, 
giving blood and meat its distinctive color.

Oranges - β-carotene (see previously).

Yellows -

Crocetin - This dicarboxylic acid carotenoid is found in the flowers of Crocus sativus, or saffron, giving 
them and the spice derived from them a golden yellow color.

Azo-Dyes - are molecules based on:

    where R and R' can be aryl or
    alkyl, which can produce very
    vivid coloured molecules.

    a typical azo compound: 4-hydroxyphenylazobenzene aka yellow azo dye

    The Azo molecule has the ability to incorporate the lone pairs on the 
    nitrogen atoms which reduces further the gap between HOMO and LUMO

     The development of azo dyes was an important step in the 
      development of the chemical industry.

         Delocalisation of these electrons in   
         aryl azo compounds produces vivid 
         colors, especially reds, oranges, and   
         yellows.

        Some azo compounds, e.g., methyl orange, 
        are used as acid-base indicators due to the 
        different colors of their acid and salt forms.
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Questions
Q1. A chromophore is the part of a molecule responsible for its colour. This is usually a reasonably   
 large part of the molecule - usually involving a conjugated sytem. 
 Normally, conjugation requires alternating double (π) - single (σ) bonds: 

 So two single bonds between π-bonds will prevent conjugation:  

 However, the 'gap' can be 'bridged' if atoms with lone-pairs are present: O

 or if certain electron-rich groups are present:     

N

           
C

O

For each of the molecules below, identify the chromophore, as shown in the example.

OH 

CH3 CH3 CH3 H3C 

CH3 

 a)      b)

 

 c)      d)
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Q2. The presence of different substituents in an azo-dye effect the wavelength of light absorbed and  
 hence the colour observed.

 The colour wheel below (in your data booklet) shows the relationship between wavelength 
 absorbed and colour observed.
 

 a) Shown below are 5 azo-compounds labelled A to E.

 A    B    C

 D       E

 Complete the table below.
 

Compound Wavelength Absorbed 
(nm) Colour Absorbed Colour Observed

A
B
C
D
E

 b) State which of these molecules has the largest gap between HOMO and LUMO and 
  explain how you arrived at your answer.



CfE Advanced Higher Unit 2- Organic Chemistry

Molecular StructureKHS Chemistry Nov 2015 page 18

2.1.6  Different Types of Formulae

By now you should be familiar with:

• Molecular formula  is  the actual number  of atoms of each element in a molecule 
e.g.  C2H6O  for ethanol

• Empirical formula  is  the simplest  whole number ratio  of the atoms of each 
 element in a molecule e.g.  CH2 for ethene  (from molecular formula C2H4 ÷ 2)

• General formula  is  the simplest  algebraic formula  for a member of a 
 homologous series e.g.  CnH2n+2 for alkanes

• Structural formula  shows the relative posit ioning of atoms and the bonds 
 between them  e .g.  for isomers ethanol and dimethylether :

    

In addition you should now become familiar with:

• Skeletal formula  shows just  the carbon skeleton and functional groups  e .g.  for 
ethanol

OH   

Skeletal  formulae show carbon-carbon bonds and functional groups only.  Neither the 
carbon atoms, nor any hydrogen atoms attached to the carbon atoms, are shown.

There is  a carbon atom at the end of a l ine and the presence of other carbon atoms are 
implied by a ‘kink’ in the backbone.

 Alkane   e .g.  hexane        

 Alkene   e .g.  hex-3-ene     

 Alcohol   e .g.  ethanol  

OH
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 Halogenoalkane   e .g.  2-chloro-2-fluoropentane   

ClF

 Aldehyde    e .g.  butanal        

O

 Ketone    e.g.  propanone     

           

O

 Carboxylic acid  e.g.  3-methylbutanoic acid    

OH

O

 Ester    e.g.  methyl propanoate     
O

O
 Amine    e.g.  ethylamine     

NH2

 Benzene

or

Questions

1. Draw skeletal formulae for each of the following

a.  propane,   CH3CH2CH3   b.  methoxymethane,   CH3OCH3 

c.  propyne,   HC=CCH3   d.  methylcyclopropane,   (CH2)2CHCH3 

e.  ethanal,   CH3CHO   f.  tetrafluoroethene,    F2C=CF2

g.  propadiene,   CH2=C=CH2  h.  benzenamine,    C6H5NH2
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2. Draw structural formulae for and name each of the following

a.      b.     c.  

     

OH

   

O

O  

 
d.     e.     f.

        

OH

         
2.1.7  Stereoisomerism

Isomerism is an interesting and important feature of organic chemistry. It occurs whenever 
there is more than one way to organise a given number of atoms into a molecule. Isomers have 
been defined as ‘compounds with the same molecular formula but different structural 
formulae’.

In structural isomerism, the molecules differ in terms of the order in which the atoms are 
joined together. For example, there are two possible isomers with the molecular formula, 
C2H6O.

   
In methoxymethane, the oxygen atom lies between the two carbon atoms whereas in ethanol the 
two carbon atoms are bonded together with the oxygen at the end. Clearly, the two substances 
belong to different homologous series and will have very different chemical and physical 
properties.

In stereoisomerism, the molecules differ only in the orientation of the atoms in space. They 
have identical molecular formulae and the atoms are bonded together in the same order. 
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However, because the arrangement of the atoms in space is different, the molecules are 
non-superimposable. 

This means that no matter how hard you try it is impossible to superimpose the image of one 
molecule on top of the other. We will consider the following types of stereoisomers: geometric 
and optical. 

You are strongly encouraged to use molecular models to show exact molecular shapes in all 
aspects of isomerism.

Question

 1. Propane was reacted with chlorine. The following products were obtained:
   • hydrogen chloride
   • two compounds of formula C3H7Cl
   • four compounds of formula C3H6Cl2 (labelled A, B, C and D).

 a) What type of reaction has taken place?

 b) Make models and draw full structural formulae for all the organic compounds.

Geometric Isomerism
Geometric isomerism is one type of stereoisomerism and generally arises because of the lack of 
free rotation around a bond, especially a carbon-to-carbon double bond. As was seen earlier, 
rotation around the double bond is restricted because it would involve breaking the π bond. 
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Both of the molecules above could be named 1,2-dichloroethene which would normally suggest 
they are identical molecules. However, they are clearly non-superimposable and are, therefore, 
stereoisomers. 

If the substituents are on opposite sides, 
the isomer is called the trans-isomer 
whereas if the substituents are on the 
same side it is called the cis-isomer.
               trans-1,2-dichloroethene     cis-1,2-dichloroethene 

         
 trans-but-2-ene               cis-but-2-ene           trans & cis-1,2-dibromocyclopropane

Geometric isomers generally display differences in physical properties,

Isomer Melting point oC Boiling point oC

cis-but-2-ene –139 +4

trans-but-2-ene –106 +1

cis-dichloroethene –80 +60

trans-dichloroethene –50 +48

The differences in the melting points can be explained in terms of the differences in the shapes 
of the molecules. It appears likely that molecules of the trans-isomers are able to pack more 
closely together in the solid state than the cis-isomers. This close packing increases the Van der 
Waal's forces between the molecules and hence increases the melting point. On the other hand, 
differences in boiling point seem to be due to slight differences in polarity between the cis- and 
trans-isomers.

1, 2-dichloroethene

Free rotation round
C—C single bond

No rotation round
C = C double bond
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      Fats and edible oils are naturally occurring esters of glycerol 
      (propane-1,2,3-triol) and long-chain carboxylic acids called fatty 
      acids. Edible oils are simply liquid fats. The fatty acids are almost 
      exclusively straight-chain molecules, with an even number of 
      carbon atoms usually ranging from about 10 to 20. 

      The chains may be saturated, monounsaturated or polyunsaturated 
      (more than one carbon-to-carbon double bond per molecule). 
      Animal fats tend to have a higher proportion of saturated fatty 
      acids whereas vegetable oils have a higher proportion of 
      unsaturated fatty acids. 

      Recent medical research has linked a diet that is high in saturated   
      fats with high levels of cholesterol in the blood. This leads to a 
      build-up of fatty deposits in arteries and an increase in the 
      incidence of  heart disease. 

      Unsaturated fats have not been similarly implicated and so health 
      authorities have been advising people to cut down on the total  
amount of fat in their diet and also to replace sources of saturated fat with unsaturated fats 
wherever possible. Most of the important unsaturated fatty acids have a cis-arrangement around their 
carbon-to-carbon double bonds.

 oleic acid      linoleic acid

        
                (octadec-cis-9-enoic acid)   (octadec-cis-9,cis-12-dienoic acid)

 linolenic acid

     
    (octadec-cis-9,cis-12,cis-15-trienoic acid) 

A few trans-fatty acids are found naturally, mainly in meat 
products and dairy foods. Current scientific evidence 
suggests that they behave in a similar way to saturated 
fatty acids in raising blood cholesterol levels.

Ironically, most of the trans-fatty acids that are found in
our diet are 'man-made' and are made from the healthier
unsaturated fats & oils to either make them 'harder' (less
liquid/more solid) or to extend shelf-life.
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Optical isomers  are possible when there is an assymetric carbon present 
   somewhere in the molecule.

An assymetric carbon will have 4 different groups or atoms 
attached to it. The molecule is described as being 'chiral' - 
derived from the greek word for 'hand'.

Your hands should be 'identical' but they are 'mirror images' of each other and it is impossible 
to superimpose one hand on top of the other. Similarly, a chiral molecule can have a 'mirror 
image' version which is 'identical' but nonsuperimposable. The two optical isomers are more 
usually referred to as enantiomers.

Amino acids are good examples of chiral molecules, with
a hydrogen atom, a carboxyl group and an amino group
all attached to a central carbon atom. The fourth group (R)
is what makes each amino acid unique. 

The importance of the spatial arrangement of these 
groups is demonstrated by the activity of receptor sites
which will only interact with molecules with a specific 
orientation.

         
         In this example the molecule could be a 
         drug designed to bind to the receptor site. 

         During manufacture, a 50:50 mixture - 
         referred to as a racemic mixture -of both 
         enantiomers will often be produced.

         Only one enantiomer will be the active   
         ingredient in the drug whilst (ideally) the  
         other enantiomer will be totally inactive.

       Unfortunately, sometimes, the 'inactive' enantiomer turns out to 
       be able to interact with other receptors elsewhere in the body.

       Thalidomide was developed in the 1950s by the West German 
       pharmaceutical company Chemie Grünenthal GmbH. It made users  
         sleepy and relaxed. It seemed a perfect tranquiliser. The drug also 
       reduced morning sickness, so it became popular with pregnant 
       women

Notice that in the example shown, though 
there are two carbon atoms attached to 
the central carbon, one is a methyl group 
while the other is part of an ethyl group, 
which means 4 different groups.
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By 1960 thalidomide was found to damage the 
development of unborn babies, especially if 
it had been taken in the first four to eight 
weeks of pregnancy. The drug led to the arms 
or legs of the babies being very short or 
incompletely formed. 

More than 10,000 babies were affected around 
the world.

As a result of this disaster, thalidomide was banned. Drug testing was also made more rigorous 
than before. Thalidomide had been tested, but not with pregnant women.

In recent years, Thalidomide has been relicenced as it has proven to have beneficial effects in 
the treatment of leprosy, AIDS and certain cancers. However, it is still dangerous to pregnant 
women and a consequence of it reintroduction could be the birth of more 'thalidomide children'.

The naming system for optical isomers
relies on rules that rank the groups in
order of priority.

With the lowest priority group 'relegated'
to the rear, it is determined whether the
order of the other groups is 'clockwise' or
'anticlockwise' - R or S configuration.

Though very similar, there can be significant
differences in properties between enantiomers.

R-limonene, for example, is the terpene that is
responsible for the smell of oranges, while the
enantiomer S-limonene is responsible for the
smell in lemons. Optical isomers will also have
an opposite effect on polarised light.

         It was Louis Pasteur who discovered that
         chiral molecules are also optically active.
         One enantiomer will rotate polarised light 
         by a certain number of degrees in a 
         clockwise (+) direction, while the other 
         will rotate by the same number of 
         degrees but in an anticlockwise (-) 
         direction. A racemic mixture would be 
          optically inactive.
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Questions

1. a) Draw structures for all possible isomers (structural and geometric) with 
   molecular formula, C4H8.

  b) If that was too easy, try to draw structures for the 12 isomers with formula   
   C5H10.

2. Draw the full structural formula for the first alkane to show optical isomerism and 
  name the compound.

3. Would you expect the isomer of tartaric acid 
  shown below to be optically active?      
  Explain your answer.

4. Thalidomide is a notorious drug. In the 1960s it was prescribed to pregnant women  
  to treat morning sickness. There are two optical isomers. One of the isomers 
  provided an effective treatment for the morning sickness but unfortunately the other  
  caused serious malformation of the foetus.

  From the structure above, explain why thalidomide exhibits optical isomerism. 

5. For each of the following pairs of molecules decide whether they are:

  ①   structural isomers  ②  geometric isomers  ③  neither of these

  a) molecules A and B   b) molecules A and D

  
  c) molecules B and C   d) molecules B and  D
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Learning Outcomes
Structures - Atomic & Molecular Orbitals 
 Atomic orbitals have two phases (+ and —) and if two orbitals with the same sign overlap a 
 bonding molecular orbital can form, and shared electrons will occupy this orbital.
 If two orbitals with opposite signs overlap then an anti-bonding molecular orbital can form but   
 will normally be empty.
 Hybridisation is the process of mixing atomic orbitals within an atom to generate a set of new
 atomic orbitals which can then be involved in forming molecular orbitals.
 In Alkanes the carbon atoms use all 4 atomic orbitals (2s, 2px, 2py and 2pz) to form 4 hybrid sp3   
 molecular orbitals (tetrahedral).
 The sp3 orbitals overlap end-on to form 'normal' sigma (s ) bonds where the electron pair lie   
 between the two nuclei.
 In Alkenes the carbon atoms use only 3 atomic orbitals to form 3 hybrid sp2 molecular orbitals   
 (trigonal planar).
 The sp2 orbitals overlap end-on to form 'normal' sigma (s ) bonds where the electron pair lie   
 between the two nuclei.
 The unused p orbitals overlap sideways to form pi (p ) bonds where the electron pair lie out to the 
 side.
 The pi (p ) bond is weaker than the sigma (s ) bond and the electron rich region makes it   
 susceptible to attack.
 All multiple bonds ( eg C=O , C≣C) are a combination of one sigma (s ) bond and at least one 
 pi (p ) bond.
 The backbone of a benzene ring are the sp2 hybrid orbitals overlapping to form C—C and C—H   
 sigma (s ) bonds.
 The 6 remaining pz orbitals overlap to form one molecular orbital with  one lobe above and one   
 lobe  below the ring.
 6 delocalised electrons occupy the molecular orbital. Molecules with this feature are described as  
 aromatic while other molecules are aliphatic.
 The electronegativity of the atoms involved in the bond can distort the molecular orbitals and   
 increase the probability of the electron density being closer to one nucleus - a polar covalent bond  
 or eventually an ionic bond - the bonding continuum.

Structures - Colour in Organic Molecules 
 If the gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
 molecular orbital (LUMO) results in the absorption of light in the ultra-violet region of the 
 electromagnetic spectrum then a molecule will be colourless.
 The HOMO normally contains bonding electrons in a π bond or a lone pair in a p orbital.
 The LUMO will normally be an anti-bonding molecular orbital, σ* or π*.
 Alternating double and single bonds, a conjugated system, will increase the degree of molecular  
 bonding and allow electrons to become delocalised.
 Increasing conjugation will narrow the gap between HOMO and LUMO and may result in the
 absorption of light from the visible spectrum.
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 The compound will exhibit the complimentary colour to the colour of light absorbed.
 The chromophore is the group of atoms which is responsible for the absorption of visible light.

Structures - Stereoisomers 
 Molecular, structural and skeletal formulae can be used to represent molecules with up to 10 
 carbon atoms.
 Stereoisomers have identical molecular formulae and the atoms are bonded together in the   
 same order but the arrangement of the atoms in space is different, making  them 
 non-superimposable.
 Geometric isomerism is one type of stereoisomerism and can arise  due to the lack of  free rotation 
 around a bond, frequently a carbon to carbon double bond.
 Geometric isomers are labelled cis and trans according to whether the substituent groups are on 
 the same side or on different sides of the carbon-carbon double bond.
 Geometric isomers display differences in some physical properties.
 Geometric isomerism can also influence chemical properties, for example cis-but-2 -enedioic acid  
 is more readily dehydrated than trans-but-2-enedioic acid.
 Optical isomers (also called enantiomers) are non-superimposable mirror images of each other   
 and are said to be chiral.
 Optical isomerism can occur in substances in which four different groups are arranged around a  
 carbon atom.
 Optical isomers have identical physical and chemical properties, except when they are in a chiral  
 environment, but they have an opposite effect on plane polarised light and are said to be optically  
 active.
 Mixtures containing equal amounts of both optical isomers are optically inactive and referred to   
 as racemic mixtures.
 In biological systems only one optical isomer of each organic compound is usually present.



CfE Advanced Higher Unit 2- Organic Chemistry

Molecular StructureKHS Chemistry Nov 2015 page 29

Exam Practice
Q1. The electronic arrangement for carbon is 1s2 2s2 2p2.

 a)  Based on this information alone, how many unpaired electrons will carbon have?   1

 b)  Explain why carbon is able to form four bonds.       2

 c)  The C–C bond strength is 346 kJ mol–1 and the C=C bond strength is 602 kJ mol–1. In 
  terms of bonding types explain why the C=C bond is not twice as strong as the C–C 
  bond.             2

 d)  Draw a molecule of ethene showing all the overlapping atomic orbitals.    1
                      (6)

Q2.  The end-on overlap of two atomic orbitals lying along the axis of a bond is known as

  A  hybridisation
  B  a sigma bond
  C  a pi bond
  D  a double bond.          1

Q3. What is the molecular formula for the 
 structure shown?

  A  C17H11
  B  C17H14
  C  C17H17
  D  C17H20

Q4 a)  The bonding in but-1-ene can be described in terms of sp2 and sp3 hybridisation and
  sigma and pi bonds.

   i)  What is meant by sp2 hybridisation?       1

  ii)  What is the difference in the way atomic orbitals overlap to form sigma and pi
   bonds?           1

 b) But-2-ene forms both structural isomers and geometric isomers.

   i) Draw two structural isomers of but-2-ene, one from the same homologous group 
   and one from a different homologous group.      2

  ii) Draw the two geometric isomers of but-2-ene.     2
                      (6)
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Q5. Which line in the table is correct for the following hydrocarbon?
      

    

Q6.  A simple test such as determining the melting point can help to distinguish between different 
 isomers, e.g. between pentane and 2,2-dimethylpropane or between maleic acid and fumaric acid.

 a)   i)  Draw the structural formulae for pentane and 2,2-dimethylpropane.   2

  ii)  Use these structures to help explain which isomer will have the higher melting 
   point.            2

 b)

   i)  What are the systematic names for maleic acid and fumaric acid?    2

  ii)  By referring to their shapes explain which isomer has the higher melting point.  2
                      (8)

Q7. a)   i)  Name this molecule. 

           1

  ii)  Name the straight-chain isomer.        1

 b)  Does the molecule shown have an optically active carbon?
  Explain your answer.           2

 c)  Draw the structural formula for a molecule that has one more carbon atom than 
  the above molecules and also has a chiral carbon atom.      1
                      (5)



CfE Advanced Higher Unit 2- Organic Chemistry

Molecular StructureKHS Chemistry Nov 2015 page 31

Q8.  Lactic acid, CH3CH(OH)COOH, extracted from milk, was found to rotate the plane of polarised 
 light, but another sample of lactic acid, which was synthesised in the laboratory, did not affect
 polarised light.

 a)  Give a systematic name for lactic acid.        1

 b)   i)  Draw the full structural formula for lactic acid.      1
  ii)  Place an * on the carbon atom that is said to be asymmetric (the chiral centre). 1

 c)  Explain why the sample synthesised in the laboratory was not optically active.   2
                      (5)

Q9. Which line in the table shows a pair of optical isomers?

Q10. Which of the following compounds will have an enantiomer?

  A     B

       

  C     D
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Q11. The stability of a covalent bond is related to its bond order, which can be defined as follows:

 The molecular orbital diagram for oxygen is shown. The anti-bonding orbitals are denoted by *.

 The bond order for a molecule of oxygen is

  A  0

  B  1

  C  2

  D  3.
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Q12. The electronic spectra of molecules can be described in terms of the wavelength of maximum
 absorbance, λmax.

 The table below shows a number of compounds with their corresponding λmax values.

  a)  Compound 1 is buta-1,3-diene.
   Name compound 2.         1

  b)  Draw the most likely structure for the compound with λmax = 291 nm.  1

  c)  The compounds shown have a system of alternating single and double bonds.
   What word is used to describe this type of system?     1

  d)  From the information shown in the table draw a conclusion relating the energy 
   difference between the HOMO and the LUMO as the number of alternating 
   single and double bonds increases.       1

  e)  β-carotene, λmax = 452 nm gives the orange colour to carrots and has the structure

    
   whereas α-carotene, λmax = 434 nm is found in oranges and has the structure:

    
   Explain why there is a difference in the lmax values for these two structures. 1

  f)  The pink colour of cooked salmon and lobster is due to astaxanthin which has the 
   structure:

    
   This molecule is optically active. Draw part of the molecule and circle one 
   of the asymmetric carbon atoms responsible for this optical activity.  1
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Q13. Lycopene and ß-carotene are coloured organic compounds found in ripened tomatoes. Both
 absorb light in the visible region. Lycopene is red and ß-carotene is orange.

 Which of the following statements is true about the highest occupied molecular orbital (HOMO)   
 and lowest unoccupied molecular orbital (LUMO) in lycopene and ß-carotene?

  A  ß-Carotene has a higher energy gap between HOMO and LUMO than lycopene.

  B  Lycopene has a higher energy gap between HOMO and LUMO than ß-carotene.

  C  ß-Carotene has the same energy gap between HOMO and LUMO as lycopene.

  D  The colour of ß-carotene and lycopene is not affected by the energy gap between
   HOMO and LUMO.

Q14. The blue colour of denim jeans comes from a dye known as indigo.

indigo

 The synthesis of this dye involves a series of complex chemical reactions.

  a)  What structural feature of indigo dye allows it to absorb light within the 
   visible region of the electromagnetic spectrum?     1

  b)  Why does a dye, such as indigo, appear blue when viewed in daylight?  1

  c)  Draw a structural formula for the geometric isomer of indigo.   1
(3)

Q15. Which of the following compounds has a geometric isomer?

  A     B

      

  C     D
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Answers to In-Text Questions
page 10
  

Q1.  a)   σ  b)   σ  c)   π  d)   π*

Q2.  a) a sigma bond and a pi bond.  b) sp2 c) p-orbitals

Q3. To rotate, the p-orbitals would no longer overlap and the π-bond would have to break. The energy 
 required makes it very difficult.

Q4. 9 sigma bonds and 4 pi bonds.

Q5. ① = none of these ② = sp3 ③ = sp3 ④ = sp2 ⑤ = sp3 

 ⑥ = none of these ⑦ = sp  ⑧ = sp3

page 16, 17
  

Q1.  a)      b)

 
 c)      d)

 

 

Q2. a)

Compound Wavelength Absorbed 
(nm) Colour Absorbed Colour Observed

A 347 ultra-violet colourless

B 386 ultra-violet colourless

C 443 violet yellow

D 502 green red

E 517 green red

 b) A has the largest gap, as 347 nm represents highest energy. 
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page 19

Q1.  a)    b)   O  c)    d)   

  e)  O  f)  
F

F

F

F
         g)          h)  

NH2

page 20

Q2.  a)   H
C

H
C

CH3

CH3

H3C

H3C
   2,3-dimethylbutane 

  b)    C
C
H2

CH3H3C

H3C
OH

   2-methylbutan-2-ol 

  c)    
H3C C

O
C
H2

CH3

O

   ethylethanoate

  d)    
H2C

C
H C

H2

CH

H
C

H3C

   4-methylcyclopentene

  e)     
H2C

H2C
C
H2

CH2

H
C

H2
C

C
H2

CH3

  ethylcyclohexane

  f)       

OH

CH3

   2-methylphenol or 2-hydroxytoluene
       or 1-hydroxy-2-methylbenzene
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page 21
Q1. a)  Substitution reaction

 b)

  

C C C

Cl

H

H

H

H

H

H

H   

C C C

H

H

H

Cl

H

H

H

H

    

C C C

H

H

Cl

Cl

H

H

H

H     

C C C

Cl

H

H

Cl

H

H

H

H   

C C C

H

H

H

Cl

H

Cl

H

H     

C C C

Cl

Cl

H

H

H

H

H

H  
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Q1. a)  

  

C C C

H

H

C

H

H

H

H

H

H   

H C C

H

H

C

CH3

H

H

 

H3C C C

H

H

CH3   

H3C C C

H

CH3

H   

H2C

H2C

H
C CH3

 b) on your own

Q2.

 

C3H7

H
H3C

C2H5
  or 

C C C

H

H

H

C

H

H

H

H

C

CH3

H

H

H

C

H

H

H

Q3. It should be optically active 

 because there are chiral C atoms*

 or

 because the mirror image will not be
 superimposible on the original molecule

Q4.
        Thalidomide exhibits optical isomerism

        because it has a chiral C atom

               or

        because the mirror image will not be
        superimposible on the original molecule

Q5. a)  structural isomers   b)  neither of these c)  geometric isomers   d)  structural isomers

C*

C*

COOH

COOH

HHO

HHO

C*

C*

COOH

COOH

H OH

H OH
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Answers to Exam Practice
Q1.  a)  2             1

 b)  The 2s and 2p orbitals combine to form four hybridised sp3 orbitals.  (1)
  Each occupied by one electron.       (1)  2

 c)  The C=C bond consists of a σ bond and a π bond     (1)
  but the C—C is just a σ bond.       (1)  2

 d)

              1
                     (6)

Q2. B    a sigma bond 1  Q3. B   C17H14 1 Q5. D   10 σ and 3π 1

Q4. a)   i)  sp2 hybridisation is a mixing of one s orbital and two p orbitals, 
   (hybridising of one s orbital and two p orbitals)     1

  ii)  Sigma bonds – end on overlap of (atomic) orbitals
   Pi bonds – sideways overlap of (atomic) orbitals
   2 correct diagrams         1

 b)  i) one alkene isome
   one cycloalkane isomer        2

  ii) the cis form of but-2-ene
   the trans form of but-2-ene        2
                      (6)

Q6.  a)   i) 

              2
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Q6.  a)   ii)  Pentane is a longer molecule and will have more van der Waals' forces 
   between the molecules        (1)
   and thus will have a higher boiling point.      (1)
              2
 b)   i)  Maleic acid is cis-butenedioic acid; 
   fumaric acid is trans-butenedioic acid. (1+1)                 2

  ii)  The trans isomer will be able to form hydrogen bonds with neighbouring 
   molecules but the cis isomer will form hydrogen bonds with the other acid 
   group on the same molecule.        (1)

   The trans isomer will have the higher melting point.    (1)
              2
                      (8)

Q7. a)   i)  2,3-dimethylbutane          1
  ii)  Hexane           1

 b)  No          (1)
  Four of the C atoms have more than one H atom attached, 
  and two have methyl groups attached therefore none of 
  them has four different groups attached.     (1)   2

 c)

  
              1
                      (5)

Q8. a)  2-hydroxypropanoic acid          1

 b) 

          2

 c)  It is a racemate (racemic mixture), i.e. it consists of equal amounts 
  of the two enantiomers.          2
                      (5)

Q9. B     1  Q10. B    1  Q11. A 1
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Q12.  a)   hexa-2,4-diene     1 b) Any correct structure for deca-2,4,6,8-tetraene such as

 c) Conjugated/conjugation   1        1

 d) As the number of alternating single and double bonds increases the
  energy difference between the HOMO and the LUMO decreases.    1

 e) a-carotene has a shorter conjugated system or similar     1

 f) Either of the two carbons connected to an OH group
  Or section with one of the asymmetric carbon atoms circled     1

  
                      (6)

Q13. B 1

Q14. a) Alternating single double bonds/conjugated system      1

 b) An answer such as red and green being absorbed (and blue being transmitted) /
  absorbs all colours except blue / orange absorbed / red and yellow absorbed  1

 c) 

  
  Non – skeletal
  Circled part most important – NH on same side with C = O on opposite.   1
                      (3)

Q15. D 1


