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 Some of the material in this booklet might be familiar to you, 

but other parts may be completely new.  The questions are 
designed to be more challenging than those on typical AS 
papers, but you should still be able to attempt them.  Use 
your scientific skills to work through the problems logically. 
If you do become stuck on one part of a question, other parts 
might still be accessible, so do not give up.  Good luck! 

 

 
 

• The time allowed is 90 mins. 

• Attempt all the questions. 

• Write your answers in the answer booklet provided, giving only the 

essential steps in any calculations. 

• Specify your answers to the appropriate number of significant 

figures and give the correct units. 

• Please do not write in the right-hand margin. 

• A periodic table and necessary constants are included on the next 

page. 
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1.  This question is about O4 sports drinks 
 

 

A number of so-called ‘sports drinks’ 
have appeared on American markets 
claiming to contain dissolved oxygen in 
the form of O4 molecules.   
 
Information from the website of one 
company claims: The oxygen is 
stabilized using our patented process, 
which mixes together water, oxygen and 
minerals, altering the unstable O2 
molecule to create a stable O4 molecule. 
 

Despite the fanciful claims of the 
manufacturers, the most stable form of 
oxygen is O2. This was first prepared around 
1770 by the Swedish chemist Carl Wilhelm 
Scheele by heating various substances, 
including mercury(II) oxide, silver(I) 
carbonate, potassium nitrate(V), or a mixture 
of concentrated sulfuric acid and 
manganese(IV) oxide, and collecting the gas 
in a bladder. 

 

 
(a)  Give the chemical equations for Scheele’s preparation of oxygen by heating the 

substances or mixtures below.  In each equation, underline the element which has been 
reduced during the process.  
 

 (i) mercury(II) oxide 

 (ii) silver(I) carbonate 

 (iii) potassium nitrate(V)  [the product contains the nitrate(III) ion] 

 (iv) concentrated sulfuric acid and manganese(IV) oxide 

A dot-and-cross diagram for the nitrate(V) ion, NO3
–, is shown below.  There are a number of other 

species which may be described as being isoelectronic with the nitrate(V) ion.  Such species have 
the same geometry as the NO3

– ion, the same total number of electrons as the NO3
– ion with the 

electrons arranged in a similar manner, but one or more of the nuclei have been replaced with those 
from different elements. 
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(b)  Using the same coding as above and taking care with any extra electrons and hence 
overall charges, give the formula, and draw the dot-and-cross diagram, for the species 
isoelectronic with the nitrate ion, NO3

–, where the central nitrogen has been replaced by: 
 

 (i) carbon 

 (ii) boron 

 (iii) oxygen 

   
(c)  Give the formula for, and name of, the neutral species isoelectronic with the nitrate(III) ion. 

 
Whilst the company suggest their O4 exists as 
a puckered ring (shown earlier), other 
geometries have been suggested, including a 
so-called ‘pinwheel’ structure shown on the 
right.  This planar structure has been 
calculated to be 89.3 kJ mol–1 higher in energy 
than the puckered ring.  In each structure, the 
bond lengths are the same. 
 
The standard enthalpy of formation of pinwheel 
O4 is calculated to be 480.0 kJ mol–1. 
 
   

 
 

(d)  Given the activation energy for the dissociation of puckered ring O4 into 2O2 (g) has been 
calculated to be 48.7 kJ mol–1, with the aid of a diagram or otherwise, calculate the 
activation energy for the formation of puckered ring O4 from O2(g). 
 

 
The closest any researchers have come to detecting an O4 molecule is using a type of mass 
spectrometry called neutralization-reionization MS (NR-MS).  In this technique, the slightly 
more stable O4+ ion was made by the collision between an O2 molecule and O2+ ion.  Some 
of the resulting O4+ ions were then neutralized by the addition of an electron.  Any charged 
species were removed from the mixture by deflection to leave a stream of neutral O4 
molecules.  These were then re-ionized by removing an electron and any resulting O4+ ions 
and their decay products were detected.  This process is summarized below: 
 

 
 
In one experiment, the O4+ ion was prepared from a mixture of isotopically pure 16O2 and 
18O2. The resulting ion had the formula 16O218O2+.  The final mass spectrum is shown over 
the page. 
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(e)  Give the formulae (specifying the particular isotopes) for the ions A, B, and C. 
 

 
(f)  Which of the following shapes of O4 are most consistent with the data from the NR-MS 

experiment?  Tick one or more in your answer booklet. 
 

 
 
The researchers concluded that the O4 molecule is not stable, but is metastable, i.e. it has a 
fairly short existence, but can exist as a molecule.  The minimum lifetime was calculated 
from the time-of-flight of the neutral molecule – i.e. the time it took after formation to travel 
the distance in the instrument before being re-ionized. 
 

(g)  Calculate the approximate time (in seconds) an 18O4 molecule would take to travel the 
10.0 cm path inside the instrument if initially accelerated to 4.00 keV. 
 

1 eV = 1.602 × 10–19 J 
Avogadro constant = 6.022 × 1023 mol–1 
The kinetic energy of a particle of mass m moving and velocity v is given by k.e. = ½ m v2  
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2. This question is about skeletal formulae 

 
 
At school, most organic 
molecules are drawn as 
structural formulae. Whilst 
this is a good way of drawing 
small molecules, it becomes 
confusing for larger 
molecules. With complicated 
molecules, such as 
Progesterone shown on the 
right, it is better to draw them 
as skeletal formulae.  
 
  
 
 
Various different representations of organic molecules are shown in Table 1. 
 

 
 

(a) In your answer booklet indicate which (if any) of the molecules shown in Table 1 are the same 
as those given below. If there are none, write zero. 
 

 
       (i) ethene          (ii) butane           (iii)           (iv) trans-but-2-ene 
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Alkenes react with HBr to produce bromoalkanes.  
 
(b) In your answer booklet, circle all the terms that can be used to describe the reaction of alkenes 

with HBr:  
             Free radical Nucleophilic Substitution 

                                 Electrophilic                     Addition 
 
The reaction of HBr with alkenes occurs via a carbocation intermediate as shown below:  

 
The reaction of HBr with certain alkenes gives more than one product as two different cations can be 
formed (n.b. often there are major and minor products of these reactions but we are not considering 
this here). 
 

 
 
Equally the same bromoalkane may be formed from several different alkenes: 
 

 
 

(c) Draw the three possible alkenes which could have reacted with HBr to form the molecule 
shown below: 

 
 
(d) For each of the following alkenes, choose which bromoalkanes from Table 2 could be formed 

in a reaction with HBr (ignoring minor and major products).   
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In the absence of strong nucleophiles in the solution, such as Br−, the carbocation can be attacked by 
the electrons in a C=C double bond somewhere else in the molecule, which act as a nucleophile. 
This leads to the cyclization of the molecule and the production of another carbocation, which can go 
on to give several different products.  For example: 

 
It can sometimes be difficult to work out which atoms become connected in a cyclization reaction, 
however there is a general strategy which we will outline by considering the reaction to form  
Compound 19.  It is important to remember that no C-C single bonds are broken in the reaction. 
 

(1) Look for small groups of atoms in the product that are unchanged in 
connectivity from the starting material and label them.  It is a good idea 
to start by trying to identify where the atoms at the ends of the starting 
material appear in the product.  In more complex molecules look for 
features such as rings and methyl groups.  Atoms a, b, c, d and j in 
Compound 19 can be labelled using this approach. 
 

 

(2) Start from one of the groups of atoms which you are confident you have 
identified correctly and see if you are now able to trace out the path to 
the next group you are confident about. 

 
If we redraw the starting material folded round to resemble the product, it is easy to see how the 
reaction occurs:  

 
 

Carbocation A+ is readily formed in nature and can react to form various natural products by one or 
more cyclizations of double bonds onto carbocations.  No C–C single bonds are broken in any of 
these reactions. z 
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(e) (i) Write down the letters (from A+) of the pair of carbon atoms that are connected in order to 
form α-terpineol. 

 (ii) Suggest a structure for intermediate Carbocation B+. 
(f) (i) Write down the letters (from A+) of the pair of carbon atoms that are connected in order to 

form borneol from the cyclization of Carbocation B+. 
 (ii) Suggest a structure for intermediate Carbocation C+. 
(g) (i) Write down the letters (from A+) of the pair of carbon atoms that are connected in order to 

form β-pinene from the cyclization of Carbocation B+. 
 (ii) Suggest a structure for intermediate Carbocation D+. 
 
The biological synthesis of steroid hormones was mimicked in the conversion of Compound T into 
the hormone Progesterone. The reaction starts with the treatment of Compound T with acid to give 
Cation U+, which then loses water to form Carbocation V+. 
 
(h) Draw the structure of Cation U+. 

 

 
 
Carbocation V+ then undergoes cyclization to form Carbocation W+. No C–C single bonds are 
broken in this process.  
 
(i) Write down the letters of the pairs of carbon atoms that are connected in the cyclization of 

Carbocation V+ to Carbocation W+. 
 

Carbocation W+ can then be converted into Progesterone in three steps.  Note that in forming 
Compound Y, ozone breaks a C=C bond and forms two new C=O bonds. 

 
(j) Draw the structures of Compound X, Compound Y and Anion Z−. 
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