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* * * * *
■ The time allowed is 2 hours.
■ Attempt all 5 questions.
■ Write your answers in the special answer booklet.
■ In your calculations, please write only the essential steps in the answer booklet.
■ Always give the appropriate units and number of significant figures.
■ You are provided with a copy of the Periodic Table.
■ Do NOT write anything in the right hand margin of the answer booklet.
■ The marks available for each question are shown below; this may be helpful when

dividing your time between questions.

Question 1 2 3 4 5 Total 

Marks 
Available 8 11 23 21 12 75 

Some of the questions will contain material you will not be familiar with. However, by logically 
applying the skills you have learnt as a chemist, you should be able to work through the 
problems. There are different ways to approach the tasks – even if you cannot complete certain 
parts of a question, you may still find subsequent parts straightforward. 
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1. This question is about the Green Pool of Rio

When the water in the diving pool at the Rio 
Olympic Games turned green, it was 
suggested that the growth of algae was to 
blame; this was strongly contested by the 
organisers. Even after the official report 
was published, there is still much 
speculation as to the actual reason behind 
the colour change. 

One of the most commonly used 
compounds in the chlorination of swimming 
pools is sodium hypochlorite, NaClO. 

(a) Determine the oxidation state of chlorine in sodium hypochlorite, NaClO.

Once dissolved, an equilibrium is established between ClO– and its conjugate acid. 

(b) Give an equation for this equilibrium.

This equilibrium is highly pH dependent and under acidic conditions chlorine is produced. 

(c) Give an equation for the generation of chlorine from hypochlorite and HCl.

The organisers eventually explained the green colour in the pool as being due to the growth of 
algae after the inadvertent addition of a large quantity of hydrogen peroxide, which destroyed 
the hypochlorite and formed chloride ions. 

(d) Give an equation for the reaction between hydrogen peroxide and hypochlorite.

Hypochlorites also have a tendency to react with ammonia and ammonia-like compounds to 
form compounds containing nitrogen and chlorine. One such compound is nitrogen trichloride, 
which can cause eye irritation and the distinctive smell of swimming pools. 

(e) (i) Give an equation for the formation of nitrogen trichloride.

(ii) Draw a structure for nitrogen trichloride, showing its shape, and state the
approximate Cl–N–Cl bond angle.

Depending on reacting ratios, another possible outcome of the reaction between ammonia and 
hypochlorite is the formation of hydrazine, H2N–NH2, and chloride ions. 

(f) Give an equation for this reaction.

Copper(II) sulfate is sometimes added to swimming pools and this was also suggested as the 
cause of the green colour.  Copper(II) ions were also blamed for the green tint given to the 
bleached hair of the American swimmer Ryan Lochte.  The copper(II) ions precipitate on the 
hair due to the high pH of certain shampoos. 

(g) Suggest a formula for the blue precipitate on Ryan Lochte’s hair that made it go green.
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2. This question is about atmospheric chemistry

Studying the reactions which take place in 
the atmosphere is crucial to help understand 
global climate and thus minimise our impact 
on the environment.  Hydrogen sulfide, H2S, 
is a molecule which displays interesting 
chemistry in the atmosphere. H2S is present 
in natural gas and is also particularly 
common near volcanos. 

A sulfur boulder in the crater of a volcano. 

The main process by which H2S is naturally removed from the air is its reaction with the OH 
radical (the main day-time oxidising agent in the atmosphere). The reaction happens in a 
single encounter between H2S and the OH radical. 

(a) Give an equation for the reaction of H2S with the OH radical to form water and another
radical.

In order to determine the rate constant of the reaction in (a), dry H2S was generated in the 
laboratory by reacting iron(II) sulfide with hydrochloric acid. 

(b) Give an equation for the generation of H2S in the laboratory.

The average emission rate of H2S in the air at a volcanic region can be taken to be 7.65 × 105

molecules cm–3 s–1. The concentration of H2S was measured to be constant over time, which
means that the rate with which H2S is produced is the same as the rate at which H2S is 
consumed at this volcanic region. 

For a reaction that happens in a single encounter between two species A and B, the rate of 
reaction is given by: 

rate = k × [A] × [B]

where k is the corresponding rate constant, and [A] and [B] denote the concentrations of A and
B, respectively. 

(c) Calculate the concentration of H2S in the atmosphere in units of molecules cm–3.

You should assume that the only removal process of H2S from the atmosphere is its
reaction with the OH radical, and that the average concentration of the OH radical is
1.1 × 106 molecules cm–3.  The rate constant for the reaction in part (a) was measured to
be k = 4.7 × 10–12 cm3 molecules–1 s–1.

(d) The average concentration of H2S is usually expressed in units of μg m–3. Express the
concentration of H2S found in part (c) in units of μg m–3.

Natural gas often contains sulfur in the form of H2S. To minimise the sulfur emission from the 
desulfurization of natural gas, H2S is partially combusted to form SO2 which then reacts with 
the remaining H2S to form elemental sulfur. 

(e) (i) Give an equation for the combustion of H2S.

(ii) Give an equation for the reaction of H2S with SO2.
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It is very hard to measure the concentration of OH radicals directly, so we often have to resort 
to indirect methods.  In addition to H2S, the OH radical is able to oxidise other compounds in 
the atmosphere, such as 1,1,1-trichloroethane. Since the atmospheric emission of 1,1,1-
trichloroethane  stopped in the 1990s, its change in concentration can be used to indirectly 
estimate the average global concentration of the OH radical. The concentration profile of 1,1,1-
trichloroethane over time shows a simple exponential decay, typical of reactions following first-
order kinetics. 
(f) (i) Using the graph below, estimate the half-life (t1/2) of 1,1,1-trichloroethane to the

nearest 0.1 years. 

(ii) Convert your answer to f(i) into seconds.  [Take 1 year to be 365.25 days.]

Assuming that the concentration of the OH radicals is constant over time, and that the only 
removal process of 1,1,1-trichloroethane from the atmosphere is its reaction with OH, we can 
find the observed rate constant (kobs) of the reaction using the following expression:

𝑡𝑡1/2 =  
ln 2
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜

The observed rate constant, kobs, is a product of the second order rate constant
(k2nd = 1.0 × 10–14 cm3 molecule–1 s–1) and the concentration of the OH radicals.

(g) Using your value for the half-life of 1,1,1-trichloroethane, calculate the average global
atmospheric concentration of OH radicals in molecules cm–3.

(Note: you may not get exactly the same result as the concentration given in the first part
of the problem.)
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3. This question is about the chemistry of Iron Man

Despite his name, the metal suit of comic book 
superhero ‘Iron Man’ is actually stated in the 2008 
film to be an alloy of titanium and gold.   

In July 2016, researchers found a certain titanium-
gold alloy with the formula Ti3Au that was about four 
times harder than pure titanium and most steel 
alloys.  It was also biocompatible, making it ideal for 
artificial hip and knee joints, and for screws and 
implants to fix bone fractures. 

Currently, a thin film of titanium nitride, TiN, is used 
to increase the hardness of titanium, for example on 
cutting tools.  This gives the titanium a beautiful gold 
colour which Iron Man may have chosen to make his 
suit look pretty. 

Thin films of TiN are typically prepared by a technique called chemical vapour deposition 
where the TiN is formed on substrates heated above 320 °C in an atmosphere of titanium(IV) 
chloride and ammonia.  An unbalanced equation for this reaction may be represented as: 

aTiCl4(g)  +  bNH3(g)    cTiN(s)  +  dHCl(g)  +  eN2(g) 

(a) (i) What is the oxidation state of the titanium in titanium nitride, TiN?

(ii) Which element is being oxidized in the reaction between TiCl4 and NH3?

(iii) Which element is being reduced in the reaction between TiCl4 and NH3?

(iv) Balance the above equation.

To make the titanium-gold alloys, the two elements are heated together in the appropriate 
proportions under an inert atmosphere of argon. 

(b) Assuming Iron Man’s suit requires 40 kg of alloy to make, calculate the masses of
titanium and gold needed to prepare this mass of alloy with the formula Ti3Au.

There are two different forms of the alloy with the formula Ti3Au, distinguished as the α-form 
and β-form.  The arrangements of the atoms in the different forms are shown using a unit cell.  
A unit cell is determined by X-ray crystallography and shows the arrangement of atoms which 
generates the bulk structure when the cells are stacked together.  Some of the atoms are 
contained completely within the boundaries of the unit cell, whilst for those atoms centred on 
the corners, edges, or faces, only fractions are contained within one unit cell. 

The unit cells for both α-Ti3Au and β-Ti3Au are based on regular cubes.  How hard the alloys 
are depends on the number of bonding interactions each atom has, and the lengths of the 
bonds. 
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Two views of the unit cell of the α-form are shown below.  The unit cell has a gold atom 
centred at each corner of the cube, and a titanium atom in the centre of each face.  The length 
of the cube edge is 4.15 Å. 

(c) In the bulk structure of  α-Ti3Au generated by stacking the unit cells together, the titanium
atoms are surrounded by gold atoms and other titanium atoms.

(i) How many titanium atoms surround each gold atom?

(ii) How many gold atoms surround each titanium atom?

(iii) How many titanium atoms surround each titanium atom?

(d) (i) Calculate the Ti–Au distance.

(ii) Calculate the shortest distance between two titanium atoms.

The β-form also has a gold atom centred at each corner of the cube, but also one in the centre 
of the cube.  The length of the cube edge is 5.09 Å.  The titanium atoms are arranged with two 
on each face, with the two separated by exactly half the length of the cube edge. The Ti–Ti pair 
are arranged centred on the face, parallel to one of the edges of the cube. The Ti–Ti pairs on 
adjacent faces of the cube are aligned at right-angles. 

(e) In the bulk structure of  β-Ti3Au generated by stacking the unit cells together, the titanium
atoms are surrounded by gold atoms and other titanium atoms.  However there are now
two separations between the titanium atoms: nearest neighbours, and next-nearest.

(i) How many titanium atoms surround each gold atom?

(ii) How many gold atoms surround each titanium atom?

(iii) How many titanium nearest neighbours and next-nearest neighbours are there
around each titanium atom?

(f) (i) Calculate the Ti–Au distance.

(ii) Calculate the separation between a titanium atom and its next-nearest neighbour.
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4. This question is about the molecule twistane

Although the skeletal structure of cyclohexane (C6H12) is 
often represented as a regular hexagon, it is actually a 
flexible molecule that exists in a variety of different 
shapes referred to as conformations. Two of these 
conformations, the chair and the twist-boat, are shown 
below. The carbon atoms in the six-membered rings 
have been numbered 1-6 to show their connectivity.  

The chair is the lowest energy conformation of cyclohexane with all the bond angles almost 
equal to the ideal angle for a tetrahedral carbon atom. The twist-boat is higher in energy. 

(a) By how many degrees does the ideal C–C–C angle in the chair form of cyclohexane differ
from that in a regular hexagon?

The molecule adamantane can be visualised by the addition of a further four carbon atoms 
onto the chair conformation of cyclohexane as shown below. In doing this, other six-membered 
rings are created. In adamantane all the six-membered rings are locked in the chair 
conformation. 

(b) For each unique six-membered ring in adamantane, write down the numbers of the six
carbon atoms in that ring in the order they are connected, beginning with the lowest
number (e.g. -1-2-3-4-5-6-).

(c) How many signals are there in the 13C NMR spectrum of adamantane (i.e. how many
unique environments of carbon are there)?

The molecule twistane can be visualised by the addition of a further four carbon atoms onto 
the twist-boat conformation of cyclohexane as shown below. In doing this other six-membered 
rings are created. In twistane all the six-membered rings are locked in the twist-boat 
conformation, which gives the molecule its name. 
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(d) For each unique six-membered ring in twistane, write down the numbers of the six
carbon atoms in that ring in the order they are connected, beginning with the lowest
number (e.g. -1-2-3-4-5-6-).

(e) How many signals are there in the 13C NMR spectrum of twistane?

(f) Adamantane and twistane are isomers of each other. What is their molecular formula?

As all its rings are in the lowest energy chair conformation, adamantane is a very stable 
molecule. It was discovered as a component of crude oil in 1933. By contrast, twistane is a 
very strained molecule as all its rings are in the higher energy twist-boat conformation. It must 
be specially synthesised, which was first done in 1962. The synthesis is shown below.  

No C–C single bonds are broken in the synthesis and so those present in the starting material 
remain throughout. They have already been drawn in your answer booklet and you must use 
them for your answers for part (g). 

(g) Draw the structure of compounds A-H, anion J– and compound K.

(h) Answer the following multiple choice questions in the answer booklet.

(i) How many planes of symmetry does twistane contain?

(ii) How many rotational axes of symmetry does twistane contain?

(iii) Is twistane superimposable on its mirror image?
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5. This question is about Superbases

The hydroxide ion is the strongest possible base in 
aqueous solution, but in organic solvents it is 
possible to have stronger bases. 

For many years the strongest known base was the 
methyl anion, but in 2008 a team of scientists 
synthesised the lithium monoxide anion which was 
found to be an even stronger base. 

2016 has seen the records rewritten again as 
Australian researchers announced the formation of 
an organic gas-phase dianion (DEB2–) which has 
the highest proton affinity ever reported, i.e. is the 
strongest base. 

How strong a base is may be defined by its proton affinity. The proton affinity of species X– , 
PA(X–),  is given by the standard enthalpy change of the reaction: 

HX    H+ +  X–. 

(a) Using the data in the table below, calculate the proton affinity of the methyl anion,
PA(CH3

–), in kJ mol–1.

Reaction 1 CH4    H●  +  CH3
● 439 kJ mol–1 

Reaction 2 H●    H+  +  e– 2.18 x 10–18 J 

Reaction 3 CH3
●  +  e– CH3

– –7.52 kJ mol–1 

With a proton affinity of 1778 kJ mol–1, the lithium monoxide anion was found to be a stronger 
base than the methyl anion. The lithium monoxide anion is formed in a mass spectrometer 
when a lithium oxalate anion, LiC2O4

–, firstly loses a neutral molecule P of mass 44 and
subsequently another neutral molecule Q of mass 28.  
(b) Draw the structure of the oxalate anion (C2O4

2–) and give the formulae for P and Q.

The organic gas-phase dianion (DEB2–) has the highest proton affinity ever reported of 
1843 kJ mol–1. This dianion is produced from compound A which belongs to a family of 
disubstituted benzenes, C6H4R2, where both substituents R are the same.  Compound A has 
the molecular formula C12H6O4  and effervesces on addition of sodium hydrogen carbonate. 
(c) Suggest the functional group present in R responsible for the effervescence, and hence

deduce a structure for R.

(d) Draw all of the possible disubstituted benzenes, C6H4R2, and state the number of signals
you would expect in the 13C NMR for each.

DEB2– was observed in the negative-ion mass spectrum of Compound A.  It is formed via 
species B2– and C2–.  Compound A is found to have 6 signals in its 13C NMR spectrum.

(e) Determine the structures of intermediates B2– and C2–, and DEB2–.
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