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December 2024 
 
 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 A-level 
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 minutes under exam conditions. 

• 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 using Double Bond Equivalents 
 

When presented with the formula for an organic 
compound, it is useful to work out the so-called ‘degree 
of unsaturation’ or number of Double Bond Equivalents 
(DBE).  This tells us how many rings or p-bonds the 
structure must contain which helps when thinking of 
possible structures. 
 
The DBE are based on comparing the actual molecular 
formula to the theoretical formula if the structure were 
saturated—having no rings and containing only σ bonds 
(with all atoms having their standard valence).  
 
Double bond equivalents arise because each time a 
double bond or a ring is formed, there are two fewer 
hydrogens present in the compound relative to it having 
no double bond or ring, as shown in the diagram below.  
A double bond or a ring each count as 1 DBE; a triple 
bond counts as 2 DBE. 

    
A new alkyne proposed by C3L6;  

still-to-be synthesised! 
 

(a) (i) Complete the diagram below by filling in the missing structures A–D in your answer 
booklet. 

 

(a) (ii) How many DBE are there in the structure of felyne? 
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(b)  The general formula for a non-cyclic alkane is CnH2n+2.  Give the general formulae for the 
following: 

 (i) an alkene or cycloalkane (ii) A di-alkyne (a hydrocarbon containing two C≡C triple 
bonds) 

 (iii) a cycloalkene    (iv) a hydrocarbon containing n carbons with x DBE. 

(c)  Give an expression for the number of DBE in the hydrocarbon with formula CnHy in terms 
of n and y. 

 
When trying to count the number of DBE in structures with multiple rings, the number of rings may 
be determined by counting the minimum number of cuts through bonds needed to be made in order 
to leave the structure ring-free.  This is illustrated with the structure tetrahedrane below. 

 

(d)  How many DBE are present in each of the following structures? 

  

The concept of double bond equivalents can also be applied for rings and double bonds formed to 
heteroatoms, for example, with oxygen atoms.  To work out the number of DBE for a formula 
containing carbon, hydrogen and oxygen only, we can simply ignore the oxygen as if it were not 
there.  Any DBE a structure contains could be accounted for as a C=O double bond as well as a 
C=C double bond, or with rings which may or may not include an oxygen atom. For example, 
C4H10O2 has the same number of DBE as C4H10 (zero DBE), whereas C4H8O2 has the same 
number of DBE as C4H8 (1 DBE). 

(e)  How many DBE in each of these structures?  Write down their chemical formulae. 

  (i) 

 
squaric acid 

(ii) 

 
a hexaoxapropellane 

(iii) 

 
mellitic anhydride 
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(f) (i) How many DBE in the structure ciguatoxin-CTX-1, shown below?   

 (ii) Given the molecule contains 62 carbon atoms, calculate the formula of ciguatoxin-CTX-1.  

(Don’t try counting the hydrogens – there are too many!) 

 

 
   
For a compound with known formula, once the number of DBE are known, analytical techniques 
such as NMR spectroscopy can be used to account for the DBE.  For compounds with just one 
oxygen atom, only the following functional groups are possible: 

Functional Group Alcohol Ketone Aldehyde 
Ether 

(chain or cyclic) 

Epoxide 
(3-membered ring 

cyclic ether) 

 R—OH 

  

R—O—R 

 

    chain cyclic  

Number of DBE 0 1 1 0 1 1 
   
The arrangement where an –OH group is 
directly attached to a CC p bond is called 
an ‘enol’.  You may be aware how the acidic 
proton in a carboxylic acid group could 
swap between the two oxygen atoms. A 
similar proton swap can occur from the –OH 
of the enol onto the CC p bond, but the new 
arrangement, the so-called ‘keto-form’ 
containing a CO p bond is considerably 
more stable and so is usually the only form 
seen. 

 
  



Page 6 
 

NMR (nuclear magnetic resonance) is routinely used to determine structures.  At the simplest level, 
the technique reveals how many unique environments of hydrogen and carbon there are in a 
structure.  Atoms may be in the same environment if the structure contains mirror planes of 
symmetry or rotational symmetry axes. Some isomers of C5H10O are shown below in which the 
unique hydrogen environments are labelled Ha, Hb, Hc, etc and the unique carbon environments are 
labelled 1, 2, 3, etc. 

compound Useful symmetry 
Number of unique 

hydrogen 
environments 

Number of unique 
carbon 

environments 

 

 
2 mirror planes 
1 rotational axis 

 

2 3 

 

1 mirror plane 4 5 

 

1 mirror plane 6 3 

 

2 mirror planes 
1 rotational axis 

 
3 3 

 

1 mirror plane 5 5 

   

(g) (i) Suggest two additional structures with formula C5H10O that also have only 2 unique 
hydrogen environments. 

 (ii) How many unique carbon environments are there in the structure of ‘felyne’ [see intro]? 

(Ha)3C C(Hd)3

O

Hb

Hc

Hb

Hc

1

2 3 4 5
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The remainder of the question looks at the isomers with formula C3H4O (2 DBE).  Some of these 
are stable compounds, others are not. 

 

(h) (i) There are THREE enol structures, E, F, & G, with formula C3H4O which form three 
different keto-forms, H, I & J.  The number of unique hydrogen environments in each keto 
form is given in the table below.  Give the structures for isomers E – J. 

   
enol form keto form 

number of unique hydrogen 
environments in keto form 

 

   E H 1  

   F I 4  

   G J 2  

   

 (ii) K & L are the only isomers of C3H4O that contain an –OH group but are not enols.  K has 
three unique carbon environments whereas L has two.  Give the structures of K and L. 

   

 (iii) M is the only isomer of C3H4O that has no p bonds.  Give the structure of M and state 
how many unique environments of hydrogen it contains. 

   

 (iv) N, O, P, Q are isomers of C3H4O that contain an ether / epoxide oxygen.  The number of 
unique hydrogen environments each contains is given in the table below.  Hydrogenation 
of the p bond in O and P would give the same compound, R.  Give the structures of 
isomers N – Q, and for compound R. 

   
isomer 

number of unique hydrogen 
environments in isomer 

 

   N 2  

   O 2  

   P 3  

   Q 3  
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2. This question is about homeopathic solutions 
 

Homeopathy is a type of alternative pseudo-
medicine that uses extremely high dilutions of often 
toxic substances in the hope that some therapeutic 
effect will be seen in a patient.  Amongst the many 
poisonous substances used in the homeopathic 
treatment of disease, one is based upon the 
element mercury. The homeopathic medicine is 
called Mercurius Solubilis, or Merc Sol. The precise 
chemical composition of Merc Sol is unclear from 
the scientific literature, but the homeopathic 
literature suggests that it was first prepared by the 
German doctor, Samuel Hahnemann. It is said that 
Hahnemann took mercury metal, dissolved it in 
nitric acid and then added ammonia solution until a 
precipitate was formed. This precipitate was then 
re-dissolved in water to form Merc Sol. 
 

 
To prepare Merc Sol, mercury is reacted with nitric acid, but the products depend upon the 
concentration of the nitric acid.  Dilute nitric acid forms mercury(I) nitrate, but more concentrated 
acid and longer reaction times lead to the formation of mercury(II) nitrate.  In neither case is 
hydrogen gas formed.  Instead the mercury is oxidised by the nitric acid, leading to the formation of 
nitrogen(II) oxide, NO.  Mercury(I) salts do not contain discrete Hg+ ions, but are generally found to 
contain the Hg22+ ion. 

 

(a) (i) Draw a dot-and-cross diagram for nitric(V) acid. 

 (ii) Write a balanced equation for the reaction of mercury with dilute nitric acid. 

 (iii) Write a balanced equation for the reaction of mercury with concentrated nitric acid. 

 (iv) The NO gas formed instantly reacts with the oxygen in the air to give a brown gas.  Give 
an equation for this reaction. 

   

The solution of mercury in nitric acid is then treated with ammonia to produce a precipitate.  Careful 
reading of the chemical literature suggests solutions of mercury(I) and mercury(II) nitrate with 
aqueous ammonia form neutral compounds in which the mercury(I) or (II) ions are bound to both a 
nitrate ion and (probably covalently) to an amide ion, NH2

–. 

(b)  Give the formula of both Hg(I) and Hg(II) compounds that are formed with aqueous 
ammonia. 
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It is easy to buy solutions of Merc Sol, which 
may cause some alarm as mercury salts are 
known to be extremely toxic to most organisms.  
However, the solutions that may be purchased 
are very dilute.  Hahnemann used a logarithmic 
dilution scale, which is called the “centesimal” 
scale. This involves the dilution by a factor of 
100. A 2C dilution dilutes the original stock 
twice, each by a factor of 100, so a 2C dilution 
is diluted 10,000 times.  The solution of Merc 
Sol easily available that theoretically contains 
the highest concentration of mercury is a 30C 
dilution.  However, some of the homeopathic 
literature uses a 6C dilution in their 
investigations.  It is said that a 6C dilution 
contains 8.21 ´ 10–16 mg mL–1 of mercury ions, 
Hg2+. 

 

 

 

 For these calculation, assume the original mercury compound used to make the homeopathic 
remedies is just mercury(II) nitrate. 

(c) (i) Calculate the concentration (in mol dm–3) of the original stock solution. 

 (ii) Calculate the concentration (in mol dm–3) of the 30C solution. 

 (iii) What is the mass (in g) of mercury(II) nitrate in typical bottle containing 28 mL of ‘most 
potent’ 200C solution? 

   

Mercury(II) nitrate is very toxic and doses as small as 0.5 g have been reported as fatal for humans. 

(d) (i) Calculate the mass of Hg2+ contained in 0.5 g of mercury(II) nitrate. 

 (ii) Calculate the volume (in litres) of the ‘dangerously concentrated’ 6C dilution that would 
need to be consumed to ingest a toxic dose. 

 (iii) Express your answer to (d)(ii) as a fraction of the volume of the Water Cube National 
Aquatics Centre swimming pool in Beijing (approximately 2.5 million litres when used for 
the Beijing Olympics in 2008).  
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Another 'remedy' is Nitricum Acidum which is actually diluted nitric acid. This is available in various 
dilutions up to the extremely 'potent' 1M preparation. A 1M dilution is not 1 mol dm–3; a 
homeopathic 1M dilution is equivalent to a crazy 1000C. 

(e)  Assuming the original stock solution before dilution was 1.0 mol dm–3, what is the 
concentration of nitric acid in the following preparations? 

  (i)  2C (ii)  3C (iii)  4C (iv)  1M. 

 

The pH of a solution may be calculated using the following equation: 

pH = –log10 [H+] 

where [H+] is the total concentration of hydrogen ions in aqueous solution in mol dm–3. 
Rearranging this equation allows us to calculate the total concentration of hydrogen ions from the 
pH of the solution: 

[H+] = 10–pH 

(f) (i) What is the pH of pure water at room temperature?  Calculate [H+] for pure water. 

 (ii) Calculate the pH of the 1.0 mol dm–3 stock solution of nitric acid.  Give your answer to 
one decimal place. 

 (iii) Calculate the pH of the four dilutions from part (e).  Give your answers to one decimal 
place. 

 
Whilst homeopathy deals with extremely dilute solutions, at the other extreme, high concentrations 
are limited by solubilities and, ultimately, the densities of materials.  Concentrated nitric acid is 
sold as a 68% by mass solution with a density of 1.41 g cm–3. 

(g) (i) Calculate the concentration of concentrated nitric acid in mol dm–3. 

 (ii) Use the equations above to calculate the theoretical pH of a concentrated nitric acid of 
strength 12 mol dm–3. 

 (iii) Given that the density of pure water is 1.0 kg dm–3, calculate the concentration of pure 
water in mol dm–3. 

   

At high concentrations of acids, the above equations for pH are no longer valid. Not realising this, 
and confusing pH with pKa, many sites on the internet quote the strongest acid (fluoroantimonic 
acid) as having a pH of –31.3. 

(h)  By considering the concentration of H+ ions only (ignoring water and counter-ions), 
calculate the mass of one teaspoonful of this "pH minus 31.3" acid as predicted using the 
above equations. [Assume one teaspoonful is 5 cm3.] 

 

   

   

 




