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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 is included in this booklet. 
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1.  This question is about molecules with the formula C3L6 
 

By tradition, the symbol "L" is sometimes 
used in chemistry when looking at reactions 
which compare compounds with "normal" 
hydrogen (the isotope 1H) with those 
containing deuterium  (the isotope 2H).  For 
example, CF3OL would refer to either the 
compound CF3O1H or to CF3O2H.  

   
 

For the remainder of this question, assume that "hydrogen" and the symbol "H" refer only to 
the isotope 1H, and deuterium and the symbol "D" refer only to the isotope 2H. 
 

(a)  There are two compounds with the formula C3H6.  Give their names and the 
particular class of compounds each belongs to. 

 

Like every other member in its class, one isomer of C3H6, isomer A, reacts rapidly with 
bromine to form a single product.  When A reacts with bromine compound F is formed. 
 

(b)  Draw the structure for A and the product formed when it reacts with bromine, F. 
 

The second isomer of C3H6, isomer B, has a number of unique properties.  The other 
members in the same class of compounds only react with bromine in the presence of light 
and form HBr as a side product.  However, B reacts with bromine in the absence of light (but 
much less rapidly than A) and forms a single compound G.  F and G are isomers. 
 

(c)  Draw the structure for B and the product formed when it reacts with bromine, G. 
 

The standard enthalpies of formation, ∆fH , of both A and B have been found by first 
measuring the standard enthalpies of combustion, ∆cH , of each.  These values are given 
in the table below, together with the standard enthalpies of combustion of carbon and 
hydrogen. 
 

 A B carbon hydrogen 

∆cH / kJ mol–1 –2058 –2091 –393.5 –241.8 
 

(d) (i) Give the equation for the complete combustion of C3H6. 
 

 (ii) Calculate the standard enthalpy of formation of A. 
 

 (iiI) Calculate the standard enthalpy of formation of B. 
 

Gaseous B needs to be stored carefully since it can convert explosively to the elements, to 
isomer A, or to other hydrocarbons. 
 

(e)  Calculate the standard enthalpy change for the reaction B  → A. 
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In order to investigate the mechanism for the conversion of reaction B  → A, samples of 
the compounds have been prepared with some of the normal hydrogen replaced by 
deuterium.  When drawing structures for the rest of the question use skeletal formulae and 
so do not explicitly draw in any hydrogen atoms, but do show any deuterium atoms.  Also, 
remember that the four single bonds around a carbon atom are arranged tetrahedrally.  
Examples of how to draw structures correctly are shown below for two isomers of C2H3D2F. 
 

 

 
  Structure I is incorrectly drawn.  The bold bond comes out of 
the plane of the paper, the hashed bond goes in, but the bonds 
do not form a proper tetrahedral shape. 
 
 
  Structure II is drawn correctly.  In this compound, both 
deuterium atoms are in the same environment. 
 
 
  Structures III and IV are correctly drawn.  In each compound 
the deuterium atoms are in different environments. 
  Structures III and IV are non-superimposable mirror images 
(called enantiomers).  Each contains a carbon with four different 
atoms or groups attached. 
  

 
Replacing one of the hydrogens in compound A or B with a deuterium gives compounds of 
formula C3H5D. 
 
(f) (i) Draw the structure(s) of the all the compound(s) that could be formed when one H 

in A is replaced by a D. 
 
 (ii) Draw the structure(s) of the all the compound(s) that could be formed when one H 

in B is replaced by a D. 
 
If two of the hydrogens in A are replaced with deuterium seven structures with formula 
C3H4D2 are possible. These isomers are labelled A1, A2, A3, A4, A5, A6, and A7. 
 
In isomer A1, the two deuteriums are in exactly the same environment.  For all the other 
isomers, the two deuteriums are in different environments. 
 
(g)  Draw the structure of A1. 
 
All the isomers A1-A7 react with deuterium gas (D2) in the presence of a metal catalyst 
adding two deuteriums to the molecule and giving isomers with the formula C3H4D4.  During 
this process, some of the isomers A1-A7 form a single compound.  Other isomers produce a 
pair of compounds (called enantiomers), each of which are non-superimposable mirror 
images containing a carbon atom with four different substituents attached. 
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On deuteration, A1 gives a pair of enantiomers X1 and X2. 
 
(h)  Draw the structures of X1 and X2 (you are not required to say which is which). 
 
Compounds A2 and A3 also form the compounds X1 and X2 on deuteration.   
 
(i)  Draw the structures of A2 and A3 (you are not required to say which is which). 
 
A4 and A5 give the same single compound Y on deuteration. 
 
(j) (i) Draw the structure of Y. 
 
 (ii) Draw the structures of A4 and A5 (you are not required to say which is which). 
 
A6 forms the single compound Z on deuteration. 
 
(k)   Draw the structures of A6 and Z. 
 
Compound A7 also forms a pair of enantiomers on deuteration, but they are different from 
X1 and X2. 
 
(l)  Draw the structure of A7. 
 
It can be useful to classify molecules by the type of symmetry they contain.  Molecules may 
or may not contain a plane of symmetry and they may or may not contain rotational 
symmetry.  A person has a plane of symmetry, but no rotational symmetry.  Two identical 
twins can be arranged in different ways that exhibit different symmetries as shown below. 
 

 

 
Arrangement I has no symmetry. 
 
Arrangement II has a plane of 
symmetry, but no rotational symmetry. 
 
Arrangement III has rotational 
symmetry, but no plane of symmetry. 
 
Arrangement IV has rotational 
symmetry, and planes of symmetry. 
  

When two of the hydrogens in compound B are replaced with deuterium, a number of 
isomers of formula C3H4D2 can be produced. 
 
(m)  In the answer book draw all of these isomers in the appropriate place on the 

symmetry table.  
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2.  This question is about "The Avogadro Project" 
 
In January 2011 the results were 
published of the Avogadro Project 
– the most accurate determination 
ever of the Avogadro constant.  
This international project involved 
counting the number of atoms in a 
perfectly spherical, single crystal 
of isotopically-enriched silicon. 

   
 
 
The source of the silicon was the compound Na2SiF6.  This compound contains one 
negatively charged ion and all the fluorines are in the same environment. 
 
(a) (i) What is the oxidation state of the silicon in Na2SiF6? 
 
 (ii) What shape do you expect for the anion contained in Na2SiF6? 
 
(b)  On heating to over 300 °C, Na2SiF6 decomposes to form a white crystalline solid W 

and a colourless gas, X, which contains silicon.   
 
 (i) Give the formula for W. 
 
 (ii) Give the formula for colourless gas X.  What shape do you expect this to be? 
 
 (iii) Give the equation for the formation of W and X from Na2SiF6. 
 
The gas X was passed through a series of gas centrifuges in order to enrich the silicon-28 
isotope.  After enrichment, it was reacted with calcium hydride at 180 °C.  This formed a new 
crystalline solid Y and another colourless gas containing silicon, Z.  Air must be rigorously 
excluded since on exposure to the air, gas Z spontaneously ignites. 
 
(c) (i) Give the formulae for Y and Z and an equation for their formation from calcium 

hydride and X. 
 
 (ii) Give an equation for the combustion of gas Z in air. 
 
(d)  Gas Z, containing the enriched silicon-28 is converted to solid silicon by thermal 

decomposition at temperatures around 800 °C.  The by-product of this reaction is 
another colourless gas, which is flammable in air (but not spontaneously 
flammable). 

 
  Give the equation for the thermal decomposition of Z. 
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From the lump of isotopically enriched silicon, a single crystal of silicon-28 was grown. 
The structure on the left shows the repeating 
pattern, or unit cell, for silicon.  By stacking 
these cubes together, the structure of the solid 
is revealed.  Atoms that are directly bonded to 
one another are connected by the bonds (the 
heavier lines).  In the unit cell, silicon atoms 
are placed with their centres at each corner of 
the cube, and in the centre of each face.  If we 
divide the unit cell into eight smaller cubes, as 
shown on the right, there is also one silicon 
atom right in the middle of every alternate cube 
(the darker shaded ones).   

 

 

 
The length of the cube is a pm (1 pm = 1 × 10–12 m).  The total number of silicon atoms 
contained within the cube is denoted n. The single crystal was fashioned into a perfect 
sphere of volume V cm3, and mass m g.  The relative atomic mass of silicon is Ar. 
 
(e) (i) By counting up the contributing fractions, calculate a value for n, the number of 

number of silicon atoms per unit cell. 
 
 (ii) Give an expression for the number of atoms in the sphere in terms of a, n, and V.  

Take care with the units! 
 
 (iii) Give an expression for the Avogadro constant in terms of a, n, V, Ar, and m. 
 
(f)  By considering the atoms within one of the smaller cubes, or otherwise, derive an 

expression for the Si–Si bond length in terms of distance a. 
 
In the experiment, the silicon was isotopically enriched in silicon-28.  Analysis of the sample 
showed the fraction of silicon atoms that were 29Si was 41.2 × 10–6 and the fraction that were 
30Si was 1.3 × 10–6.  The remainder is assumed to be silicon-28. 
 
(g)  Given the following accurate masses, determine the relative atomic mass, Ar, for 

this sample of silicon. 
 

Isotope 28Si 29Si 30Si 

Relative isotopic mass 27.97692653 28.97649470 29.97377017 

 
(h)  The volume of the sphere, V, used in the experiment was 431.059060 cm3 and its 

mass, m, was 1000.087559 g.  The length of the unit cell, a, as determined from the 
crystal structure was 543.0996234 pm.  Use these values together with your values 
for n and Ar to calculate the Avogadro constant to 9 significant figures.  
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