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Answer all the questions.

1 This question refers to chemistry of d-block elements in Period 4 (Sc–Zn).

 (a) For each statement below, select the symbols of the correct element(s).

  (i) The element that has atoms containing six electrons in the 3d sub-shell.

  ........................................................... [1]

  (ii) Two elements that have atoms with two unpaired d electrons.

 .......................... and .......................... [2] 

  (iii) The element with ions that form a blue complex with chloride ions.

  ........................................................... [1]

  (iv) The element X that forms an oxide with the formula X3O4 with the molar mass of 
228.7 g mol–1.

  ........................................................... [1]

  (v) The element that has atoms with an average mass of 8.64 × 10–23 g.

  ........................................................... [1]

 (b) The flowchart below shows three reactions of the complex ion [Cu(H2O)6]2+.

  In the boxes below, write down the formulae of the species formed.

[Cu(H2O)6]2+

pale blue solution

deep blue solution

yellow solution pale blue precipitate

HCl (aq) NaOH(aq)

NH3(aq)

 [3]
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 (c) The answers to this question all refer to complex ions of nickel.

  (i) State the shape of the complex ion [Ni(H2O)6]2+.

 ...................................................................................................................................... [1]

  (ii) What is the formula of the complex ion of Ni2+ containing six fluoride ligands?

 ...................................................................................................................................... [1]

  (iii) Show the 3-D shapes of the stereoisomers of the complex ion [Ni(en)3]2+.
   (en = H2NCH2CH2NH2)

 [2]

 [Total: 13]
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2 This question looks at different aspects of neutralisation.

 (a) Acid–base titration pH curves can be used to help choose suitable indicators for the following 
titrations:

  • 25.0 cm3 of 0.100 mol dm–3 HCl(aq) with 0.100 mol dm–3 NaOH(aq)
  • 25.0 cm3 of 0.100 mol dm–3 CH3COOH(aq) with 0.100 mol dm–3 NaOH(aq).

  (i) On the axes below, sketch pH acid–base titration curves to show how the pH changes 
when the alkali is added from a burette until the alkali is in excess.

0
0

7

pH

14

25

volume of alkali added / cm3

25.0 cm3 of 0.100 mol dm–3 HCl (aq)

with 0.100 mol dm–3 NaOH(aq)

25.0 cm3 of 0.100 mol dm–3 CH3COOH(aq)

with 0.100 mol dm–3 NaOH(aq)

0
0

7

pH

14

2550 50

volume of alkali added / cm3

 [4]

  (ii) Explain how the choice of indicator is linked to the pH curve.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [1]
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 (b) A student carries out an experiment to measure the enthalpy change of neutralisation.

  (i) Define the term enthalpy change of neutralisation.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [1]

  (ii) The student measures out 35.0 cm3 of 2.40 mol dm–3 NaOH and 35.0 cm3 of 2.40 mol dm–3 
HCl. The temperature of each solution is the same.

   The student mixes the two solutions. The temperature rises by 16.5 °C.

   The specific heat capacity of the mixture is 4.18 J g–1 K–1. Assume that the density of the 
mixture is 1.00 g cm–3.

   Calculate the enthalpy change of neutralisation, in kJ mol–1.

 enthalpy change of neutralisation =  ............................................ kJ mol–1 [3]

  (iii) The student repeats the experiment using 70.0 cm3 of 1.20 mol dm–3 HCl instead of 
35.0 cm3 of 2.40 mol dm–3 HCl.

   Explain why the temperature rise is less, and predict what the temperature rise will be.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

 [Total: 11]
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3 Energy changes take place when water dissolves compounds and when water changes its 
physical state.

 (a) You are provided with the following information.

Ion ΔHhydration /kJ mol–1

Na+ –405

Mg2+ –1926

OH– –460

  The enthalpy change of solution of Mg(OH)2 is –152 kJ mol–1.

  (i) Define, in words, the terms enthalpy change of solution and enthalpy change of hydration.

enthalpy change of solution  ...............................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

enthalpy change of hydration ............................................................................................. 

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [3]

  (ii) Explain the difference between the ΔHhydration values for Na+ and Mg2+.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [3]
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  (iii) A Born–Haber cycle can be drawn to link the lattice enthalpy and enthalpy change of 
solution of Mg(OH)2 with hydration enthalpies.

   On the two dotted lines, add the species present, including state symbols.

Mg2+(aq)  +  2OH–(aq)

.............................................................

.............................................................................

Mg(OH)2(s)

lattice

enthalpy

 [2]

  (iv) Calculate the lattice enthalpy of Mg(OH)2.

 lattice enthalpy =  ............................................ kJ mol–1 [2]
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 (b) Energy changes for the melting and boiling of H2O are shown below. 

     H2O(s)  H2O(l) ΔH = +6.01 kJ mol–1

     H2O(l)  H2O(g) ΔH = +40.7 kJ mol–1

  Standard entropies of H2O in its three physical states are given in the table below.

H2O(s) H2O(l) H2O(g)

S
o / J K–1 mol–1 +48.0 +70.0 +188.7

  (i) Explain the following:

   • When water melts or boils, ΔH is positive
   • When water melts or boils, S o  increases.

   In your answer, you should explain why the increase in S o  is much greater when water 
boils than when water melts.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [3]

  (ii) Using the data in the table above, show that ice melts at 0 °C (at standard pressure).

 [3]

 [Total: 16]
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4 Iodide ions, I–, react with S2O8
2– ions as shown in the equation below.

2I–(aq) + S2O8
2–(aq)  I2(aq) + 2SO4

2–(aq)

 A student investigates the rate of this reaction using the initial rates method.

 The student measures the time taken for a certain amount of iodine to be produced.

 (a) Outline a series of experiments that the student could have carried out using the initial rates 
method.

  How could the results be used to show that the reaction is first-order with respect to both I– 
and S2O8

2–?

 In your answer you should make clear how the results are related to the initial rates.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [4]

 (b) In one of the experiments, the student reacts together:

   • 8.0 × 10−2 mol dm−3 I–(aq)
   • 4.0 × 10−3 mol dm−3 S2O8

2–(aq).

  The initial rate of this reaction is 1.2 × 10−3 mol dm−3 s−1.

  The reaction is first-order with respect to I– and first-order with respect to S2O8
2–.

  Calculate the rate constant, k, for this reaction.
  State the units, if any.

 k = ........................ units .......................................... [3]
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 (c) This reaction between I– ions and S2O8
2– ions can be catalysed by either Fe2+(aq) ions or 

Fe3+(aq) ions.

  Standard electrode potentials are shown below.

   S2O8
2–(aq) + 2e–  2SO4

2–(aq) E o  = +2.01 V
   Fe3+(aq) + e–  Fe2+(aq) E o  = +0.77 V
   I2(aq) + 2e–  2I–(aq) E o  = +0.54 V

  (i) Using this information, write two equations to show how the reaction of I– ions and 
S2O8

2– ions can be catalysed by Fe2+ ions.

equation 1:  .........................................................................................................................

equation 2:  .................................................................................................................... [2]

  (ii) Suggest why the reaction of I– ions and S2O8
2– ions is also catalysed by Fe3+ ions.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [1]

 [Total: 10]
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5 Methanol can be prepared industrially by reacting together carbon monoxide and hydrogen. This 
is a reversible reaction:

CO(g) + 2H2(g)    CH3OH(g)        ΔH = –94 kJ mol–1

 • A chemist mixes together 0.114 mol CO(g) and 0.152 mol H2(g) in a container.
 • The container is pressurised and then sealed. The total volume is 200 cm3.
 • The mixture is heated to 500 K and left to reach equilibrium.
  The volume of the sealed container is kept at 200 cm3.
 • The chemist analyses the equilibrium mixture and finds that 0.052 mol CH3OH has formed.

 (a) Calculate the value of Kc, including units, for the equilibrium at 500 K.

  Give your answer to three significant figures.

 Kc = ........................ units .......................................... [6]
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 (b) The chemist repeats the experiment using the same initial amounts of CO and H2.
  The same procedure is used but the mixture is heated in the 200 cm3 sealed container to a 

higher temperature than 500 K.

  As the gas volume is kept at 200 cm3, the increased temperature also increases the pressure.

  • Explain why it is difficult to predict how the yield of CH3OH would change.

  • Explain what happens to the value of Kc.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [4]

 [Total: 10]
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6 Storage cells and fuel cells are types of electrochemical cell used as sources of energy.

 Information about five redox systems that could be used in electrochemical cells is shown below. 
You may need to use this information throughout this question.

 redox       E
o  / V

 system
 1  Fe2+(aq) + 2e–  Fe(s) –0.44
 2  2H2O(l) + 2e–  2OH–(aq) + H2(g) –0.83
 3  2H+(aq) + 2e–  H2(g) 0.00
 4 O2(g) + 2H2O(l) + 4e–  4OH–(aq) +0.40
 5 O2(g) + 4H+(aq) + 4e–  2H2O(l) +1.23

 (a) The standard electrode potential of redox system 1 can be measured by constructing an 
electrochemical cell.

  •  Draw a diagram below to show how the standard electrode potential could be measured 
for redox system 1.

  • State the conditions needed to measure this standard electrode potential.

conditions:  .................................................................................................................................

 .............................................................................................................................................. [4]

 (b) When an alkaline hydrogen–oxygen fuel cell is being used to produce electrical energy, 
chemical changes take place within the cell.

  (i) Write half-equations for the changes that take place at each electrode.

oxygen electrode:  ..............................................................................................................

hydrogen electrode:  ...................................................................................................... [2]

  (ii) Write the overall equation for the cell reaction.

 ...................................................................................................................................... [1]
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  (iii) What is the standard cell potential of this fuel cell?

 standard cell potential =  .......................................................V [1]

 (c) State one important difference between a fuel cell and a conventional storage cell.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

 (d) People often assume that hydrogen–oxygen fuel cells are a source of energy that is carbon 
neutral, i.e. there is no net increase in carbon dioxide from using the fuel cell.

  Suggest one reason why this assumption may not be correct.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

 (e) A student constructs a cell as follows.

  •  A half-cell is made from a strip of chromium metal and a solution of aqueous
chromium(III) sulfate.

  • A second half-cell is made from a strip of a metal X and a solution of XSO4(aq).
  •  The two half-cells are connected together and a current is allowed to pass for a length of 

time.

  The chromium electrode gains 1.456 g in mass.
  The electrode made of metal X loses 1.021 g in mass.

  Determine the identity of metal X.
  Show all your working.

 X =  .......................................................... [4]

 [Total: 14]
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7 This question looks at two weak acids that are used as food additives to preserve food:

 • calcium hydrogensulfate(IV), Ca(HSO3)2
 • a carboxylic acid, HA.

 (a) Ca(HSO3)2 can be made by reacting an excess of sulfur dioxide gas with a suspension of 
calcium carbonate in water.

  Write the equation for this reaction.

 .............................................................................................................................................. [1]

 (b) Calcium hydrogensulfate(IV), Ca(HSO3)2, dissolves in water forming an aqueous solution 
containing Ca2+(aq) and HSO3

–(aq) ions. This solution is weakly acidic.

  (i) What is meant by a weak acid ?

   Write an equation to show why this solution is weakly acidic.

weak acid: ..........................................................................................................................

 ...........................................................................................................................................

equation:  ....................................................................................................................... [2]

  (ii) An aqueous solution of Ca(HSO3)2 oxidises magnesium forming hydrogen gas.

   Construct full and ionic equations for the oxidation of magnesium metal by Ca(HSO3)2(aq).

full equation:  ......................................................................................................................

ionic equation:  ...................................................................................................................
 [2]

  (iii) HSO3
–(aq) can act as either a Brønsted–Lowry acid or a Brønsted–Lowry base.

   Explain this statement.
   Include equations for the reaction of HSO3

–(aq) with H+(aq) and with OH–(aq).

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [4]
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 (c) A carboxylic acid HA is a food additive used as a preservative in cakes. 

  The Ka value of HA is 1.51 × 10–5 mol dm–3.

  A student analyses a sample of HA using the procedure below.

  • A student dissolves 0.7369 g of HA in water and makes the solution up to 1.00 dm3.
  • The student measures the pH of the resulting solution as 3.52.

  (i) Determine the molar mass of HA and suggest a possible formula for HA.
   HA has one carboxylic acid group and contains C, H and O only.
   Show all your working.

 molar mass of HA =  ..................................................  g mol–1

 possible formula for HA =  .......................................................... [6]

  (ii) The student had considered analysing the solution of HA by carrying out a titration with 
an alkaline solution of known concentration.

   The student rejects this method as being invalid because HA is a weak acid and only a 
small proportion of H+ ions would be neutralised.

   Explain whether the student was correct in rejecting the titration method.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [1]

 [Total: 16]
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8 Vanadium is a transition element that forms compounds and ions in which vanadium has oxidation 
states +2, +3, +4 and +5.

 (a) Complete the electron configuration of a vanadium ion in the +3 oxidation state:

  1s22s22p6 ............................................................ [1]

 (b) Suggest why vanadium does not form ions in which vanadium has an oxidation state greater 
than +5.

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

 (c) A student carries out an investigation into the oxidation states of vanadium as outlined below.

  Stage 1  A 0.126 g sample of vanadium metal is completely reacted with acid to form a 
yellow solution. The solution is made up to 50.0 cm3 in a volumetric flask.

      This yellow solution contains VO3
– ions with vanadium in the +5 oxidation state.

  Stage 2 The yellow solution is reduced to form a violet solution containing Vn+ ions.
      This 50.0 cm3 violet solution contains vanadium in the +n oxidation state.

  Stage 3  10.0 cm3 of the violet solution is titrated with 2.25 × 10–2 mol dm–3 KMnO4(aq).
      13.2 cm3 of KMnO4(aq) are required to reach the end-point.

  In the titration,

  • Vn+ ions are oxidised back to VO3
– ions.

  • MnO4
– ions are reduced:

     MnO4
–(aq) + 8H+(aq) + 5e–  Mn2+(aq) + 4H2O(l)

  (i) Why is there no clear colour change at the end-point of this titration?

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [1]
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  (ii) Analyse the student’s results as follows:

   • Determine the value of n in the Vn+ ions formed in Stage 2

   • Construct an equation for the reaction that takes place during the titration. 

   Show all your working.

   n = ...................................................

   equation:

    
 [7]

 [Total: 10]

END OF QUESTION PAPER
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