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Answer ALL the questions.  Write your answers in the spaces provided.

1. Toluene is the non-systematic name of an arene widely used in industry.  Its formula is 
C6H5CH3.  Some of its reactions are summarised in the following diagram.

 (a) (i) Give the systematic name of toluene.

    ................................................................................................................................
(1)

  (ii) Draw a possible structural formula for compound A.

(1)

CH3

Reaction 3

CH3

Br

CH3 CHO

NO2
Toluene Benzaldehyde

CO2H

Benzoic acid

Compound A

Reaction 5Reaction 1

Reaction 4

Br2/FeBr3

Reaction 2
MnO2
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H2SO4
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 (b) (i) Name the TWO reagents needed for Reaction 2.

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

    ................................................................................................................................
(2)

  (ii) Give the formula of the attacking species in Reaction 2.

    ................................................................................................................................
(1)

 (c) (i) Give the reaction type and mechanism in Reaction 3.

   Reaction Type

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

   Mechanism

    ................................................................................................................................
(2)

  (ii) Suggest why Reactions 1, 2 and 3 all take place under milder conditions than 
similar reactions involving benzene.

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

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

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

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

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

    ................................................................................................................................
(2)

 (d) What type of reaction does toluene undergo in Reaction 4?

   .......................................................................................................................................
(1)

 (e) Name the TWO reagents needed for Reaction 5.

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

   .......................................................................................................................................
(2)
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 (f) Describe a test to distinguish between benzaldehyde and benzoic acid.  In each case 
describe the result you would expect to see.

  Test

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

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

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

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

  Result with benzaldehyde

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

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

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

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

  Result with benzoic acid

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

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

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

   .......................................................................................................................................
(3) Q1

(Total 15 marks)
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2. In the presence of hydrogen ions, H+, glucose, C6H12O6, can be oxidised by a solution of 
potassium manganate(VII), KMnO4, which is purple in colour.

 A series of experiments was carried out to determine the rate of reaction and the results 
are shown below.

Experiment

Initial 
concentration 
of C6H12O6 
/ mol dm–3

Initial 
concentration 

of KMnO4 
/ mol dm–3

Initial 
concentration 

of H+

/ mol dm–3

Rate of 
reaction 

/ mol dm–3 s–1

1 1.0 0.01 0.5 2.0 × 10–5

2 1.0 0.005 0.5 1.0 × 10–5

3 0.5 0.005 0.5 1.0 × 10–5

4 1.0 0.02 1.0 8.0 × 10–5

 (a) Describe how the rate of this reaction may have been measured.

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

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

   .......................................................................................................................................
(2)

 (b) (i) Give the order of reaction with respect to each reactant.  In the case of potassium 
manganate(VII) and hydrogen ions explain how you arrived at your answer.

   Glucose ................................................

   Potassium manganate(VII)  ....................................................................................

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

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

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

   Hydrogen ions  .......................................................................................................

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

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

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

    ................................................................................................................................
(3)
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  (ii) Write the rate equation for this reaction.

    ................................................................................................................................
(1)

  (iii) Using the data from experiment 1, calculate the rate constant for the reaction.  
Include the units of the rate constant in your final answer.

(2)

 (c) Additional experiments were carried out to investigate the effect of temperature on 
the rate of reaction.

  (i) Complete the missing data in the table below.

Temperature (T) 
/ K

1/ temperature (1/T) 
/ K–1

Rate constant ln (rate constant)

295 3.39 × 10–3 2.88 × 10–3 –5.85

305 3.28 × 10–3 1.01 × 10–2 –4.60

311 1.83 × 10–2

320 3.13 × 10–3 4.98 × 10–2 –3.00

333 3.00 × 10–3 2.02 × 10–1 –1.60

(1)
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  (ii) Plot a graph of ln (rate constant) on the vertical axis against 1/T on the horizontal 
axis using the axes below.

(2)

  (iii) Use the Arrhenius equation ln (rate) = −
×

E
R

1
T

A + constant, together with your 

graph to calculate a value of the activation energy, EA, for this reaction.
   Show all steps in your working.  Include units in your final answer, which should 

be given to two significant figures.
   [Gas constant, R = 8.31 J K–1 mol–1]

(2) Q2

(Total 13 marks)
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3. Ammonia can be oxidised to form nitrogen(II) oxide and water according to the 
equation

4NH3(g) + 5O2(g) → 4NO(g) + 6H2O(g)   ∆H ○  = –905.6 kJ mol–1.

 In industry, the reaction is carried out at 1123 K with a platinum/rhodium catalyst.

 The standard entropy of one mole of each substance in the equation, measured at 298 K, 
is shown in the table below.

Substance S ○  / J mol–1K–1

NH3(g) +192.3

O2(g) +205.0

NO(g) +210.7

H2O(g) +188.7

 (a) (i) Use the values given to calculate the standard entropy change of the system, 
∆S ○system, for this reaction.  Include the sign and units in your final answer.

(2)

  (ii) Is the sign for your value for ∆S ○system what you expected?  Justify your answer.

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

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

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

    ................................................................................................................................
(1)

  (iii) Calculate the entropy change of the surroundings, ∆Ssurroundings, at 1123 K for this 
reaction.  Include the sign and units in your final answer.

(2)
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  (iv) Calculate the total entropy change, ∆Stotal, for this reaction at 1123 K.  Include the 
sign and units in your final answer.  You may assume that ∆Ssystem is unchanged 
at high temperatures.

(1)

  (v) What does your answer to (iv) tell you about the extent of the reaction at 1123 K? 
Justify your answer.

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

    ................................................................................................................................
(1)

  (vi) An energy profile was proposed to illustrate the effect of the catalyst on this 
reaction.  The proposal has two errors.  Draw a corrected version on the axes 
below.

(2)

Progress of reaction

Energy

Uncatalysed 
pathway

4NH3(g) + 
5O2(g)

4NO(g) + 
6H2O(g)

Catalysed 
pathway

Proposal

4NH3(g) + 
5O2(g)Energy

Corrected version

Progress of reaction
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 (b) The oxidation of nitrogen(II) oxide leads to the following equilibrium

2NO(g) + O2(g) U 2NO2(g)

  The number of moles of each gas in a reaction mixture at equilibrium, at a pressure 
of 1.5atm, was found to be

Substance Number of moles 
at equilibrium

NO(g) 0.025

O2(g) 0.025

NO2(g) 4.95

  (i) Write the expression for the equilibrium constant, Kp, for this reaction.

(1)

  (ii) Calculate the mole fraction of each gas and hence the value of the equilibrium 
constant, Kp, for this mixture.  Include units, if required, in your answer.

(4)
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  (iii) What does your answer to (ii) tell you about the position of the equilibrium?   
Justify your answer.

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

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

    ................................................................................................................................
(1)

  (iv) If the total pressure of the reaction mixture was increased, describe what would 
happen to the value of the equilibrium constant, Kp, and the partial pressure of 
NO2(g).  In each case justify your answer.

   Equilibrium constant, Kp.

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

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

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

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

   Partial pressure of  NO2(g).

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

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

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

    ................................................................................................................................
(2) Q3

(Total 17 marks)
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4. (a) The table below shows the acid dissociation constants, Ka, of three carboxylic acids.

Acid Structural formula Ka / mol dm–3

Chloroethanoic CH2ClCO2H 1.3 × 10–3

Dichloroethanoic CHCl2CO2H 5.0 × 10–2

Trichloroethanoic CCl3CO2H 2.3 × 10–1

  (i) Write an expression for the acid dissociation constant, Ka, of chloroethanoic 
acid.

(1)

  (ii) Calculate the pH of a 0.0010 mol dm–3 solution of chloroethanoic acid, making 
the usual assumptions.

(3)

  (iii) Which acid would have the lowest pH at a concentration of 0.0010 mol dm–3?   
Use both the data and the structure of the acids to justify your answer.  No further 
calculation is required.

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

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

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

    ................................................................................................................................
(2)
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 (b) Chloroethanoic acid, CH2ClCO2 H, reacts with methanol, CH3OH, in the presence of 
a sulphuric acid catalyst.

  (i) Draw the displayed formula and give the name of the organic product formed.

   Displayed Formula

   Name  ......................................................................................................................
(3)

  (ii) What name is given to the functional group formed in this organic product?

    ................................................................................................................................
(1)

  (iii) What type of reagent is methanol in this reaction?  Explain why it is able to 
behave in this way and describe how it attacks the chloroethanoic acid.

   You may find it helpful to draw a diagram.

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

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

    ................................................................................................................................
(3)

  (iv) How would you convert the organic product of the reaction between chloroethanoic 
acid and methanol back into the original compounds?

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

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

    ................................................................................................................................
(2)

TOTAL FOR PAPER: 60 MARKS

END

Q4

(Total 15 marks)
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