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READ THESE INSTRUCTIONS FIRST 

Do not turn over this question paper until you are told to do so 

Write your name, class and admission number on all the work you hand in. 

Write in dark blue or black pen.  

You may use an HB pencil for any diagrams or graphs. 

Do not use staples, paper clips, glue or correction fluid. 

 

Section A: Answer all questions  

Section B: Answer any 1 question 

 

A Data Booklet is provided. 

The use of an approved scientific calculator is expected, where appropriate. 

You are reminded of the need for good English and clear presentation in your answers. 

 

At the end of the examination, fasten all your work securely together.  

The number of marks is given in brackets [ ] at the end of each question or part question. 

 Section A Section B 
Total 

Question 1 2 3 4 5 

Marks  

 

25 

 

 

20 

 

 

15 

 

 

20 

 

 

20 

 

      

80 

 



2 
 

 

Section A 

Answer all questions from this section. 

 

1 Phenylamine, C6H5NH2, otherwise known as aniline, is commonly used in the manufacture of 

industrial chemicals. 

The family of amines tend to exhibit strong odours. The more volatile the amine, the stronger the 

odour. Trimethylamine, (CH3)3N, is the compound responsible for the fishy odour associated with 

rotting fish. 

 (a) (i) Suggest, with explanation, whether phenylamine or trimethylamine is likely to exhibit a 

stronger fishy odour.  [2] 

  (ii) When phenylamine and trimethylamine are burnt, only phenylamine burns with a smoky 

flame. 

Explain the above observation.  

[1]  [1] 

  (iii) The reaction between phenylamine and ethanoyl chloride, CH3COCl, takes place rapidly 

at room temperature, releasing a gas in the process.  

Write a balanced chemical equation for the reaction between phenylamine and ethanoyl 

chloride, and identify the functional group formed in the product.  [2] 

  (iv) A laboratory assistant wants to synthesise the product in (iii). However, ethanoyl chloride 

is unavailable, so he opts to use ethanoic acid in place of ethanoyl chloride.  

Explain why the desired product is not obtained.  [1] 

  (v) State the reagents and conditions needed to produce ethanoyl chloride from ethanoic 

acid.   [1] 
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………………………………………………………………………………………………………………... 

 (b) Phenylamine can be synthesised from nitrobenzene via many different reactions. One such 

reaction involves using palladium on carbon (Pd/C) catalyst, at 200–300 °C: 

 

  (i) Identify the type of reaction carried out above.  [1] 

  (ii) Palladium on carbon (Pd/C) is a fine powder made by depositing palladium metal in the 

porous cavities of activated charcoal. 

State the type of catalysis involved, and suggest why palladium metal needs to be in the 

form of a fine powder.  [2] 

  (iii) A chemist carries out this reaction and obtains a percentage yield of 96%. 

Suggest why it is difficult to achieve 100% yield.   [1] 
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………………………………………………………………………………………………………………... 

 (c) The –CH=CH2 group of phenylethene directs incoming substituents to the 3-position of the 

benzene ring, while the –NH2 group of phenylamine directs incoming substituents to the  

2-position of the benzene ring. This is known as the orientation effect. 

A student claims that this orientation effect is due to “–CH=CH2 and –NH2 having orbital 

overlaps with the benzene ring”.  

Under the right set of reagents and conditions used, the following products are obtained from 

phenylethene and phenylamine respectively: 

 

  (i) State the corresponding reagents and conditions for steps I and II.   

[2]  

  (ii) Describe the mechanism of Reaction 1.  

In your answer, show all relevant lone pairs and curly arrows involved in the mechanism.

  [4] 

  (iii) State the hybridisation for each of the two carbon atoms in the –CH=CH2 substituent of 

phenylethene.  [1] 

  (iv) With the aid of an appropriate orbital diagram, illustrate in phenylethene, the orbital 

overlaps of –CH=CH2 with the benzene ring. You need only show the relevant orbitals of 

the carbon atoms involved.    [2] 

  (v) Briefly explain why it would be incorrect to say that “–CH=CH2 is an  

electron-withdrawing group”.   [1] 

  (vi) Suggest a chemical test to distinguish between phenylethene and phenylamine.   [2] 
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 (d) Given that –NO2 is an electron-withdrawing group, explain the following observation. 

 

        [2] 
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2 (a) (i) The Period 3 elements vary in their physical properties, such as melting point and 

electrical conductivities. 

Sketch the melting point trend of the elements in Period 3 (from Na to Cl).  [1] 

  (ii) The Period 3 metals Na and Al undergo vigorous reactions with chlorine gas upon heating 

to form their respective metal chlorides. When these chlorides are dissolved into water 

separately, solutions of different pH values are obtained.   

Write balanced equations to explain the differences in pH, stating the pH value of the 

solutions formed for each metal chloride.  [3] 

  (iii) A Period 3 element forms a giant covalent oxide and simple covalent chloride. This 

chloride reacts readily with water. 

Identify this element and give a balanced chemical equation for the reaction of its chloride 

with water.   [2] 
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 (b) When boron trichloride, BCl3, is reacted with dimethyl sulfide, (CH3)2S, the adduct 

(CH3)2S·BCl3 is produced. At room temperature, (CH3)2S·BCl3 exists in the solid state. 

The adduct can act as a convenient source of BCl3. When heated slightly, BCl3 is released 

from the adduct, as given in the following dissociation equation: 

(CH3)2S·BCl3(s) ⇌ (CH3)2S(l) + BCl3(g) 

  (i) Draw the structure of the adduct, (CH3)2S·BCl3.   [1] 

  (ii) State the properties of BCl3 and (CH3)2S respectively that enable them to form the adduct. 

  [2] 

  (iii) Write the expression for the equilibrium constant for the dissociation, Kc, stating its units.  

 [2] 

  (iv) BCl3 is only released from the adduct upon heating.  

Use Le Chatelier’s Principle to explain this observation.  [2] 

  (v) Hence or otherwise, predict the change in value of Kc after heating, if any.  [1] 
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 (c) Methanol and boron trichloride react readily in the gas phase. 

CH3OH + BCl3 → CH3OBCl2 + НСl 

Two mechanisms for this reaction have been proposed: 

Mechanism 1 Mechanism 2 

CH3OH + BCl3 
𝑠𝑙𝑜𝑤
→   CH3OHBCl3 

CH3OHBCl3 
𝑓𝑎𝑠𝑡
→   CH3OBCl2 + НСl 

CH3OH 
𝑠𝑙𝑜𝑤
→   CH3O– + H+ 

CH3O– + BCl3 
𝑓𝑎𝑠𝑡
→   CH3OBCl2 + Сl– 

H+ + Сl– 
𝑓𝑎𝑠𝑡
→   HСl 

 
 

  (i) 

 

Experimental data from the reaction are as follows: 
 

Experiment 
[CH3OH]  

/mol dm–3 

[BCl3]  

/mol dm–3 

Initial rate / 

mol dm–3 s–1 

1 0.055 0.330 1.5 × 10–3 

2 0.110 0.330 3.0 × 10–3 

3 0.110 0.165 1.5 × 10–3 

 

Determine the rate equation of the reaction.  [3] 

  (ii) Hence, identify whether the reaction proceeds via Mechanism 1 or Mechanism 2.   [1] 

  (iii) The concentration of BCl3 used in Experiment 1 can be considered to be in large excess 

relative to the concentration of CH3OH. 

Using this information, determine an expression for the half-life of the reaction. You may 

leave your answer in terms of the rate constant, k.   [2] 
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3 A flow battery is a rechargeable fuel cell that can be rapidly "recharged" by simply replacing the 

electrolyte liquid with fresh electrolyte. At the same time, the spent electrolyte is recovered for  

re-energisation. This additional electrolyte is stored externally, generally in tanks. 

One such battery involving the use of vanadium ions in different oxidation states is the Vanadium 

Redox Flow Battery (VRFB). 

 
The specific ions used in the VRFB are VO2

+ and VO2+ for the positive electrolyte tank, and V3+ and 

V2+ for the negative electrolyte tank. The electrode reactions are as follows: 

Positive electrolyte tank:     VO2
+ + 2H+ + e– ⇌ VO2+ + H2O                    Eo = +1.00 V 

Negative electrolyte tank:    V3+ + e– ⇌ V2+                                              Eo = –0.26 V 

 

When the VRFB is in use, 

Discharging reaction:       VO2
+ + V2+ + 2H+ → VO2+ + V3+ + H2O      ΔHo

rxn  

 (a) (i) Determine the Eo
cell of the VRFB and explain whether the positive electrolyte tank is the 

anode or cathode during discharge.   [2] 

  (ii) Calculate the standard Gibbs free energy change of the discharging reaction.   [1] 

  (iii) Explain the significance of the sign of your value obtained in (a)(ii).   [1] 

  



14 
 

  (iv) Based on your answer in (a)(ii), and given that standard entropy change of the 

discharging reaction is –122 J mol K-1
, calculate ΔHo

rxn.  [1] 

  (v) Hence, calculate the value for the standard enthalpy change of formation of V3+, ΔHo
f(V3+), 

given the following data: 

Species ΔHo
f / kJ mol-1 

VO2
+ –650 

VO2+ –487 

V2+ –226 

H+ 0 

H2O –286 

 
 
Discharging reaction:       VO2

+ + V2+ + 2H+ → VO2+ + V3+ + H2O      ΔHo
rxn 

  [2] 
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 (b) The spent electrolyte is re-energised after complete discharge, via an external power source. 

  (i) Write the overall balanced equation for the re-energisation of the VRFB.   [1] 

  (ii) During the re-energisation process, an external power source of current 20 A is used and 

6 hours was required to fully recharge the VRFB. 

Calculate the amount of electrons that was passed through the VRFB.   [2] 

  (iii) Sulfuric acid was used in the positive electrolyte tank as the source of H+. 

H2SO4 → 2H+ + SO4
2– 

By citing relevant data from the Data Booklet, explain why the sulfate ion does not 

interfere with the re-energisation process at the positive electrolyte tank.  [3] 
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 (c) Draw a simplified diagram to illustrate how a copper spoon can be electroplated with silver 

metal. Label all key components of your diagram.    [2] 
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Section B 

Answer one question from this section. 

 

4 N-cyclohexyl-2-aminoethanesulfonic acid, also known as CHES, is a buffering agent commonly 

used in biochemistry and molecular biology. It has a pKa value of 9.3, and is used for enzymatic 

processes above physiological pH. 

 
CHES 

(C8H17NO3S) 

 (a) (i) Draw the structure of the relevant conjugate acid/base ion of CHES, and state whether it 

is an acidic or alkaline buffer.  [2] 

  (ii) A solution of CHES buffer is prepared in the laboratory. 

Determine the ratio of CHES to its relevant conjugate acid/base ion required in order to 

obtain a buffer solution of pH 10.0.  [2] 
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 (b) Without the amino group, the following analogue of CHES is very poorly soluble, even as a 

sodium salt, C9H17O3SNa. 

 

(C9H17O3SNa) 

The compound is known to have a Ksp value of 6.20 x 10-23. 

  (i) Solid C9H17O3SNa salt is added to water until no further solid dissolves. 

Determine the concentration of Na+ ions in this resultant solution.  [2] 

  (ii) The solid C9H17O3SNa salt was added to a solution of 0.10 mol dm-3 Na+ instead. 

Determine the solubility of C9H17O3SNa in the 0.10 mol dm-3 Na+ solution.  [1] 
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 (c) Compared to other buffers, CHES is useful for biochemistry reactions as it does not form 

complexes easily with metal cations such as Na+ and K+. 

  (i) Compare and explain the difference in first ionisation energies of Na and K.  [2] 

  (ii) State the full electronic configuration of K+.  [1] 

  (iii) Sketch a well-labelled graph of the ionic radii across the Period 3 elements Na, Mg, Al, 

P, S and Cl.    [2] 
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 (d) Compound A has the molecular formula C10H15OCl, and contains an unsubstituted cyclohexyl 

ring.  

 
unsubstituted cyclohexyl ring 

A does not rotate plane-polarised light. When Fehling’s reagent is added to A, a brick-red 

precipitate forms.  

B is produced when alkaline KMnO4 is added to A in an ice bath. When compound B is heated 

with NaOH(aq) followed by acidification, C, C10H18O5 is produced. 

Upon addition of sodium carbonate to C, effervescence is observed.  

Deduce structures for A, B and C, and explain the chemistry of the reactions described.   [8] 
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   [Total: 20] 
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5 Nitrosyl bromide, NOBr, is a highly corrosive reddish gas. The reaction to synthesise NOBr is as 

follows:  

2NO(g) + Br2(g) → 2NOBr(g) 

 (a) NO and Br2 gases were mixed together in a sealed vessel under an ice bath. 

The partial pressures of NO and Br2 gases (units for pressure used: N m-2) were monitored 

over time for 2 separate experiments to obtain Graph 1. 

pBr2 / N m-2 

 
                                                                                                                                       time / s 

Graph 1 

In both experiments, NO gas was used in large excess. 

  (i) Using Graph 1, prove that the rate equation for the reaction between NO and Br2 is: 

Rate = k(pNO)2(pBr2) 

Show all relevant working and calculations.  [3] 

  (ii) Hence, and with the aid of units used in Graph 1, determine the units of the rate constant 

for this reaction.  [1] 

  (iii) Sketch a graph of rate against pNO for the same reaction, given that Br2 gas is used in 

excess instead.   [1] 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210

pNO = 10 N m-2 

pNO = 20 N m-2 



24 
 

   

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 



25 
 

[Turn over 
 

 (b) The same synthesis reaction is known to take place via the following mechanism: 

Step 1:  N=O(g) + N=O(g) ⇌ O–N=N–O(g)              (fast)       ΔH = +384 kJ mol-1 

Step 2:  O–N=N–O(g) + Br–Br(g) → 2N=O–Br(g)    (slow)     ΔH = –611 kJ mol-1 

  (i) Sketch a fully labelled Energy Profile Diagram for the overall synthesis reaction of NOBr. 

  [2] 

  (ii) Predict the sign of entropy change for the overall reaction, explaining your answer.  [2] 
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 (c) Nitrosyl chloride, NOCl, is a reagent that is used together with N2O4 in order to achieve 

dinitration of some alkenes. 

In particular, the reaction with Achillin results in the formation of a specific pair of enantiomers 

at the chiral carbons indicated (*).  

  
                                       Achillin 

  (i) Illustrate with appropriate structures the enantiomerism in any one possible pair of 

enantiomers formed.  [1] 

  (ii) Enantiomeric excess (e.e.) reflects the degree to which a sample contains one 

enantiomer in greater amounts than the other. For example, a racemic mixture has an 

e.e. of 0%, while a single completely pure enantiomer has an e.e. of 100%. 

For the reaction of Achillin, the product obtained has an e.e. of 80%. Label on your 

structures drawn in (c)(i) the possible percentages of each enantiomer produced.    [1] 

  (iii) Comment on the similarities and differences in chemical properties for a pair of 

enantiomers.  [1] 

  (iv) To measure the e.e. of the enantiomers formed, the product sample is passed through a 

long column packed with chemical beads to separate the pair of enantiomers. 

State the crucial property these chemical beads must have.  [1] 

  (v) The reaction is found to occur via a free radical mechanism.  

Define the term free radical.  [1] 

  (vi) Data on the relevant bond energies of NOCl are as follows: 

Bond Bond Energy / kJ mol-1 

N–O 210 

N=O 607 

O–Cl 200 

Suggest with explanation the most plausible free radical produced from NOCl upon 

activation with UV light, and draw its dot-and-cross diagram.  [2] 
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 (d) The nitrate anion, NO3
–, is an example of an inorganic nitrogen-containing species. 

Ba(NO3)2 and Ca(NO3)2 are heated separately in crucibles under a strong Bunsen flame. 

  (i) Write an equation for the thermal decomposition of Ba(NO3)2.  [1] 

  (ii) Predict and explain which metal nitrate has a higher thermal decomposition temperature.

  [2] 

  (iii) Briefly suggest why BaCO3 has a higher thermal decomposition temperature than 

Ba(NO3)2.   [1] 

   

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

………………………………………………………………………………………………………………... 

   [Total: 20] 

END OF PAPER 3 
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