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SECTION A

Answer ALL the questions in this section. 

You should aim to spend no more than 20 minutes on this section. 

For each question, select one answer from A to D and put a cross in the box . If you change 
your mind, put a line through the box  and then mark your new answer with a cross .

1	 What is the conjugate base of HPO4
2–?

	 A	 H3PO4

	 B	 H2PO4
–

	 C	 PO4
3–

	 D	 PO3
–

(Total for Question 1 = 1 mark)

2	 What is the pH of the solution formed when 50 cm3 of 0.010 mol dm–3 HCl(aq) is mixed 
with 50 cm3 of 0.010 mol dm–3 HNO3(aq)?

	 A	 1.0

	 B	 1.7

	 C	 2.0

	 D	 2.3

(Total for Question 2 = 1 mark)

3	 What is the concentration, in mol dm–3, of hydrogen ions, [H+], 
in a 0.15 mol dm–3 aqueous solution of CH3COOH?

	 [Data: Ka(CH3COOH) = 1.8 × 10–5 mol dm–3]

	 A	 2.7 × 10–6

	 B	 1.6 × 10–3

	 C	 0.15

	 D	 2.8

(Total for Question 3 = 1 mark)

Use this space for any rough working. Anything you write in this space will gain no credit.
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4	 What is the pH of a 0.075 mol dm–3 aqueous solution of Ba(OH)2 ?

	 A	 0.82

	 B	 1.12

	 C	 12.88

	 D	 13.18

(Total for Question 4 = 1 mark)

5	 The pH of pure water is 7.0 at 25 °C and 6.6 at 50 °C.

	 Which of these statements is not true?

	 A	 pure water is acidic at 50 °C

	 B	 in pure water, [H+] = [OH–] at any temperature

	 C	 in pure water, [H+] is greater at 50 °C than at 25 °C

	 D	 Kw is greater at 50 °C than at 25 °C

(Total for Question 5 = 1 mark)

6	 Which would not form a buffer solution when added to 500 cm3 of water?

	 A	 0.1 mol CH3COOH and 0.1 mol CH3COOK

	 B	 0.1 mol CH3COOH and 0.05 mol (CH3COO)2Mg

	 C	 0.2 mol CH3COOH and 0.1 mol NaOH

	 D	 0.2 mol CH3COOH and 0.1 mol Mg(OH)2

(Total for Question 6 = 1 mark)

7	 A buffer solution containing CH3CH2COOH (pKa = 4.88) and CH3CH2COO– has a pH of 4.40.

	 Which expression about this buffer solution is true?

	 A	 	 [H+] = Ka

	 B	 [CH3CH2COOH] = [CH3CH2COO–]

	 C	 	 [H+] < Ka

	 D	 [CH3CH2COOH] > [CH3CH2COO–]

(Total for Question 7 = 1 mark)
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8	 A titration curve for the reaction of 0.100 mol dm–3 methanoic acid, HCOOH, 
with 0.040 mol dm–3 potassium hydroxide, KOH, is shown.
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Key point 4

Key point 2

Key point 1

	 (a)	 Which indicator should be used to determine the end‑point in this titration? 
Refer to the Data Booklet.

(1)

	 A	 bromophenol blue

	 B	 bromocresol green

	 C	 methyl orange

	 D	 phenol red
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	 (b)	 What volume, in cm3, of methanoic acid was used in this titration?
(1)

	 A	 12.0

	 B	 15.0

	 C	 30.0

	 D	 75.0

	 (c)	 At which key point is the pH equal to the pKa of methanoic acid?
(1)

	 A	 Key point 1

	 B	 Key point 2

	 C	 Key point 3

	 D	 Key point 4

	 (d)	 Which expression about the concentration of hydroxide ions, [OH–], at Key point 4 
is correct?

(1)

	 A	 [OH–] = 0.040

	 B	 [OH–] > 0.040

	 C	 [OH–] < 0.040

	 D	 [OH–] = 10–12.4

(Total for Question 8 = 4 marks)

Use this space for any rough working. Anything you write in this space will gain no credit.
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9	 Iron(III) ions, Fe3+, oxidise iodide ions, I–, in aqueous solution.

2Fe3+   +   2I –   →   2Fe2+   +   I2

	 The rate equation for the reaction is shown.

rate = k [Fe3+] [I –]2

	 (a)	 An experiment is performed in which [I –]  [Fe3+] and the overall order of the 
reaction is determined under these conditions.

		  What would be the observed overall order?
(1)

	 A	 zero

	 B	 first

	 C	 second

	 D	 third

	 (b)	 A possible mechanism for this reaction is:

		  Step 1	 Fe3+   +   I –   →   FeI2+

		  Step 2	 FeI2+   +  I –   →   Fe2+   +   I –
2

		  Step 3	 I –
2   +   Fe3+   →   Fe2+   +   I2

		  For this mechanism, which step would have the highest activation energy?
(1)

	 A	 Step 1

	 B	 Step 2

	 C	 Step 3

	 D	 all three steps must have the same activation energy

(Total for Question 9 = 2 marks)

Use this space for any rough working. Anything you write in this space will gain no credit.
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10	 Which statement(s) is/are correct?

	 Propanal, CH3CH2CHO, reacts with

	 1	 Fehling’s solution forming a blue precipitate

	 2	 Tollens’ reagent forming a silver mirror

	 3	 2,4‑dinitrophenylhydrazine forming a green solution

	 A	 1, 2 and 3

	 B	 only 1 and 2

	 C	 only 1 and 3

	 D	 only 2

(Total for Question 10 = 1 mark)

11	 What is the organic product formed when 2‑chloropropanenitrile, CH3CHClCN, is 
refluxed with excess NaOH(aq)?

	 A	 CH3CHOHCOONa

	 B	 CH3CHClCOOH

	 C	 CH3CHOHCOOH

	 D	 CH3CHClCOONa

(Total for Question 11 = 1 mark)

12	 Separate samples of ethanoyl chloride, CH3COCl, are reacted with an excess of 
three reagents:

	 1	 H2O

	 2	 CH3NH2

	 3	 NH3

	 Which reagent(s) would react to produce a white smoke?

	 A	 1, 2 and 3

	 B	 only 1 and 2

	 C	 only 2 and 3

	 D	 only 3

(Total for Question 12 = 1 mark)
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13	 Which organic compound is formed when propanoyl chloride, CH3CH2COCl, reacts 
with ethylamine, CH3CH2NH2 ?

	 A	 CH3CONHCH2CH2CH3

	 B	 CH3CH2CH2NHCOCH3

	 C	 CH3CH2CONHCH2CH3

	 D	 CH3NHCOCH2CH2CH3

(Total for Question 13 = 1 mark)

14	 What are the products of the acid hydrolysis of ethyl propanoate?

	 A	 CH3CH2OH and CH3CH2COOH

	 B	 CH3COOH and CH3CH2CH2OH

	 C	 CH3CH2COOH and CH3CH2CH2OH

	 D	 CH3CH2OH and CH3CH2CH2COOH

(Total for Question 14 = 1 mark)

Use this space for any rough working. Anything you write in this space will gain no credit.
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15	 A mixture, L, of two unknown compounds was placed on a thin‑layer 
chromatography (TLC) plate.

	 Samples of seven possible compounds present in the mixture, E to K, were also 
placed on the TLC plate for reference.

	 A diagram of the developed TLC plate is shown.

E F G H I J K L

solvent front

baseline

	 (a)	 How many of the compounds, E to K, have an Rf value between 0.1 and 0.3?
(1)

	 A	 none

	 B	 one

	 C	 three

	 D	 four

	 (b)	 Which two compounds are present in mixture L?
(1)

	 A	 F and H

	 B	 F and J

	 C	 G and H

	 D	 G and J

(Total for Question 15 = 2 marks)

TOTAL FOR SECTION A = 20 MARKS
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SECTION B

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

16	 The kinetics of the alkaline hydrolysis of a halogenoalkane were investigated.

RX   +   OH–   →   ROH   +   X–

	 Some initial rates data are shown.

Experiment [RX] / mol dm−3 [OH–] / mol dm−3 Initial rate / mol dm−3 s−1

1 0.020 0.010 3.2 × 10−6

2 0.040 0.010 6.4 × 10−6

3 0.010 0.020 3.2 × 10−6

	 (a)	 Determine the order of reaction with respect to RX and to OH–. 
Justify your answer.

(2)

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

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

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

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

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

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

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

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

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

	 (b)	 Complete the rate equation for this reaction, using your answer to (a).
(1)

		  rate =
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	 (c)	 State and justify, with reference to your answer to (b), whether RX is more likely 
to be a primary or a tertiary halogenoalkane.

(1)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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	 (d)	 Calculate the value of the rate constant, k, for Experiment 1 using your answer 
to (b) and data from the table. 
Include units in your answer.

(3)

(Total for Question 16 = 7 marks)
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  

17	 Sulfur trioxide, SO3 , is made from sulfur dioxide, SO2 .

2SO2(g)   +   O2(g)      2SO3(g)

	 The expression for Kp for this equilibrium is shown.

K
p

p p
p

SO
SO O

=
( )

( ) ( )
3

2

2
2

2×

	 (a)	 1.00 kg of SO2 and 57.0 dm3 of O2 were left to reach equilibrium in a sealed 
container at 427 °C and 8.00 × 105 Pa.

		  At equilibrium the mixture was found to contain 15.3 mol of SO3 .

		  (i)	 Calculate the number of moles in 1.00 kg of SO2 .
(1)

		  (ii)	 Calculate the number of moles in 57.0 dm3 of O2 at 427 °C and 8.00 × 105 Pa.
(3)
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		  (iii)	 Determine the number of moles of SO2 and O2 at equilibrium.
(2)

		  (iv)	Calculate the partial pressures of SO2 , O2 and SO3 at equilibrium.
(2)

		  (v)	 Calculate the value for Kp , including units.
(2)
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  

	 (b)	 Explain, in terms of the expression for Kp , the effect of increasing pressure on the 
equilibrium yield of SO3 for this reaction.

K
p

p p
p

SO
SO O

=
( )

( ) ( )
3

2

2
2

2×

(3)
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(Total for Question 17 = 13 marks)
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  

18	 This question is about the ketones propanone and pentan‑3‑one.

O O

propanone pentan-3-one

	 (a)	 Explain why the boiling temperature of pentan‑3‑one is higher than that 
of propanone.

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

	 (b)	 Describe how the precipitates formed in the reactions with 
2,4‑dinitrophenylhydrazine could be used to distinguish between separate 
samples of propanone and pentan‑3‑one. 
Detailed descriptions of the practical procedures are not required.

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

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

	 (c)	 State the expected observations when separate samples of propanone and 
pentan‑3‑one are mixed with aqueous iodine in the presence of alkali.
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	 (d)	 Draw the mechanism for the reaction of pentan‑3‑one with HCN, in the presence 
of KCN. 
Include curly arrows and relevant lone pairs and dipoles.

(4)

O

	 (e)	 Predict the expected m / z values of two significant peaks in the mass spectrum of 
propanone and two significant peaks in the mass spectrum of pentan‑3‑one.

(2)

Ketone m / z of peak 1 m / z of peak 2

propanone

pentan‑3‑one
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  

	 *(f )	 Compare and contrast the carbon‑13 (13C) and the high resolution proton (1H) 
NMR spectra of propanone with those of pentan‑3‑one. 
Your answer should refer to the number of peaks, expected chemical shifts, 
relative peak areas and splitting patterns. 
Refer to the Data Booklet.

(6)
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(Total for Question 18 = 18 marks)
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  

19	 This question is about lactic acid, CH3CHOHCOOH.

	 (a)	 Lactic acid is a chiral molecule, existing as a pair of enantiomers.

		  (i)	 State what is meant by the term enantiomers.
(1)
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		  (ii)	 A diagram of one of the enantiomers of lactic acid is shown.

OH

CH3

H

HOOC

C

			   Complete the 3D diagram of the other enantiomer of lactic acid.
(1)

H
C



*P79221A02128* Turn over      

21

  

D
O

 N
O

T W
RITE IN

 TH
IS A

REA
 		

D
O

 N
O

T W
RITE IN

 TH
IS A

REA
						





D

O
 N

O
T W

RITE IN
 TH

IS A
REA D

O
 N

O
T 

W
RI

TE
 IN

 T
H

IS
 A

RE
A

 		
D

O
 N

O
T 

W
RI

TE
 IN

 T
H

IS
 A

RE
A

						





D
O

 N
O

T 
W

RI
TE

 IN
 T

H
IS

 A
RE

A

	 (b)	 Some reactions of lactic acid are shown.

OH

H

HC

OH

H

CH3C

O

OH
C

OH

H

CH3C

Excess PCl5

Reaction 1

Reaction 2

Reaction 3

Cr2O7
2– , H+

		  (i)	 Give the reagents and conditions for Reaction 1.
(2)

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

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

		  (ii)	 Draw the structures of the organic products for Reactions 2 and 3 in the 
boxes provided.

(2)

		  (iii)	 Write the equation for Reaction 3. 
State symbols are not required.

(2)



*P79221A02228*

D
O

 N
O

T W
RITE IN

 TH
IS A

REA
 		

D
O

 N
O

T W
RITE IN

 TH
IS A

REA
						





D

O
 N

O
T W

RITE IN
 TH

IS A
REA D

O
 N

O
T 

W
RI

TE
 IN

 T
H

IS
 A

RE
A

 		
D

O
 N

O
T 

W
RI

TE
 IN

 T
H

IS
 A

RE
A

						





D
O

 N
O

T 
W

RI
TE

 IN
 T

H
IS

 A
RE

A

22

  

	 (c)	 Lactic acid reacts in condensation reactions to form esters.

		  A condensation polymer, poly(lactic acid), may be formed from lactic acid.

		  Two repeat units of poly(lactic acid) are shown.

CH3
CH3

O

O
O

H

H

C
C

O

C
C

		  2000 monomers are polymerised to form poly(lactic acid).

		  Show that the relative molecular mass of this polymer is 144 018.
(2)
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	 (d)	 Another condensation reaction of lactic acid produces a cyclic ester, X, with a 
molar mass of 144.0 g mol–1.

		  (i)	 Complete the equation for the formation of X, using molecular formulae.
(2)

			   2C3H6O3   

		  (ii)	 Give the structure of cyclic ester X.
(2)

(Total for Question 19 = 14 marks)

TOTAL FOR SECTION B = 52 MARKS
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  

SECTION C

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

20	 This question is about the thermodynamics of processes involving aluminium and 
aluminium chloride.

	 (a)	 Aluminium chloride, AlCl3 , can be made from its elements.

		  Equation 1	 2Al(s)   +   3Cl2(g)   →   2AlCl3(s)		  ΔrH d  = –1408 kJ mol–1

		  (i)	 State why the value of ΔrH d   for Equation 1 is twice that of the 
standard enthalpy change of formation, ΔfH d  , of AlCl3(s).

(1)

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

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

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

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

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

		  (ii)	 Calculate the entropy change of the system, ΔSdsystem , in J K–1 mol–1, for 
Equation 1, using the data shown.

(2)

Species Al(s) Cl2(g) AlCl3(s)

Sd  / J K–1 mol–1 28.3 223 109
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		  (iii)	 Explain, in terms of disorder, whether the sign of your answer to (a)(ii) is 
as expected.

(2)

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

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

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

		  (iv)	 Calculate the total entropy change, ΔStotal , in J K–1 mol–1, for Equation 1 
at 298 K, using your answer to (a)(ii) and the value for ΔrH d .

(3)

			   Equation 1	 2Al(s)   +   3Cl2(g)   →   2AlCl3(s)	 ΔrH d  = –1408 kJ mol–1

		  (v)	 Give the reason why no visible reaction is observed when aluminium metal 
and chlorine gas are mixed at 298 K.

(1)

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

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

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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  

	 (b)	 An enthalpy cycle for AlCl3 is shown. 
All values are in kJ mol–1. The diagram is not to scale.

Al3+(g) + 3Cl(g) + 3e–

Al3+(g) + 3Cl–(g)

Al(g) + 3Cl(g)

Al(s) + 1.5Cl2(g)

Al3+(aq) + 3Cl–(g)

AlCl3(aq)

AlCl3(s)

+5137

+677

–704

–311

–1047

–4690

–1092

		  (i)	 When AlCl3(s) dissolves in water, its ions become hydrated.

			   Complete the diagram to show a hydrated chloride ion, Cl–(aq).
(1)

Cl–

		  (ii)	 Use the enthalpy cycle to determine the enthalpy change of hydration, 
in kJ mol–1, of Cl–(g).

(1)
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		  (iii)	 Explain why the enthalpy change of hydration of the aluminium ion, Al3+, 
is more exothermic than that of the chloride ion, Cl–.

(2)

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

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

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

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

		  (iv)	 Use the enthalpy cycle to calculate the third ionisation energy of aluminium, 
given that the first and second ionisation energies are +577 kJ mol–1 and 
+1820 kJ mol–1 respectively.

(1)

		  (v)	 Explain why the ionisation energies of aluminium become more endothermic 
with each successive ionisation.

(2)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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		  (vi)	 Calculate the lattice energy, in kJ mol–1, of AlCl3(s) using the enthalpy cycle.
(2)

(Total for Question 20 = 18 marks)

TOTAL FOR SECTION C = 18 MARKS 
TOTAL FOR PAPER = 90 MARKS
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