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The mercury cell is a non-rechargeable electrochemical battery making use of the reaction
between mercuric oxide, HgO, and Zn electrodes. The reaction is performed in an alkaline
electrolyte.
The main reaction of the battery is:
Zn + HgO — ZnO + Hg equation 1.1
The ion-electron equation for the reaction of HgO is:
[R]: HGO + H.0O + 2e~ — Hg + 20H" Engomg = +0.10 V

As mercury is toxic, the sale of mercury cells is now banned in many countries.

(i) Due to the alkaline conditions, the oxidation of Zn forms Zn(OH)4*>~ as the product. It
then undergoes another (non-redox) chemical reaction to form ZnO.

Write an ion-electron equation for the oxidation of Zn to Zn(OH)4*.

(©) TSSO U RRUSRRRRS [1]

(i) A voltmeter is placed across a button-sized mercury cell to measure the cell potential
of equation 1.1. An enlarged schematic of the button-sized mercury cell is shown in

Fig 1.1.

metal can metal cap
(bottom) (top)
O / \ y
membrane
(with alkaline electrolyte)
Fig 1.1

Determine the charges of the metal cap/can and identify which is the anode/cathode.

charge anode or cathode

metal cap

metal can

[2]
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(iii) Hence, label the flow of electrons in the external circuit of Fig 1.1. [1]

(iv) Suggest the function of the membrane.

(v) The cell potential of equation 1.1 is found to be +1.35 V.

Calculate the reduction potential of the Zn(OH)+*/Zn half-cell.

[1]

(vi) Deduce how the cell potential of equation 1.1 will change if the [Zn(OH)42] is increased.

[Turn over




(b)  Mercury is typically unreactive and does not react with most acids. However, it dissolves in
‘aqua regia’, which is a mixture of nitric acid and hydrochloric acid.

When nitric acid and hydrochloric acid are mixed together, nitrosyl chloride and chlorine gas
are formed:

HNOs + 3HCI — NOCI + Cl; + 2H.0

(i) Suggest the shape about the central N atom of NOCI.

ShaPe: Lo [1]

(i) Explain, with reference to the Valence Shell Electron Pair Repulsion theory, the shape
of the NOCI molecule.




(iii) At 500 K, NOCI readily dissociates into NO and Cl:

2NOCI(g) = 2NO(g) + Clx(g) equation 1.2
0.05 mol of NOCI and 0.05 mol Cl, were introduced into a 1 dm? reaction vessel at 500
K and left to equilibrate. The total amount of gases at equilibrium was found to be 0.122
mol, and the total pressure of gases was 5.00 atm.

Calculate the value of K, for equation 1.2 at 500 K.

[4]
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(c) Fig 1.2 shows the graph of pV/RT against varying pressures, p, for 1.0 mol of O..

pV/RT

02

ideal gas

Fig 1.2
(i) State the two main assumptions of the kinetic theory of ideal gases.

............................................................................................................... [2]
(i) Explain the shape of the graph for the ‘ideal gas’ in Fig 1.2.

............................................................................................................... [1]
(iii) Sketch the graph for NOCI on Fig 1.2, explaining your reasoning.

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

[Total: 20]




Kinetics studies, especially for organic reactions, provide strong evidence of their hypothesised
mechanisms.

In one study, the kinetics of a nucleophilic substitution reaction involving C¢HsCH>CH>Cl and CN~
was investigated.

+ CN™ — + Cr

A series of 4 experiments was conducted using different concentrations of C¢HsCH>CH2CI while
keeping the concentration of CN~ constant at 2.00 mol dm=. Fig 2.1 shows the results:

initial rate
/moldm3s?t

3.0x10°

> [C6H5CH2CH2C|] /
mol dm-3

Fig 2.1

(@) (i) The order of reaction with respect to C¢HsCH>CHCl is 1.

Explain how the graph of Fig 2.1 shows this.

[Turn over
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(iii) The rate equation for the reaction was found to be:
rate = k[C6H5CH2CH2C|][CN_]

Determine a value for the rate constant, k, stating its units clearly.

[2]

(iv) Explain how the rate of reaction is expected to change when the reaction is carried out
at a higher temperature.

(v) On the axes provided, sketch how you would expect the concentration-time graph of
CsHsCH>CH-CI to look like for the reaction.

[CsHsCH.CH,CI] /
mol dm

> time

[2]




(b) (i) Outline the mechanism for the reaction between C¢HsCH>CH,Cl and CN~. Show clearly
any relevant charges, lone pairs of electrons, and movement of electrons.

[3]

(i) When C¢HsCHCICHs was used in place of CéHsCH2CH>ClI, the rate equation was found
as:

rate = k|C¢HsCHCICHj]

Explain this observation.

[Total: 14]
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Table 3.1 shows the reduction potentials, atomic radii, and ionic radii for three Group 2
elements.
element E° [M?*/M] / V atomic radii of M/ nm | ionic radii of M?* / nm
Mg -2.38 0.160 0.065
Ca -2.87 0.197 0.099
Sr -2.89 0.215 0.113
Table 3.1

(i) Rank and give an explanation for the relative reactivity of the Group 2 elements in Table
3.1 as reducing agents.

(iif) Write, with state symbols, a chemical equation when solid MgO dissolves in water. State
the pH of the resultant solution.

Chemical BQUALION: ... o e e e

FESUIIANT PH: o [2]
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11
(iv) A water sample is known to contain small amounts of Ca?. To determine the
concentration of Ca?*, the following procedure is used:

1. An excess of alcoholic oxalate (C2042") solution is added to 25.0 cm? of the water
sample to precipitate all of the Ca?* as its metal oxalate salt.

2. The calcium oxalate is then converted to calcium carbonate solid via heat, and
the solid is separated from solution via centrifugation followed by decanting.

3. Tothe calcium carbonate, 25.0 cm? of 0.10 mol dm™ HCI(aq) was added, followed
by titration with 0.02 mol dm= NaOH(aq).

Given that 23.20 cm® of NaOH(aq) was used in the titration, determine the
concentration of Ca?* in the 25.0 cm?® water sample.

[4]

(v) Suggest why calcium oxalate is not very soluble in alcoholic solution.

[Turn over
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(b) Pure water is said to be neutral regardless of its temperature, even as its pH varies. The pH
of liquid water at different temperatures is shown below:

temperature / °C pH
0 7.47
10 7.26
25 7.00
40 6.76
50 6.63
Table 3.2

(i) Explain what it means for a solution to be neutral.

(i) Using the pH values in Table 3.2, calculate a value for the pKy of water at 40 °C.

[1]

(iii) The pH of water decreases as temperature increases.

Deduce the sign of the enthalpy change of dissociation of water and fully explain the
above observation.
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(iv) Compare and explain the relative densities of ice and water at 0 °C.

(v) Pure water has a density of 1.0 g cm?,

Calculate the concentration of pure water.

2]

[Total: 20]
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Enantioselective synthesis is a form of chemical synthesis that favours the formation of specific
enantiomers or diastereomers. It is a key process in modern chemistry and is particularly important
in the field of pharmaceuticals.

An example of enantioselective synthesis is the epoxidation of chiral allylic alcohols using

0
meta-chloroperoxybenzoic acid (MCPBA), where the epoxide functional group (£) is selectively
formed on the same side as the hydroxyl group.

H OH
- (@)
ol :
H. O
(0]
chiral
allylic alcohol mCPBA
H OH H OH
epoxide on same + 6 epoxide on opposite
side as hydroxyl / side as hydroxyl
o "0
4a 4b
(80%) (20%)

In this reaction, the epoxide products are formed in the ratio of 80:20. This reaction is said to have
a diastereomeric excess (%de) of 60%, favouring the formation of epoxide 4a.

(@) (i) Suggest why enantioselective synthesis is particularly important in the field of
pharmaceuticals.

(i) The epoxide products, 4a and 4b, are stereoisomers of one another, but they are not
considered enantiomers.

Explain why 4a and 4b are not enantiomers.

(iii) Draw the enantiomer of 4a.

[1]

(iv) Deduce how the value for %de of 60% was calculated.

[1]
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(b)  Allylic alcohols consist of a hydroxyl group that is bonded to a carbon atom adjacent to a

R R’ R R'
\/\r or \/\/
OH C
c=C OH
In the epoxidation of chiral allylic alcohols using mCPBA, the enantioselective property of
the reaction arises as a result of the intermolecular forces of attraction between the hydroxyl
group of the allylic alcohol and the C=0 oxygen atom of mCPBA.

The reaction mechanism (with curly arrows) is as follows:

H O-H
chiral .
allylic alcohol O@\
/( Cl/ mCPBA
Q + mCPBA
by-product
O

4a

(i) llustrate on the diagram below the intermolecular forces of attraction between the
hydroxyl group of the allylic alcohol and the C=0 oxygen atom of mCPBA.

oy o O
[2]

(i) Hence, explain why the epoxide functional group is selectively formed on the same side
as the hydroxyl group, favouring the epoxide 4a product.

(iii) Draw the structure of the mCPBA by-product.

[1]

[Turn over
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The same enantioselective epoxidation reaction can also be carried out using a vanadium
complex, which acts as a catalyst. A small quantity of this soluble catalyst is added to a
solution containing a 1:1 mixture of the chiral allylic alcohol and compound B.

H O-H vanadium /\'} R
ey B sy
B
intermediate

(95%)

The reaction proceeds with ligand exchange, followed by the transfer of an oxygen atom to
the allylic alcohol to form epoxide 4a with 95% yield.

(i) Define the term complex.

(ii) Compound B is said to be acting as a bidentate ligand in the intermediate.

Explain the term bidentate, and how compound B is able to act as a bidentate ligand.

............................................................................................................... [2]
(iii) Suggest the role of compound B, other than it acting as a ligand.

............................................................................................................... [1]
(iv) Identify the type of catalysis taking place.

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

(v) 3d block transition metal ions have smaller ionic radii and higher charge densities
compared to their 4d block counterparts of similar oxidation state.

Suggest how changing the catalyst to its counterpart 4d block complex could affect the
yield of the reaction.
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(d) (i) The catalytic hydrogenation of alkenes using hydrogen gas with nickel is an example of
heterogeneous catalysis.

Outline the mode of action of this heterogeneous catalysis, clearly illustrating your
answer with suitable diagrams.

[3]

(ii) Briefly explain how this heterogeneous catalysis increases the rate of reaction.

[Total: 21]
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