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Which statement is correct?

A

One mole of a compound is the amount that contains the same number of atoms
as there are in 12.0 g of carbon-12. '
The relative isotopic mass of beryllium-9 is given by the following expression.

average mass of all isotopes of beryllium
1

12
The relative atomic mass of nitrogen is given by the following expression.

the mass of one atom of 2¢

average mass of one atom of nitrogen
1

12
The relative molecular mass of Q is given by the following expression.

the mass of one atom of 2¢

average mass of one atom of Q

~117 the mass of one atom of 2¢

10 cm?® of a gaseous hydrocarbon, CxHy, was exploded with an excess of oxygen. There

was a contraction of 40 cm3. When the products were treated with aqueous sodium

hydroxide, there was a further contraction of 50 cm?. All gas volumes were measured at

room temperature and pressure.

What is the molecular formula of the hydrocarbon?

A

B
Cc
D

CsHs

CsHio
CsH1o
CsHa2

In which row are X and Y atoms or ions of different isotopes of the same element?

X Y
Number of | Charge | Nucleon Number of | Charge | Nucleon
electrons number electrons number |
A 3 +3 12 9 -3 12
B 8 0 16 11 -1 19
(o 10 +1 23 10 +1 24
D 18 -3 31 12 +3 31
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4 Which particle will deflect the most when moving with the same speed through an

electric field?
Beam of
ionic ——m»
species

A 7Li+ B 11B3+

5 Which molecules are not polar?

o 0O w >

1 H.S

1and 2
2and 4
3and 4
4 only

SO, 4 SFs

6 A mixture consisting of gaseous compounds, S, T, U and V is slowly cooled.

Gaseous Compound M; Compound
S 72 CH3CH2COCH;
T 74 CH3CH2CH(OH)CH;
U 72 (CHs)C
\Y 72 CH3CH>CH2CH.CHs

In which order, from first to last, will the compounds condense to form their liquids?

A

B
c
D

T>S>V-aU
UDV>S>T
S>T>V->U
VOU>S>T

[Turn Over
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7

Which equation corresponds to the enthalpy change stated?

A Sg(s) + 120,(g) — 8SO0s() AHPtomation (SO3(1))

B CaClxs)+aq — Ca* (g) + 2CH(g) AHCoution (CaCla(s))

C  2Fed(g) + 30%(g) — Fe;0s(s) HP%attice energy (Fe203(s))
D H,SOsaq) + Ca(OH)(aq) — ECaSO4_;(aq) + 2H,0()) AH® eutralisation

Use of the Data Booklet is relevant to this question.

A student mixes 20.0 cm?® of 5.00 mol dm™2 sulfuric acid with an equal volume of
6.00 mol dm= sodium hydroxide. The initial temperature of both solutions is 25.0 °C.
The maximum temperature reached after the reaction is 55.0 °C. Assume the density
of both solutions is 1 g cm™.

What is the value of the enthalpy change of %neutralisation‘é, in kd mol™', calculated using

these values?

A 418
B -50.2
Cc -836
D -1003

The half-life of the first-order gaseous reaction in which M. molecules become
converted into M atoms is 40 minutes. 1 mol of Mz is put into a sealed vessel at
pressure p.
What will be true when 87.5% of Mz has been converted into M atoms?

1 80 minutes have elapsed.

2 1.5 mol of M have been formed.

3 The total pressure is 1—85- p (at constant pressure).

1,2and 3
1 and 2 only
2 and 3 only

o0 W >

3 only
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10 Curves 1 and 2 show the Boltzmann distributions for identical compositions of a
reaction mixture which occur at different temperatures.

A w

number of particles Y
with energy, £

curve 2
Z curve 1

energy

Which statement is correct?

A  Curve 1 applies to the faster reaction and point W indicates particles with lower
energy than point Z.

B Curve 1 applies to the faster reaction and point W indicates particles with higher
energy than point Z.

Cc Curve 2 applies to the faster reaction and point X indicates particles with lower
energy than point Y.

D  Curve 2 applies to the faster reaction and point X indicates particles with higher
energy than point Y.

[Turn Over
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12

The graph shows how the initial rate of reaction varies for an enzyme catalysed reaction

as the substrate concentration changes.

Initial rate
A

[

|
;( [substrate]
Which of the statements correctly describe the situation when [substrate] = x?
1 The initial rate of reaction is affected by increasing [substrate].
2  The order of reaction with respect to [substrate] is 1.

3 There are no more enzyme active sites available.

A 1,2and3

B 1and2only
C 2and3only
D 3only

A sample of 1 mol of XY was placed in an empty 1 dm? container and allowed to reach
equilibrium with a total pressure, p, according to the following equation.

2XY(g) Xa(g) + Y2(q)
At equilibrium, x mol of XY had dissociated. What is the value of the equilibrium

constant, K,, at the temperature of the experiment?

A x?
(1-x)?
B (1-x)?
xZ
C 4(1-x)?
xz
D x?

4(1—x)?
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14

15

Orange dichromate(VI), Cr07%, and yellow chromate(VI) ions, CrOs, exist in
equilibrium in aqueous solution.

Cr2072(aq) + H20(J) 2CrO4*(aq) + 2H*(aq)
Which statement about this equilibrium is correct? |

A Lowering the pH will increase concentration of CrO42 ions.

B  Addition of a catalyst will shift the position of equilibrium to the left.
C  Addition of water will shift the position of equilibrium to the left.

D Instrong alkali, the solution appears yellow.

The table shows the fifth ionisation energies of four consecutive elements in the
Periodic Table.

Element E F G H
Fith IE / 37832 9445 10989 13327
kdmol™"

What is the formula of the chloride of E?

A ECh B ECh C ECL D ECis

Which pair contains an Arrhenius acid and Arrhenius base?

Acid Base
A KC! NaOH
B HC! KOH
c CH3COOH NH3
D H.SO, NH3

[Turn Over
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16 An excess of silver bromide is added to water and the mixture is shaken until

equilibrium is reached.

How is the solubility of silver bromide, in this equilibrium mixture, affected by the

addition of either

aqueous ammonia or

aqueous potassium bromide?

addition of addition of

aqueous ammonia agueous potassium bromide
A decreases decreases
B decreases increases
Cc increases increases
D increases decreases

17 Brassicasterol is a plant sterol found in sources like rapeseed oil and marine algae.

HO

brassicasterol

How many stereocisomers does brassicasterol have?

A

B
c
D

29

210
211
212

BP~366
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19

In the free radical substitution of 2-methylbutane with chlorine, a mixture of

mono-chlorinated compounds was obtained.

Assuming the rate of reaction at all the carbon atoms are the same, which statements
are correct?

1 The ratio for the two compounds with the highest yields is 2:1.

2 Homolytic fission only occurs in the initiation step.

One of the products formed in this reaction is

1 and 2 only
1 and 3 only
2 and 3 only

o0 w >

1 only

Which statement about this reaction is correct?

: Br
Br, ()

Br
The product as shown above is the major product when Br (aq) is used instead.
Electrons in the carbon-carbon o bond are donated to an electrophile.

The carbocation has the same hybridisation state as the C in the C=C.

0 W >

A primary carbocation is formed in this reaction.

[Turn Over
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21

10

Compound P can be synthesised from methylbenzene as shown below.

CH3 COzH
@ step1 step2 step3
—— ——— ——
CH,CH3
methylbenzene Br

compound P

Which of the following could be a possible sequence for converting methylbenzene to

compound P?

Step 1 Step 2 Step 3
A CH3CHCI, AICI3 Brz, AlBra, dark Hot acidified KMnO4
B Brs, AlBrs, dark Hot acidified KMnO4 CHsCH.CI, AICI3, heat
c Brz, AlBrs, dark CH3CHCI, AICls Hot acidified KMnOa
D Hot acidified KMnO4 CH3CH2CI, AICI3, heat Bra, AlBrs, dark

Equal amounts of compounds X, Y and Z were heated with ethanolic silver nitrate in
three separate test-tubes. After some time, the precipitate formed in each test-tube, if
any, was filtered, dried and weighed.

Compound X produced the largest mass of precipitate in the shortest time, while

compound Z did not produce any precipitate.

Which of the following could be the identities of X, Y and Z?
X Y

- O< O O
. O O+ O

c AN NP ANA

BP~368
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23

11

Compound W has the empirical formula CH,O and has the following properties.

It gives a yellow precipitate when warmed with alkaline aqueous iodine.

White fumes are produced when it is heated with PCls.

What could W be?

A CH;COzH

B  CH:CH(OH)CO.H

C  CHsCOCH:CH.CO:H

D HO:CCH;CH(OH)CH.OH

Two female sex hormones are oestrone and oestradiol.

oestrone oestradiol

Which of the following reagents could be used to distinguish between the two

hormones?

o0 o >

1 Acidified aqueous K,Cr,07
2 Acidified aqueous KMnO,
3 Aqueous alkaline iodine

1,2and 3
1and 2
2and 3

1 only

[Turn Over
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24 The classic red colour from many lipsticks are obtained from pigments and dyes, such
as the compound, eosin. Eosin reacts with proteins of the skin to produce a deep red

colour.

CO2H
Br

Br

Eosin

Eosin was reduced separately by NaBH4 and by H. with Pt|

What is the number of hydrogen atoms added to each molecule of eosin?

NaBH. H2 with Pt
A 2 4
B 2 6
c 4 4
D 4 6

BP-370
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25 Compound X reacts with [Ag(NHs),]*, but not with alkaline Cu?*.

Upon warming X with alkaline aqueous iodine, a yellow precipitate is observed.

What could X be?
A O\ B |0
(0]
0 0

0 0
Cc X D |
0
o
o}
o)
26 The ester 2,2-dimethylpropyl ethanoate is found in rare flowers and has a very strong

scent.

How may this ester be made in the laboratory?

conc. H.S04
1 (CH3)3CCH20H + CH3CO.H ——_’h . ester + H>O
ea

conc. H,SO,
2 (CHs3)sCOH + CHsCO,H ——» ester + H,.O
heat

3 (CH3)sCCH,OH + CHsCOCl ——» ester + HCJ

1,2,and 3
1and 3
1 only

o0 o >

2 only

[Turn Over
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27 The diagram below shows the general structure of a protein.

28

H H O H H O

L

N—C—C—N—C—C
L L.

Chymotrypsin is an enzyme that hydrolyses protein into smaller peptides and amino
acids. It specifically hydrolyses the peptide bond on the carboxylic end of phenylalanine
(Phe).

The structure of hexapeptide Y and the M; of selected amino acids are given below.

Hexapeptide Y: Val-Ala-Lys—Phe—Ser-Arg

Amino acid M
Valine (Val) 117
Alanine (Ala) 89
Lysine (Lys) 146
Phenylalanine (Phe) 165
Ser (Serine) 105
Arginine (Arg) 174

What are the M, of the two fragments obtained when hexapeptide Y is hydrolysed by

chymotrypsin?
M:; of fragment 1 M; of fragment 2
A 517 279
B 463 261
Cc 316 408
D 352 444

Which factors determine the number of atoms of nicke! deposited on the cathode of an

electrolytic cell?

[Ni**(aq)] current time
A v v v
B v v X
c b v X
D x v v

BP-~372
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29 Copper(II) sulfate solution reacted as shown in the scheme below.

30

excess
NHs@a)  NHj(aq)

CuSOs4 ag) ——>y — K

conc. HC/ | 1II

SO2(9)

—_— M
IV white solid

Which of the following statements is correct?

A

B
c
D

NH;3 functions as a ligand in reaction I.
The coordination number of complex L is 6.
The oxidation number of Cu in L and M is the same.

Ligand exchange has taken place in reaction II.

Which of the following statements about manganese are correct?

o0 w >

1 Manganese have a greater number of oxidation states than titanium.

2  Aqueous solution of Mn* is acidic.
3  Mn* can catalyse the reaction between S;0s?"(aq) and I"(aq).

1,2and 3
1and 2
2and 3

1 only

END OF PAPER
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1 (a) Titanium dioxide, TiOz, is a white solid, which is an amphoteric oxide. In the structure
of titanium dioxide, the titanium ion is bonded to six oxide anions.
() Complete the electronic configuration of a titanium atom.
182 oo [1]

(i) Suggest the shape around the titanium ion in titanium dioxide.

.............................................................................................. [1]
(b) (i) Aluminium oxide is another example of an amphoteric oxide.

Write two equations to illustrate the reaction of A20s with an acid and a

base of your choice respectively.

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

(i) The ionic radius of AP* is 0.050 nm and Ti** is 0.086 nm.
Explain the difference in ionic radii between AP* and Ti?*.

..............................................................................................
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(c) Titanium(II) chloride is prepared by the thermal decomposition of TiCls at 500°C. The
reaction is driven by the loss of volatile TiCla.
2TiCl3 (s) — TiClz2 (s) + TiCls (g)
(i) State and explain the sign for AS®.

.............................................................................................. [11
(ii) Deduce the sign of the enthalpy change, AH, of the thermal
decomposition of TiCls, given that the decomposition is spontaneous
only at high temperature. Explain your answer.
.............................................................................................. [1]
(iii) Explain why TiCls forms a violet solution, but TiCl; forms a colourless
solution.
.............................................................................................. [2]

[TURN OVER
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(d)  Another transition element that is bonded to oxygen atoms is manganese.
Two examples are manganate(VI) ion, MnO4?-, and manganate(VII) ion, MnO4™.
(i) Given that the structure of MnO.% is similar to that of SO4%-, draw the

‘dot—and—cross’ diagram of MnO4% and state its bond angle.

Bondangle: ...........coeenenennnnn. [2]

(i) Acidified potassium manganate(VII), KMnO,, and acidified potassium
dichromate, K.Cr.07;, can be used as oxidising agents in organic
reactions.

With reference to relevant E® values, suggest why KMnO, is a stronger

oxidising agent than K2Cr20y.



BP-~379

(e) A, Band C are isomers with the molecular formula, CsH1cO, that contains one or two
of the following functional groups.

¢ Alkene
o Alcohol
o Carbonyl

Reactions are carried out on A, B and C and the observations are shown in Table 1.1.

Table 1.1
with acidified | with acidified with 2,4-DNPH with Br2 (aq)
K2Cr;07 (aq) KMnO; (aq)
A orange to purple to no reaction no reaction
green colourless
B no reaction no reaction orange precipitate no reaction
Cc no reaction purple to no reaction orange to
colourless colourless

(i) Adisacyclic compound and does not rotate plane of polarised light. Draw

the structure of A.

(1

[TURN OVER
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(i) B is a symmetrical molecule. Draw the structure of B.

B
1]
(ii) Write the equation for the reaction which occurs when A reacts
completely with an excess of acidified potassium dichromate(VI). Use
[O] to represent the oxidising agent in the reaction.
[1]

(iv) State all possible functional groups in C.
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(v) Cis unable to exhibit stereoisomerism. Draw the structure of C.

[1]

[TURN OVER




(f)

Ketones can undergo oxidation forming esters through the Baeyer-Villiger
oxidation reaction by using peroxycarboxylic acids as shown in the equation

below.
0]

o
o R, o
peroxycarboxylic acid
= R
1
R R o

1

The first step of the mechanism of the Baeyer-Villiger oxidation reaction
involves the nucleophilic attack of the lone pair of electrons on the oxygen atom
bonded to the hydrogen atom in the peroxycarboxylic acid to the carbonyl
carbon in the ketone.

Draw the first step of the mechanism of the Baeyer-Villiger oxidation reaction.
Show all relevant dipoles, curly arrows and the structure of the intermediate.

BP-382

[2]

[Total: 21]
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Ozone, Os, plays a crucial role in the Earth’s atmosphere by absorbing harmful
ultraviolet radiation. It is also widely used for its oxidising and disinfecting properties.
For example, ozone can be dissolved in ground water or drinking water for
disinfection and water quality enhancement.

Fig. 2.1 shows one possible structure of O3 (g).

oN
/ —

Fig. 2.1

O

[TURN OVER




(@) The overall reaction for the decomposition of ozone can be represented as

follows.

The rate of decomposition of ozone in ground water, at pH 8, was investigated
and the following results were obtained. The reaction is first order with respect

to ozone.

2.5

2.0

[Ozone] x 107

/ moldm?

1.5

1.0

0.5

0.0

(i) Define the term lorder of reaction.

10

203 - 302

BP-~384
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Time x103/s

Fig. 2.2

6.0
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(i)  Use the graph in Fig. 2.2 to show that the overall order of reaction is first
order.

(iii) Hence, calculate the value of the rate constant, k. Include its units.

M1

(iv) The presence of OH™ was found to initiate the decomposition of ozone

and the following reaction mechanism was suggested.

Step 1: O3 + OH  — HO; + O3
Step 2: HO; + O3 — 20, + OH"

State the role of OH™ in this mechanism and explain how the presence

of OH- would affect the rate of the reaction.

[TURN OVER




(b)

12

Ozone is a strong oxidising agent, useful for oxidative cleavage of alkenes to

form carbonyl compounds.

The reaction of ozone with alkenes can be shown in Fig. 2.3.

H H H H
1.0
—C 3 » c—0 + o0——C
2. Zn, CH,COOH
H CH, H CH,
Fig. 2.3

The first step in the mechanism is the initial electrophilic attack by ozone to the
carbon-carbon double bond, which then forms the molozonide intermediate. In
the second step, the unstable molozonide intermediate undergoes further

reaction and breaks apart to form a carbonyl oxide and a carbonyl compound.

The first and second step of the mechanism is shown in Fig. 2.4.

o -~
(0}
H\ /H o \/0 N\ ¢ 0
o
C=—=C ___.3_.> /\C———-C\ —_— ‘ +
/ \ Step 1 HT | | Step 2
H CHy H  CHy H H H CHa
molozonide carbonyl oxide carbonyl

intermediate

Fig. 2.4

The carbonyl oxide and carbonyl then further react to form the respective

carbonyl compounds.

BP~386
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2-methylbut-2-ene reacts with ozone in a similar reaction to that in
Fig. 2.3.

On Fig. 2.5

suggest the mechanism for the reaction of 2-methylbut-2-ene with ozone

, draw the structure of the molozonide intermediate and

in step 1 to form the molozonide intermediate. Include all relevant lone
pairs and three curly arrows.

0L _
o~ "o
step 1
H CH3 B Y
\C:C/
Hsc/ \CHs
molozonide
intermediate
Fig. 2.5 [2]

[TURN OVER
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(i) Compound F was formed in step 2 of the mechanism in Fig 2.4 when
ozone reacts with another alkene, G. Suggest the identity of G.

0 \<|3+

o)
Compound F

G [1]

[Total: 7]
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3 Heavy metal contamination in water poses significant risks to environmental and
human well-being. Common heavy metals found in water include cadmium (Cd), lead
(Pb) and mercury (Hg).

(a) The standard electrode potential of the Cd?*(aq)/Cd(s) electrode is —0.403V.

(i) Define the term standard electrode potential, E®°.

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

.............................................................................................. [1]
(i) Draw a fully labelled diagram of the experimental set-up used to
measure the standard electrode potential, £°, of the Cd?'(aq)/Cd(s)
half-cell.
[2]

[TURN OVER




(b)

BP~390

16
(iii) Predict how the electrode potential, £°, of Cd?*(aq)/Cd(s) will be affected

when aqueous sodium hydroxide is added to the Cd?*(aq)/Cd(s)
half-cell. Explain your answer.

A water source was found to be contaminated by heavy metal contaminant, Pb?*.

To determine whether the water is safe to drink, complexometric back titration was

employed to determine the concentration of Pb?* in a water sample.

The water sample containing Pb?* will be reacted with an excess amount of EDTA*,
where a lead-EDTA complex will be formed in the process.

The general reaction of metal ion, M** and EDTA* is as shown:
M2+ + EDTA% = [M(EDTA)]*

The remaining amount of EDTA* is then determined by titrating with zinc sulfate, with
Eriochrome Black T as an indicator.
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(i) 10.0 cm® of 5.0 x 107 mol dm™ of EDTA* was added to 10.0 cm?® of
water sample containing Pb%. The resulting solution was found to

require 10.0 cm® of 2.0 x 10”7 mol dm™ of zinc sulfate solution for

complete reaction.

Calculate the amount, in moles, of Pb?* present in 10.0 cm? of the water

sample.

[1]
(ii) Calculate the mass of Pb?*, in mg, present in 1 dm? of water sample.
Given that the safe limit of maximum mass of Pb?* is 0.0100 mg dm-3,
comment on whether the water is safe to drink.
.............................................................................................. [2]

[TURN OVER
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(iii) Hydrogen sulfide, H2S, is added to another 1 dm?® of water sample

containing 1.0 x 10~° mol dm of Hg?* and Pb?*each.

Table 3.1 shows the Ksp values for the corresponding metal sulfides.

Table 3.1
Metal Sulfide Ksp/ mol2dm-®
PbS 9x10™%
HgS 2x107%

Calculate the minimum concentration of hydrogen sulfide added to
remove the maximum concentration of Hg?* without precipitating Pb?*.

Hence, determine the maximum mass of HgS precipitated in 1 dm?.

BP~392
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(c) DDT is a common ingredient in insecticides and it can enter groundwater as an
organic pollutant through processes like runoff and leaching.

(i)

Cl
Ci Cl

DDT
A student proposed that compound J will be formed when DDT is
reacted with hot aqueous sodium hydroxide, assuming that the rate of

reaction is independent of the concentration of NaOH.

Cl
Cl OH

Compound J

[TURN OVER




20

Name and describe the mechanism for the reaction between DDT and
hot aqueous sodium hydroxide to form compound J. Include all relevant
lone pairs, dipoles, curly arrows and charges. Include the structure of

the organic intermediate.

JO 0

You may represent Cl asR.

BP~394
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(i) It was found that compound K is formed when DDT reacts with hot
aqueous sodium hydroxide. K then reacts with phosphorus
pentachloride to form compound L.

O OH O Ci
Cl : : Ci CiI : : C/
compound K compound L

When the same amount of compounds K and L (not necessarily in that
order) are added to separate and equal volumes of water, solutions are
formed with pH values of 0.5 and 3.0.

Suggest which pH value is associated with compounds K and L. Explain
your answer.

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

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

BP~395
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(iii) Explain the difference in reactivity of the two chlorine atoms labelled Cix

and Cl, in DDT towards hot aqueous sodium hydroxide.

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

.............................................................................................. [2]
[Total: 16]
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Haemoglobin is a critical protein found in red blood cells that carries oxygen from the lungs
to the rest of the body.

Deoxyhaemoglobin and oxyhaemoglobin both contain iron in the +2 oxidation state. Each
Fe? is coordinated to five nitrogen-containing ligands and one oxygen-containing ligand,
forming an octahedral arrangement.

In an octahedral complex such as haemoglobin, the 3d subshell of Fe?* is split into two
energy levels.

(@) Using the axes in Fig. 4.1, draw fully-labelled diagrams of the following.

 One of the d orbitals at the lower energy level in an octahedral complex.

» One of the d orbitals at the higher energy level in an octahedral complex.

Z 2
A A
Y y
— X - 3
lower energy level higher energy level
Fig. 4.1 [2]

[TURN OVER
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Haemoglobin can react with oxygen and carbon monoxide respectively as
shown in the following two equilibria.

equilibrium 1 Hb(aqg) + 402(aq) = Hb(Oz)(aq) K1 =3Xx 102 mol™ dm™?
equilibrium 2 Hb(aq) + 4CO(aq) = Hb(CO)s(ag) Kez=6x 102 mol™*dm"

(i) Explain why carbon monoxide is toxic.

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

(i) Carbon monoxide binds to haemoglobin, Hb, to form
carboxyhaemoglobin, Hb(CO)a.

If the percentage of haemoglobin bound to carbon monoxide reaches
45%, the result is fatal to humans.

Use the value of K. to calculate the concentration of carbon monoxide
necessary for 45% of the Hb to be converted to Hb(CO)a.

BP-398
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(iii) Equilibrium 1 and 2 can be expressed as a single equilibrium 3.

equilibrium 3 Hb(CO)s(aq) + 402(aq) = Hb(O:)s(aq) + 4CO(aq)

Using K1 and Kz, calculate the value of K for equilibrium 3.

[1]

(iv) Use the Kc value calculated in b(iii) to suggest the position of equilibrium

and the sign for AG for equilibrium 3.

.............................................................................................. [1]
(v) A patient suffering from carbon monoxide poisoning can be treated by

giving pure oxygen to breathe. Suggest a reason why this treatment is

effective.

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

[TURN OVER
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(c) Carboxyhaemoglobin, Hb(CO)s, and oxyhaemogiobin, Hb(O2)s, were analysed and

the absorption spectrum was observed.

Legend
Hb(CO)4

"""" Hb(O2)4
Relative
absorbance
450 500 550 600 650 700 g
Wavelength / nm
Species Colour Observed
Hb(CO)4 Cherry-red
Hb(Oz2)4 Orange-red
Colour Wavelength (nm) Colour Wavelength (nm)
Violet 380 — 400 Yellow 560 —- 580
Blue 400 - 490 Orange 580 — 620
Green 490 - 560 Red 620 — 800

(i) With reference to the absorption spectrum, explain why both Hb(CO)4
and Hb(O.)s are generally red in colour.
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(i) Suggest why Hb(CO)s and Hb(O2)s have different shades of red.

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

.............................................................................................. [2]
[Total: 12]

Cycling is a demanding endurance sport that pushes athletes to optimise every aspect of

their performance. Chemists play a critical role in this field by enhancing bicycle materials,

improving energy metabolism in cyclists and in ensuring safety.

(a) Cyclists often look for ways to reduce the weight of their bicycles, which typically
weigh around 7.4 kg. One proposed idea is to inflate bicycle tyres with helium instead
of air to reduce weight.

() State two basic assumptions of kinetic theory as applied to an ideal gas.

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

..............................................................................................
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Using the data in Table 5.1, calculate the respective mass of helium and

mass of air required under the same given conditions.

Suggest, with a reason, whether the use of helium provides a significant

advantage in terms of mass.

Table 5.1
Value
Molar mass of helium (He) 4.0 g mol™
Molar mass of air (approximate) 29.0 g mol™
Volume of gas in a standard bicycle tyre 2.0 dm?3
Pressure in tyre 8 bar
Temperature 298 K

..............................................................................................
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(iii) Rubber tyres are made of vulcanised rubber, a cross-linked polymer.
Although they appear solid, they contain tiny free volumes between

polymer chains at the nanometer scale, typically around 0.3 — 0.5 nm.

With reference to the Data Booklet, suggest why helium should not be
used to inflate the tyres.

[TURN OVER
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(b) A bicycle frame must balance tensile strength, weight, durability and cost. Choosing

the right material is key to optimising cycling performance.

Tensile strength is the maximum stress that a material can withstand before it shows

significant deformation of its body shape.

Table 5.2
Tensile
Density Relative Corrosion
Material Strength
(g/cm?) ' Cost Resistance
(MPa)
Aluminium 2.70 310 Moderate Moderate
Titanium 450 900 High High
Steel 7.85 500 Low Low
Graphite Fibre 1.60 600 Very High High

(i) Explain, in terms of structure and bonding, why graphite fibre has
relatively high tensile strength.

(i) Considering the data provided in Table 5.2, recommend the most
suitable material for a high-performance racing bicycle frame. Justify
your choice in terms of the factors in Table 5.2.
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Endurance athletes, such as cyclists, are constantly seeking ways to boost stamina
and fight fatigue. One option is to consume BHB energy supplement.

Beta-hydroxybutyrate (BHB), is a lab-made compound that serves as an efficient fuel
source for both the brain and body when glucose levels are low.

In cells, BHB enters the mitochondria to produce ATP, which is the body’s main source
of energy.

Compared to glucose, it generates less waste, helps conserve NAD* (a molecule
essential for energy metabolism) and avoids blood sugar spikes. However, BHB is
also expensive, has a bitter taste, may cause nausea and is absorbed more slowly
than glucose. This makes it less ideal for short, intense bursts of energy.

A,

beta-hydroxybutyrate (BHB)

(i) State the systematic name for BHB.

[TURN OVER
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(i) BHB has stereoisomers. State the type of stereoisomerism present in

BHB and draw the stereoisomers.

Type of stereoisomerism: ...........cccoooeiiiiiiiiiinnn

[2]

(iii) Use the data in Table 5.3, calculate the energy released in kd g™ for both

BHB and glucose when they undergo combustion.

Table 5.3
Molar mass / g mol~' | Standard enthalpy change
of combustion / kJ mol™
BHB 118.13 -2430
Glucose 180.16 -2805

[l
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(iv) Based on your calculations in (c)(iii), suggest whether using BHB as an
energy supplement would benefit endurance cyclists. Give a reason for

your answer.

(v) Suggest a disadvantage of using BHB as an energy supplement.

[TURN OVER
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BHB, acetoacetate (AcAc) and acetone are fat-derived compounds made
mainly in the liver. They form about 80% of the ketones in the blood and provide
energy especially to the brain during fasting, intense exercise or low-

carbohydrate diets.

OH O 0 O O
beta-hydroxybutyrate (BHB) acetoacetate (AcAc) acetone

Describe a simple chemical test, with appropriate observations, that can be
carried out to distinguish between each of the following pairs of compounds.

e AcAc and acetone

e AcAc and BHB

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

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

.......................................................................................................
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[Total: 19]
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Additional Answer Space

If you use this page to complete the answer to any question, the question number must be clearly
shown.
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Section A
Answer all the questions in this section.

(a) Calcium carbide, CaCy, is an ionic compound primarily used in industry to generate
acetylene gas, CH,, which has numerous applications in welding, cutting and
chemical synthesis.

reaction 1 CaCz(s) + 2H20(J) — Ca(OH)(s) + CzH2(g)
() The carbon atoms in CaC; and C.H: have sp hybridisation and hence they

have similar bonding between the two carbon atoms.

Explain what is meant by sp hybridisation with reference to the carbon atoms
in CoHa.

(ii) Suggest how the electrons are arranged in the second shell of sp carbon atom

so that the bonding in the two carbon atoms in C2Hz can occur.

(iif) Explain, in terms of structure and bonding, why CaC; is a solid at room

temperature and pressure while C2H: is a gas.

.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
---------------------------------------------------------------------------------------------
.............................................................................................
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.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................

(b) Calcium carbide reacts vigorously and explosively with water.
Using the data in Table 1.1, calculate the standard enthalpy change of reaction for

reaction 1.

Table 1.1
compound AH¢® | kJ mol!
CaCy(s) ~59.0
H0(0) 2858
Ca(OH)(s) ~985.2
CaHa(g) ¥226.6 12]

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

......................................................................................................
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(c) Caution is required when handling calcium carbide to minimise its exposure to water.
Flammable C,H, gas is produced upon reaction of calcium carbide with water and
poses explosion risks.

() Define the term standard enthalpy change of combustion, AH.®, of CoH.. 1]

(i) Use bond energy values from the Data Booklet to calculate the standard
enthalpy change of combustion of C>H. [2]

(iii) The actual standard enthalpy change of combustion of C.Hz is -1 300 kJ mot'.

Other than the use of average bond energies, suggest one other reason for
the difference between the actual value and the value calculated in (c)(ii). [1]

(iv) Suggest an appropriate storage method for calcium carbide to minimise

explosion risks. 1]

.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
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.............................................................................................
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(d) C.H,is a weak Brgnsted-Lowry acid and reacts with sodium amide, NaNH., to form
an equilibrium mixture containing two acid-base pairs.

equilibrium 2 CoHo+ NaNHz 2 Na(CH) +NHz Ko =1x 10"

(i) With reference to equilibrium 2, explain the terms Brensted-Lowry acid and
conjugate acid-base pair. [2]

(ii) Identify another acid in the mixture in equilibrium 2 and suggest whether the

acid is a stronger or weaker acid than CzH.. Explain your answer. 2]

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

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

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

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

.............................................................................................
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(e) C;H, can undergo polymerisation in the presence of suitable catalysts to form
polyacetylene, an organic polymer with alternating single and double bonds. It is
used in organic semiconductors and its reaction with iodine produces highly
electrical conducting material.

n HC=CH —» —[CH=CHJ—
~[CH=CH]~ is known as a repeating unit in polyacetylene.
(i) Two isomers can be obtained when C,H, undergoes polymerisation.
Draw the structures of the two isomers, showing at least two repeating units,
and state their isomeric relationship. [2]

Polyacetylene (-{CH=CH],~) becomes highly conductive when doped with iodine.
The reaction removes an electron from a double bond, creating a radical cation

called polaron.

—[CH=CH]:— + 2 — -[CH=CH}* + Iy

polaron
(ii) State the role of iodine in the reaction. Explain your answer. 2]

(iii) Suggest why the doping process increases the electrical conductivity of

polyacetylene. [1]

.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
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2 (a) Deduce the order of increasing acid strength of the following compounds. Explain
your answer.

OH

L i
OH /\‘)J\OH
Br
phenol butanoic acid 2-bromobutanoic acid

[3]

.....................................................................................................
.....................................................................................................
e T T
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
.....................................................................................................
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(b) Decarboxylation is the loss of carbon dioxide from a carboxylic acid group. It plays
an important role in organic synthesis and occurs under specific thermal or catalytic

conditions.

Two examples of decarboxylation are shown in Fig. 2.1.

Example 1:
o] 0] OH o
-CO, rearrangement
_— —_—_—
HO - Step 1 / R Step 2 R
R R R
Example 2:
o} H
-CO, rearrangement
> ——
HO oH  Step1 ZZ on Step 2 oH

Fig. 2.1
() Draw the structure of the organic product formed when compound K

undergoes decarboxylation.

OH o)
éﬂ:ﬁ
K

(1]
(i) Two different acids, M and N, each can undergo decarboxylation to give L.
o)
\/“\rBr
L
(2]

Suggest possible structures of M and N.
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(iii) Compound L can also be synthesised from pentan-3-ol by the three-step route
shown in Fig. 2.2
State the reagents and conditions required for each step and suggest
structures for the organic compounds Q and R.

0O
step 1 step 2 step 3
— Q —> R —> Br
OH
L
Fig. 2.2 [5]

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

.............................................................................................
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(c) The Kolbe electrolysis reaction involves the decarboxylative dimerisation of

carboxylate ions to form alkanes at the anode by the following reaction.

2R-CO7; > R-R + 2CO: + 2e”
R= ~CH3, —CHzCH3, etc.

For example, the electrolysis of sodium ethanoate solution produces ethane at the
anode.

() Suggest the products of the reaction at the cathode and construct an equation
for the electrolysis of sodium ethanoate. 2]

(i) Calculate the mass of ethane, Cz2Hs, produced when a current of 20 Ais

passed through a solution of sodium ethanoate for 55 minutes. 2]

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

.............................................................................................
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(d) Group 2 ethanoates decompose when heated to form carbonates and propanone.
(i) Write an equation for the thermal decomposition of Ba(CH;COO),. [1]

(i) The trend in the thermal stability of Group 2 ethanoates is similar to that of
Group 2 carbonates.

Describe and explain the trend in the thermal stability of Group 2 ethanoates. [2]

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

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

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

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

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

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

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

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

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

[Total: 18]
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3 (a) Describe and explain the trend in the thermal stability of the hydrogen halides HC/,
HBr and HI Include an equation for the thermal decomposition reaction in your

answer. [3]

(b) Toform concentrated solutions of hydroiodic acid, hydrogen iodide gas is first formed
by reaction of hydrogen and iodine gas before being bubbled into water.

Hz(g) + I(9) == 2HI (g)
0] State the conditions necessary for a gas to approach ideal behaviour. 1]

(i)  The graphs of pV/RT against p for HI gas and gas J are shown in Fig. 3.1.

44
RT
4&
HI (9)
Gas J
1
p/P;

Fig. 3.1

Explain the shape of the graph for HI gas and gas J. Your answer should

include references to intermolecular forces. [2]
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.............................................................................................

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

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

.............................................................................................
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(c) Ethers have the general structure of Ri-O-R., where R; and R; are alkyl or aryl

groups, for example, like methoxyethane.

\O/\

methoxyethane

When reacted with hot concentrated solutions of hydroiodic acid, HI, ether can form

an alkyl halide and an alcohol as shown in Fig. 3.2.

R R heat with
\o/ conc. HI R—OH + R—I
where R and R’ are different alkyl groups
Fig. 3.2
Two examples are shown below.
heat with
conc. HI _~0H + >

/\o/\

diethyl ether

heat with
conc. HI OH + I
0]

di-tert-butyl ether

(0] It was found that primary or secondary ethers, like diethyl ether, reacts via
Sn2 mechanism while tertiary ethers, like di-tert-butyl ether, reacts via Sn1

mechanism.

Explain why this reaction proceeds mainly via:
1. Sn2 mechanism for primary or secondary ethers
2. Sn1 mechanism for tertiary ethers [2]

BP-428
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(i)  Compound A, C/HiO, is an ether, and it reacts with hot concentrated
solution of hydroiodic acid, HI, to form compound B, CsH140, and compound
C.
B is found to rotate plane-polarised light. B forms a yellow precipitate with
alkaline aqueous iodine. When B reacts with hot concentrated H,SO,, only

compound D, CeH13, is formed.

C reacts with hot ethanolic AGQNO3 to form yellow precipitate.

With reference to Fig. 3.2, deduce a possible structure for A. Hence, suggest
the structures for B, C and D. For each reaction, state the type of reaction
described and explain what the information tells you about the functional
groups present in each compound. 8]

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

(d) Crown ethers are a class of cyclic ethers that have garnered significant attention due

to their unique ability to form complexes with cations.

An example of a crown ether is 12-Crown-4 in Fig. 3.3.

O/——\O
L
\J
Fig. 3.3

12-Crown-4 forms complexes with various cations such as lithium ion, Li*, in Fig.

3.4,
[\
0. .0
[ LD :l
s

Fig. 3.4
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Suggest why 12-Crown-4 was found to be more selective in complexing with

lithium ion, Li*, than potassium ion, K*.

Suggest the type of interactions between 12-Crown-4 and Li*.

(11

(1

Crown ethers can be used to selectively remove caesium, a common

component in nuclear waste, by complexing with caesium ions.

The radiocactive decay of caesium-134 isotope is a first-order reaction with a

half life of 2 years.

Use the following equations to calculate the percentage decrease of 3Cs* in

a radioactive waste sample six months after it had been collected.

0.693
k=
ti2
134 ~_+ kt
st = 10723
(134Cs+)

where k is the rate constant,

("**Cs*) is the amount of '*Cs* collected in the sample at time = t,
("**Cs*)o is the amount of '*Cs* collected in the sample at time = 0,

tis the time elapsed after the sample was collected.

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

[2]

.......................
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Section B

Answer one question from this section.

(a) Manganese forms stable coloured ions in various oxidation states in aqueous solutions.

Some of these manganese ions and their corresponding colours are shown in Table 4.1.

BP~433

Table 4.1
formula of manganese ion MnO4~ MnO.* Mn3* Mn2*
colour of aqueous solution purple green violet pale pink
() Explain why manganese can form ions of variable oxidation states. [1]

(i)

cobalt and manganese.

Table 4.2 gives data about some physical properties of the elements, calcium,

Table 4.2
Calcium Cobalt Manganese
relative atomic mass 40.1 58.9 54.9
atomic radius
0.197 0.125 0.132
(metallic) /nm
density / g cm™3 1.53 8.83 X

Using the data provided in Table 4.2, suggest a value for x, the density of
manganese. Explain your answer. (No calculations are required.)

[2]

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

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

.............................................................................................
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.............................................................................................
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(b) 2-(hydroxymethyl)benzoic acid acts as a bidentate ligand and forms complexes with
transition metal ions such as Fe®".
(i)  2-(hydroxymethyl)benzoic acid can be formed from phthalic acid. Explain the
difference in boiling point between phthalic acid and its isomer, terephthalic

acid.
o) OH o) OH
0
OH
phthalic acid
HO (0]
terephthalic acid [2]

Compound Y can be made from 2-(hydroxymethyl)benzoic acid in the following two steps.

H
o OH o (1) o ,L\
CHj
Step 1 Step 2
__._» ____»
OH cl cl
2-(hydroxymethyl)benzoic acid X Y
(i)  Explain the different reactivities of the two chlorine atoms in compound X. [2]

(iii)y Suggest reagents and conditions for step 1 and step 2. [2]

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

(c) Ethanoic anhydride, (CH;CO),0, reacts in a similar way with amines as acyl chlorides.
The following reaction is a nucleophilic acyl substitution between (CH;CO),0 and

compound U.

HaN
e, E;') j + 0
A NG VA I Vv
H3C 0] CH C.
s * HsC”™ ~OH
U ethanoic anhydride
1 mole
Fig. 4.1
(i) Explain the relative basicity of Na and Ng atom in compound U. 2]

(i) In nucleophilic substitution reactions, stronger bases tend to be stronger

nucleophiles.

Suggest the structure of compound V, CgH12N:0. [1]
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(iii) One of the factors that affects the rate of nucleophilic acyl substitution is the
nature of the leaving group on the acid anhydride or acyl chloride.

Leaving groups (e.g. CI-, CH;COO") that give rise to more stable anions are

more readily substituted, therefore increasing the rate of the reaction.

A student proposed two reactions to synthesise phenyl ethanoate using

phenoxide ions.

Reaction 1

o]
o 9 2 /U\
[} ) 0]
+ H C/C\O/C\CH 7 ot P)
: S * e o
ethanoic anhydride Leaving group

Reaction 2
@)

o o)
+ /U\ —» O CH, + CI
H,C CI

Leaving group

Explain why reaction 1 is a better method to synthesise phenyl ethanoate than

reaction 2. 11

..............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
.............................................................................................
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.............................................................................................
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(d) The two pKs values for each amine groups in U is shown below.

HoN
pr1 =33
NH->

pKpz = 9.4

The pH curve below shows the addition of 0.010 mol dm= HCI to 10.0 cm® of
0.020 mol dm=2 compound U.

pH
ﬂ‘

A

—h
>

Volume of HC! added / cm?®

() Calculate the pH at point A. [2]

(i) Draw the two organic structures at region B and explain how these species
help to maintain the pH of the solution when a small amount of H* or OH" is
added. [3]

(iii) Calculate the concentration of the salt at point C. 2]
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[Total: 20]
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5 (a) Aluminium is a lightweight, strong and corrosion-resistant metal, widely used in

aerospace, construction, packaging and electrical transmission. lts compounds are

important in manufacturing, water treatment and pharmaceuticals. One such compound

is anhydrous aluminium chloride which catalyses the synthesis of acetophenone from

benzene, which is similar to Friedel-Crafts alkylation.

(i)

(i)

(iiii)

(iv)

0 CHs

Acetophenone
Write an equation to show how aluminium chloride functions as a Lewis acid

catalyst in the synthesis of acetophenone by using a suitable acyl chloride.

Explain, with the aid of an equation, why aluminium chloride must be
anhydrous in order for it to function as a Lewis acid catalyst during the

synthesis of acetophenone from benzene.

Describe the mechanism for the synthesis of acetophenone from benzene,

showing curly arrows, charges and any relevant lone pairs.

Suggest a simple chemical test to confirm the presence of acetophenone.

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

[2]

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

(b) (i) Both acetophenone and benzene react with nitric acid, but under different

conditions to form compounds S and T respectively.

Oxn_CHs O -CHs

conc HNO;, conc H,SO,, > 55°C

NO,
S
NO,
@ conc HNO,, conc H,S0O,, 55°C
T
Explain why different conditions are needed for these two reactions. [2]
(i) The solubility of § and T in water are shown in Table 5.1.
Table 5.1
Compound Solubility in water / mg dm-3
S 108
T 80

Explain, in terms of structure and bonding, the difference in solubility between
SandT. [2]

[TURN OVER
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(¢} E, F and G are three elements in Period 3 of the Periodic Table. The pH of the
solutions of their oxides and chlorides are as shown in Table 5.2.

Table 5.2
G
pH of oxides
pH of chlorides
(i) Identify the elements E, F and G. [11
(i)  Explain your choice of the elements in (c)(i) [3]
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.............................................................................................

.............................................................................................
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.............................................................................................
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(d) In the gaseous phase, aluminium chloride dimerises to form Al,Clg, as shown in the

equation below.

(i)

(if)

2 AICls (g) — ALCls (Q) AHaimerisation = —158.8 kJ mol™

Draw the structure of the dimer, A.Cls and state the shapes around Al and
Cl atom. [2]

The average bond energy for the AI-CI bond in A2Cls can be determined
using the relevant data in the Data Booklet and the following data.

Enthalpy change of dimerisation of Al2Cls (g) = -1 58.8 kJ mol™’
Enthalpy change of formation of AICls (g) = — 248.6 kJ mol™
Enthalpy change of atomisation of Al (s) = + 326 kJ mol™’

Construct an energy cycle to calculate the average bond energy for the
AI-CI bond in Al2Cle. [3]

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

[Total: 20]
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Additional Answer Space

If you use the following pages to complete the answer to any question, the question number must be
clearly shown.
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