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1 A to H are consecutive elements with atomic numbers less than 20. The graph below
shows their second ionisation energies (2™ IE).

2" |E

A B Cc D E F G H
element
Which of the following statements is correct?

A The 2™ |IE of G is lower than that of F due to the inter-electronic repulsion
between its paired s electrons.

B C exists as diatomic molecules at room temperature.
C The compound formed between A and E has a low melting point.

D Element B is from Group 17.
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2 The graph below shows the successive ionisation energies of the Period 4

element, X.

N

ionisation energy
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number of electrons removed

Which of the following statements about X is correct?

A Xis Fe.
B X belongs to Group 16.
Cc X has 6 unpaired electrons in the ground state.
D A stable compound, NaXOs, can be formed.
3 Which statement about ionic and covalent compounds is correct?
A Some covalent compounds can serve as electrolytes in water.
B lonic compounds can conduct electricity in both the solid and liquid states.
C lonic bonds and covalent bonds cannot both occur in the same compound.
D An ionic compound will have greater covalent character if the radius of the

cation is large.
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4 2-Furonitrile has the following structure.

o

Which row correctly describes the bonding and hybridisation in the above molecule?

number of number of number of
n bonds sp C atoms sp? C atoms
A 3 0 5
B 4 1 4
Cc 4 0 5
D 2 1 4
5 Ideal gases P and Q, initially at different pressures and temperatures, are placed in

different bulbs as shown in the diagram below. The bulbs are connected by a narrow

tube of negligible volume.

When tap T is opened, the gases mix. What is the final pressure of the mixture if

both bulbs are then maintained at 127 °C?

A 22.5 kPa

C 73.1 kPa
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6 Use of the Data Booklet is relevant to this question.

Elements X, Y and Z are either chlorine, bromine or iodine. The following is a series
of tests performed to determine the identities of the elements.

When Xz is added to separate solutions containing Y- and Z~ ions, no reaction
oCCurs.

When Y2 is added to a solution containing Z~ ions, no reaction occurs.
Which of the following statements are correct?
1 X is iodine.

2 The reaction between Z;(aq) and Y-(aq) will occur spontaneously.

3 When a limiting amount of KMnOg is added to X (aq), and the mixture shaken
with hexane, the organic layer turns violet.

A 1,2 and 3 only B 1 and 3 only
C 2 only D 1 only
7 Which of the following statements about the Period 3 elements sodium to chlorine,

and their compounds, is correct?

The ionic radius decreases across the period.

2 The maximum oxidation state of the elements in their oxides increases across
the period.
3 The boiling points of the elements decreases in the order phosphorus >

sulfur > chlorine.

A 2 only B 2 and 3 only
C 1 and 2 only D 1 and 3 only
8 The relative atomic mass of iridium, which consists of the isotopes ''Ir and '°Ir, is

192.2. What is the percentage of '**Ir atoms in the mixture?

A 40 % B 45 %

C 55 % D 60 %
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9 In 2016, several high profile tennis players were banned for consuming the
performance-enhancing drug Meldonium.

i |
~
@)J\/\ N
0 N @™
H
Meldonium
What is the empirical formula of Meldonium?
A C3HN20, B CsH/NO
C CSH8N202 D C6H14N202

10 When 30 cm® of 1.0 mol dm= KOH(aq) is neutralised with an equal volume of
1.0 mol dm=3 HCl(aq), the temperature of the mixture rose by 6.8 °C.

What would be the temperature change if 15 cm? of 2.0 mol dm= KOH(aq) is reacted
with an equal volume of 2.0 mol dm= HCl(aq)?

A 3.4°C B 6.8 °C C 13.6 °C D 27.2°C

1 When aqueous Ba(OH), reacts with dilute sulfuric acid, the following reaction takes
place.

Ba(OH)z(aq) + H.SO4(agq) —— BaSO4(s) + 2H20(1) AH®

AH® can be calculated using only three of the following enthalpy changes.
Which one of the following is not used in the calculation of AH®?

lattice energy of BaSO4
standard enthalpy changes of hydration of Ba?* and SO4%-
standard enthalpy change of neutralisation of HCI with NaOH

o o w »

standard enthalpy change of solution of Ba(OH).
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12 The age of rock samples can be calculated using Uranium-Lead dating. °U is an
unstable isotope which decays into 2°“Pb. This nuclear reaction obeys first-order
kinetics with a half-life of 710 million years.

The decay can be summarised by the following equation:
25U —— 27Pb + other decay products

A rock sample had a U : 2"Pb ratio = 1 : 7.

Assuming that all the 2°’Pb detected was formed from the decay of 2°U, what is the
age of the rock sample?

A 710 million years B 1420 million years
C 2130 million years D 2840 million years

13 The initial rate of the reaction between H>O2 and acidified KI solution can be studied
by the “clock” method, using a small but constant amount of Na;S,0:s.

The equations for the reactions are as follows.

H.O, + 217 + 2H" — I, + 2H,0 reaction 1
25,032 + [ — S406% + 217 reaction 2

Reaction 2 takes place at a much higher rate than reaction 1.

When the Na>S:03 is used up, the free I produced will form a deep blue complex
with starch.

The rate equation for reaction 1 was found to be:
rate = k[["][H202]

Assuming no other reactions occur, which of the following statements are correct if a
large excess of S,03%~ were used instead?

1 The mixture will not turn blue-black.
The reaction becomes overall pseudo-first order.
3 As the reactions proceed, the [I"] will remain effectively constant.
A 1 only B 2 and 3 only
C 1 and 3 only D 1, 2 and 3 only
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14 0.40 dm?3 of gaseous (HCOOH), was allowed to dissociate under constant pressure
of 1 atm at 300 °C in a gas syringe according to the equation below.

(HCOOH)2(g) = 2HCOOH(g)

When equilibrium was achieved, the total volume of the mixture increased to 0.60
dm?.

What is the K, for the reaction at 300 °C?

A 0.0170 atm B 1.33 atm
C 800 atm D 135 000 atm

15 The K, values for the Haber Process were determined at different temperatures.

N2(g) + 3H2(g) = 2NH3(g)

Temperature / °C Kp
300 4.34 x 1073
500 1.45x10°°

Which statement about the standard Gibbs free energy change of the reaction, AG®,
is correct?

A AG® is equal to 0.

B AG® becomes more positive with increasing temperature.
C AG® becomes less positive with increasing temperature.
D

No conclusion can be drawn about AG®.
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16 The concentrations of X,, Y2 and XY3 in the following gaseous equilibrium were

monitored with time.

Xa(g) + 3Y2(g) = 2XY3(9)

concentration / mol dm=3

A
h\
X2 J
\T Jot00ccccccnne
XY3 1

i J S —

t

Which of the following shows the correct changes in rates immediately after the

change at time, t?

forward reaction rate | backward reaction rate
A increases unchanged
B increases decreases
C unchanged decreases
D decreases increases

17 Which of the following pairs would give a buffer solution of pH 4.1 when the two
solutions are mixed? (pKa of CsHsCOOH = 4.22)

50 cm? of 1 mol dm= of CsHsCOOH and 50 cm?® of 1 mol dm~2 of NaOH
175 cm?® of 1 mol dm=2 of CsHsCOOH and 75 cm? of 1 mol dm=2 of NaOH

3 30 cm? of 1 mol dm= of CéHsCOONa and 40 cm? of 1 mol dm= of CsHsCOOH

A 2 and 3 only

C 2 only
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10

18 Which of the following correctly lists 0.10 mol dm= aqueous solutions of Cr(NO3)s,
KCN and NaNOs in order of decreasing pH?

O O W >

NaNOs;, KCN, Cr(NO3);
Cr(NO3)s, NaNOs, KCN
NaNOs, Cr(NOs)s, KCN
KCN, NaNQs3, Cr(NO3)s

19 The following tests were performed on an aqueous solution containing chloride and

iodide ions.

Step

Test

Observations

1 Add excess AgNOs(aq).

A mixture of white and vyellow

precipitates was formed.

2 To the mixture from step 1,
add excess NHs(aq).

The white precipitate dissolved to

form a colourless solution.

The yellow precipitate was insoluble.

3 Filter the mixture from step 2.

Filtrate was a colourless solution.

Residue was a yellow solid.

4 Add KI(s) to filtrate.

Which of the following statements is incorrect?

A The Ksp for AgCl is higher than that for Agl.

B In step 2, the addition of NHs(aq) results in complexation and momentarily
decreases the ionic product of AgCI.

Cc In the filtrate from step 3, the ionic product of Agl is less than the K, of Agl.

D In step 4, a yellow precipitate was formed.

20 Use of the Data Booklet is relevant to this question.

The colours of vanadium-containing ions in aqueous solution are given in the table

below.
Species VO,* vO? V3 2+
Colour yellow blue green violet

What is the final colour of the solution when excess aqueous hydrochloric acid is

added to a solution containing V?* ions?

A yellow
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11

21 Aluminium is extracted from its ore by electrolysis.

- &
H

Graphite
electrode X

Graphite

electrode Y ™ — Molten aluminium oxide

™ Steel tank

Molten aluminium collected
Which of the following statements is correct?

1 Oxygen gas is produced.

2 Aluminium ions migrate to electrode X.

3 Electrons move from electrode X to electrode Y.

A 1 and 2 only B 1 and 3 only
C 2 and 3 only D 1 only

22 What is the electronic configuration of copper in the [CuCl.]- complex ion?

A [Ar]3d°
B [Ar]3d"
C  [Arf]3d%4s'
D  [Ar] 3d°4s?
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23 Tartaric acid occurs naturally in many plants, most notably in grapes. P and Q are
two stereoisomers of tartaric acid.

HO

HOOC

OH HO

COOH HOOC

Which of the following statements is correct?

A

B
C
D

Both P and Q have a plane of symmetry.

P and Q are cis-trans isomers.

P and Q are a pair of enantiomers.

An equimolar mixture of P and Q will rotate plane-polarised light.

\\O
S
S

COOH

H

24 The enzyme chymotrypsin digested tetrapeptide P at the carboxylic acid end of the
amino acid phenylalanine (Phe).

tetrapeptide P: Val-Lys—Phe—Arg

Amino acid M
Val 117
Lys 146
Phe 165
Arg 174

What are the M, of the two fragments obtained?

M:; of fragment 1

M, of fragment 2

A 428 174
B 392 174
C 339 263
D 321 245

© Raffles Institution 2017
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25 An enantiomer which rotates plane polarised light in a clockwise direction is known
as the (+) form. The other enantiomer, which rotates plane polarised light in an
anticlockwise direction, is known as the () form.

(+)-2-Chlorobutane undergoes two separate reactions as shown below.

Reaction 1:  When (+)-2-chlorobutane is warmed with Nal in a suitable solvent,
(—)-2-iodobutane is produced.

Reaction 2:  When (+)-2-chlorobutane is warmed with aqueous NaOH, a racemic
mixture of butan-2-ol is produced.

Which of the following statements are correct?

1 Reaction 1 proceeds via a single-step reaction.

2 Reaction 2 proceeds via both Sy1 and Sy2 mechanisms.

3 The rates of both reactions are dependent on the concentrations of the
nucleophiles.

A 1 only B 1 and 3 only

C 2 and 3 only D 1 and 2 only

26 The following compound is heated with water for a prolonged duration.

@) Cl

cl ci
o N

Which of the following is a possible product?

A @) Cl B @) OH

HO CI HO OH
o N Ho

o) cl ci
cr” N Hoo N
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27 Compound X has the following structure.

=

Iz

OH
N

Compound X undergoes a complete reaction with reagent Y.
The product of this reaction has the same number of chiral centres as compound X.

Which of the following could be reagent Y?

A LiAIH4 B Hz, Ni, heat
C HBr D cold KMnO4, NaOH(aq)

28 An organic compound, Z, is converted into a carboxylic acid using either a one-step
or two-step synthesis. Which of the following cannot be Z?

A B
Br
OH
C D
Z
(0]

29 Deuterium, D, is a heavy isotope of hydrogen. 1,3-Dideuteriopropane is reacted with
limiting chlorine under UV light, so that monochlorination takes place.

1,3-dideuteriopropane

Assuming that a C-D bond is broken as easily as a C—H bond, what proportion of the
monochlorinated products will contain a chiral centre?

A 33% B 40% C 50% D 66%
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30 Compound S is heated under reflux with acidified potassium dichromate(VI).

O
H
HTO OTN 0]
o] 0 </CN
compound S

What is a possible product from the reaction?

A O O B O
)J\ )H(OH )J\[(OH
HO N HO
H
O (0]
C O O D O O

HoUOH
HO OH —
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2

1 (a) Draw a fully labelled diagram to show how you would measure the standard electrode
potential of a Zn?*(aq)/Zn(s) half-cell.

[3]

(b) The button cell used in watches is based on the following half-cells:

Zn?**(aq) + 2e~ = Zn(s) E®=-0.76 V
Ag20(s) + H20(l) + 26~ = 2Ag(s) + 20H(aq) E® = +0.34 V

(i) Write an overall equation for the reaction taking place in the button cell during
use.

............................................................................................................ [1]
(ii) State which species is oxidised and which is reduced in this cell during use.

species being OXIdISEd: ......coiiii i

species beinNg redUCEA: ........iiii i [1

© Raffles Institution 2017



3

(iii) Calculate the standard cell potential, Ec.i®, for the above button cell.

[1]

(iv) Use your answer to part (b)(iii) to calculate the standard Gibbs free energy
change, AG®, for the reaction in this cell.

[1]

(v) Predict the effect on the value of Ec if water is added to the Ag>O/Ag half-cell.
Explain your answer.

[Total: 9]
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4

2 Use of the Data Booklet is relevant to this question.

Hydrocarbon cracking is a process whereby a hydrocarbon is broken down into smaller, more
useful alkanes and alkenes.

Many chemical reactions that take place during the cracking process involve free radicals. In
the initiation step, a C—C bond is broken rather than a C—H bond.

For example,
CH3CH2CH2CH3 —> 2CH3CH2‘

(@) (i) Explain whatis meant by a free radical.

(ii) Suggest a reason why the initiation step involves breaking a C—C bond, rather
than a C—H bond.

(b) One of the reactions which forms ethene is shown below.
H H

.
H—C—C—H —> CH;=CH, + He

| .
H

Using curly arrows, show clearly the movement of electrons in the above reaction.  [1]

(¢) (i) Write a balanced equation to show the cracking of gaseous butane to form ethene
as the only organic product.

(ii) Determine the enthalpy change of reaction for your answer in (c)(i).

[1]
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5

(d) Using the information provided below and your answer to (c)(ii), determine the enthalpy
change of combustion of butane by drawing an energy cycle.

CHsCHoCH2CHa(g) + %Oz(g) 5 4CO4(g) + 5H0(l)

e Enthalpy change of formation of CH>=CHx(g) +52.5 kJ mol™
e Enthalpy change of combustion of Hx(Q) —285.8 kJ mol™
e Enthalpy change of combustion of C(s) —393.5 kJ mol™

[3]

© Raffles Institution 2017 [Turn Over



6

(e) With the aid of a sketch of the Boltzmann distribution curve, explain how an increase in
temperature increases the rate of a chemical reaction.

[Total: 11]

© Raffles Institution 2017



7

3 Benzenesulfonic acid is the simplest aromatic sulfonic acid. It can be produced by reacting
benzene with fuming sulfuric acid (i.e. concentrated sulfuric acid containing dissolved
sulfur trioxide).

conc. HySOy4
+ SOj > SO3H

benzenesulfonic acid

This sulfonation reaction involves an electrophilic substitution mechanism with sulfur trioxide
as the electrophile.

Unlike other electrophilic substitution reactions, the sulfonation reaction can be reversed. The
desulfonation of benzenesulfonic acid may be carried out by heating it with dilute sulfuric acid.

dilute H,SO
SOH + HO0 ——— > @ + H,SO,
heat

(@) Benzenesulfonic acid is a stronger acid than benzoic acid, cyclohexanol and phenol.

(i) A student prepared an aqueous solution of 0.10 mol dm= benzenesulfonic acid.

Suggest what measurement the student can make, and how it can be used to
verify that benzenesulfonic acid is a strong acid.

(ii) State and explain the relative acidities of benzoic acid, cyclohexanol and phenol.

© Raffles Institution 2017 [Turn Over



8

When (1,1-dimethylethyl)benzene undergoes sulfonation, the organic product obtained is
almost entirely 4-(1,1-dimethylethyl)benzenesulfonic acid.

sulfonation
— HO3S

(1,1-dimethylethyl)benzene 4-(1,1-dimethylethyl)benzenesulfonic acid

(b) (i) Explain whether (1,1-dimethylethyl)benzene undergoes sulfonation at a slower or
faster rate than benzene.

(ii) Explain why 2-(1,1-dimethylethyl)benzenesulfonic acid is not produced in the
above sulfonation reaction.

© Raffles Institution 2017



9

When (1,1-dimethylethyl)benzene undergoes bromination, two organic products are obtained.
The major organic product is compound A while the minor organic product is compound B.

W bromination i: :> f// @g_(

(1,1-dimethylethyl)benzene
(major product) (minor product)

(c) When benzene undergoes a four-step reaction pathway, it is converted to compound B
only. This is because each step produces only one organic product.

Br

—_— > > >

step 1 step 2 step 3 step 4
B

Using the fact that the sulfonation reaction can be reversed, suggest reagents and
conditions for each of the four steps shown above.

S O T
S O 2.
S O Bl e

S O [3]
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10

(d) Compounds C and D are isomers of (1,1-dimethylethyl)benzene.

(i) Compound C does not display cis-trans isomerism nor enantiomerism.

When C reacts with chlorine in the presence of ultraviolet light, four
monochlorinated constitutional isomers are formed.

When one of these monochlorinated isomers is treated with aluminium chloride,
compound E, C1oH12, is the only organic product obtained.

When E is heated under reflux with acidified potassium manganate(VII),
benzene-1,2,3-tricarboxylic acid is the only organic product obtained.

Suggest a suitable structure each for compounds C and E.

(2]

(ii) Compound D displays cis-trans isomerism but not enantiomerism.
One mole of D reacts with four moles of bromine in the dark.

When D is heated under reflux with acidified potassium manganate(VII), ethanoic
acid is the only organic product obtained.

Draw a skeletal formula to show the stereocisomer of D in which all the
carbon—carbon double bonds in the molecule are in the cis arrangement.

(1]

[Total: 12]
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11

4 Nickel is a transition element in the d-block of the Periodic Table. It is commonly used as a
catalyst and as an alloying ingredient.

The flow diagram below shows part of the process of extraction and purification of nickel from
its ore.

nickel(11) sulfide and
copper(II) sulfide

Process A O2

Y

nickel(I1) oxide and
copper(Il) oxide

gas X +

Process B | CO

Y

impure nickel and
impure copper

gas Y +

Process C | CO

A 4 A 4

impure copper + Ni(CO),

Process D
Y v
CcO + | pure nickel

(@) Identify the following two gases produced from Process A and Process B:

GAS X o
88 Y
[1]
(b) State the role of carbon monoxide in each of the following processes:
Process B: ...
Process C: ...
[1]
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12
The reaction taking place in Process C can be represented by the equation below.
Ni(s) + 4CO(g) —— > Ni(CO)4(g); AH® = -160.9 kJ mol’

The standard entropies, S°, of the substances involved in this reaction are given below.

Ni(s) CO(9) Ni(CO)4(g)
S®/J mol' K +29.9 +197.7 +410.6

(c) (i) Calculate the standard entropy change, AS®, for the above reaction.

[1]
(ii) Comment on the sign of AS® calculated in (c)(i).
......................................................................................................... [1]
(d) Determine the temperature below which the above reaction is spontaneous.
[2]
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13
(e) The purification of nickel is carried out via Processes C and D.

With the aid of your answer in (d) and given that the boiling point of Ni(CO)4 is 43 °C,
suggest suitable temperatures for these two processes and explain your answers.

PrOCESS G oo

(f)  The equilibrium constant, K, for the decomposition reaction given below is 1.01 atm? at
TK.
Ni(CO)4(g) = Ni(s) +4CO(g)

In a study, some Ni(CO)s(g) was placed in a 2 dm® container at T K and the
decomposition reaction was allowed to take place until equilibrium was reached. The
partial pressure of CO(g) at equilibrium was found to be 1.50 atm.

(i) Calculate the partial pressure of Ni(CO)4 at equilibrium.

(1]

(ii) Hence calculate the initial pressure of Ni(CO)4 in the container.

[1]
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14

Nickel forms many compounds including nickel(IT) carbonate and nickel(II) nitrate. Nickel(II)
carbonate undergoes thermal decomposition to give similar products as the carbonates of
Group 2 elements.

(g) (i) Describe and explain the trend in the thermal stabilities of the carbonates of
Group 2 elements.

(ii) By quoting relevant data from the Data Booklet, state whether nickel(Il) carbonate
would decompose at a higher or lower temperature than calcium carbonate.

[Total: 13]
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5 This question explores the characteristics of explosives.

(@) 2,4,6-Trinitrotoluene, commonly known as TNT, is an explosive invented in 1863 and it
is still widely used in the military. It can be produced from methylbenzene as shown

below.

CHj CH3
concentrated HNO; O2N NO,
concentrated H,SO4

heat -
N02
TNT

In this reaction, concentrated H.SO4 acts as a Brgnsted-Lowry acid.

(i) Define Brgnsted-Lowry acid.

(ii) In the reaction above, concentrated HNO3 reacts with concentrated H>SO, to
generate NO,". The mechanism involves the following two steps.

e In step 1, a lone pair of electrons from the oxygen atom of the O—H
group in HNO3 is donated to a hydrogen atom in H2SO4 to form
HaoNO3™.

o In step 2, H20 is lost from H2NOs™ to produce NOy™.

Complete the diagram below to suggest a mechanism to show how NO,* is
formed. Show the following:

¢ all charges and relevant lone pairs;
¢ displayed formulae of all compounds;
¢ and the movement of electron pairs by using curly arrows.

Step 1:
O
o N\~
AN 7N T
/N —0 + H—O O—H
o\,
Step 2:

[3]
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16

(b) The heat liberated in an explosion raises the temperature of the gaseous products.

(i) In an explosion, explosives produce different products. The products of explosion
of solid TNT, C7HsN3Os, are determined according to the Kistiakowsky-Wilson

Rules:
1. Hydrogen atoms are converted to steam.
2. If any oxygen remains, then carbon is converted to carbon monoxide.
3. Any excess carbon remains as elemental carbon.
4. All the nitrogen is converted to nitrogen gas.

By using the Kistiakowsky-Wilson Rules, construct a balanced equation, including
state symbols, for the explosion of TNT.

(ii) By using relevant enthalpy change of formation data below, calculate the enthalpy
change of explosion of TNT.

Substance AHs/ kJ mol™
TNT -63.2
water —285.8
steam —241.8
carbon dioxide -393.5
carbon monoxide -110.5

[2]
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17

(iii) The graph below shows the enthalpy change of explosion of TNT, AH, at various
temperatures.

Temperature / K

3000 3500 4000 4500 5000
-600 ]

-700 A

al

-800 <

AH 7 kJ mol-"

P a

-900 \

P

-1000 Y

e

-1100

-1200

Based on the value obtained from (b)(ii), estimate the temperature of explosion of
TNT.

Temperature of explosion of TNT = ..., K [1

© Raffles Institution 2017 [Turn Over



18

(c) The amount of heat liberated during an explosion of TNT can be increased by the
addition of a metal.

(i) Complete the following table.

Metal Estimated Enthalpy change of Heat released on
cost per explosion of metal, AH | explosion of metal
gram / kJ mol™ /kJ g’
Aluminium $0.238 -834.3
Magnesium $0.160 -602.6
Zinc $0.109 -353.2

By also considering the cost of each metal, suggest the most suitable metal that
could be used to raise the amount of heat liberated during an explosion of TNT.
Explain your choice.
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19

The Explosive Power (EP) of a substance can be expressed as:

Heat released Volume of gases
EP = on explosion x  evolved on explosion
(kJ kg™ (dmd kg™)

Adding a suitable amount of aluminium to TNT increases its EP as shown below.

380

360

340

320

EP/
104 kJ dm3 kg2

300

280

260

240

220 X

200

NV

0 10 20 30
% of Al by mass

(ii) By drawing a suitable graph above, determine the percentage of Al by mass that
gives rise to the maximum EP and the corresponding maximum EP.

% of Albymass = ........cocoiiiiiiiiiinines %

Maximum EP = ..............coooiiin, kJ dm3 kg
[2]
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(iii) 1 kg of aluminised TNT releases 586 dm? of gases at its maximum EP.

Calculate the amount of heat released in an explosion of 1 kg of aluminised TNT
at its maximum EP. Express your answer in kJ kg™".

[1]

(iv) 1 kg of TNT, C7HsN3Os, and 1 kg of aluminised TNT were separately exploded.

By referring to your answer in (c)(iii) and that in (b)(ii) on page 16, calculate the
difference in the amount of heat released. Express your answer in kJ kg=".

[2]
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(d) TATB, CeHsNsOs, is a powerful explosive with the following structure. It was evaluated
for use in the military in the 1960s.

NO, ||4
H,N N—p
02N nl/YO
NH, O
TATB

(i)  Write down the name of TATB according to the IUPAC nomenclature for organic
compounds.

(ii) On the diagram above, illustrate one intramolecular hydrogen bond between the
—NO; and the —NH; groups in one molecule of TATB. [1]

(iii) The carbon-nitrogen (C—N) bond lengths of some compounds are shown below:

Compound C-N bond length / nm
methylamine 0.147
nitrobenzene 0.147
phenylamine 0.136

Explain why the C-N bond in phenylamine is shorter than the C-N bond in
nitrobenzene.
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(iv) The C—N bond lengths of phenylamine and TATB are shown below:

NH2_>0.136 nm NHa
O,N NO,
|7—> 0.134 nm
HoN NH»
phenylamine NO,
TATB

Suggest a reason why the indicated C—N bond in TATB is shorter than the C—N
bond in phenylamine.

(e) There is a continuing search for more powerful materials which can be used as
potential explosives and propellants in the future. Octanitrocubane, CsNgO+, may be
one such example.

O,N NO,
O2N 2r=fNO,
O,N
NO
O2N NO,

octanitrocubane

TATB and octanitrocubane explode to give the products as shown below.

CeHeN6Os(s) — 3C(s) +3CO(g) + 3H.0(g) + 3N2(g)
TATB

C3N8016(S) B — 8C02(g) + 4N2(g)
octanitrocubane

Some data of TATB and octanitrocubane are given below.

Explosive M, Heat released on explosion | Density /
/ kd kg™ gcm=
TATB 258.0 3498 1.80
octanitrocubane | 464.0 7648 2.10
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(i)  Using the relationship given on page 19,

Ep Heat released « Volume of gases
on explosion evolved on explosion
(kJ kg™ (dm® kg™
EP of TATB
calculate at constant temperature and pressure.

EP of octanitrocubane

[2]

(ii) By referring to the information given, suggest one advantage (other than EP) for
using octanitrocubane as an explosive in the future.

[Total: 23]
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6 (a) Aluminium hydroxide is a sparingly soluble salt with a Ks, value of 3.3 x 10734,

In an experiment, solid sodium hydroxide is gradually added to a solution containing
1.00 x 102° mol dm~3 of aluminium chloride.

Calculate the pH of the solution when aluminium hydroxide starts to precipitate.

[2]

(b) People who suffer from excessive sweating often use antiperspirants which help to
reduce sweating by direct action on the sweat glands. Aerosol antiperspirants contain a
compressed gas, such as butane, which transports the active ingredients out of the
bottle when the valve is open.

(i) A 150 cm?® bottle of antiperspirant contains 1.10 g of butane. Calculate the
pressure in the bottle at room temperature.

[1]
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(ii) When spraying the aerosol antiperspirant, a cooling sensation is felt on the skin.
By considering the intermolecular forces between the butane molecules, briefly

explain why the release of butane from the can (a region of high pressure) onto
the skin (a region of low pressure) gives rise to the cooling sensation.

(¢) Aluminum chlorohydrate, Al,(OH)sCl, is the main active ingredient in many
antiperspirants.

Studies show that the sweat pores are blocked when aluminum chlorohydrate mixes
with sweat.

(i) When mixed with water, Al,(OH)sCl dissociates completely to form CI- and
Alx(OH)s* ions. The Alx(OH)s* ion undergoes hydrolysis to form a mildly acidic
solution. Aluminium hydroxide is also formed in the process.

Write an equation for the hydrolysis of Al,(OH)s".

(ii) Using the information above, describe how aluminium chlorohydrate is able to
function as an antiperspirant.

[Total: 7]

© Raffles Institution 2017



RAFFLES INSTITUTION
2017 YEAR 6 PRELIMINARY EXAMINATION

Higher 2
CHEMISTRY 9729/03
Paper 3 Free Response 15 September 2017

2 hours
Candidates answer on separate paper.

Additional Materials: Answer Paper
Data Booklet

READ THESE INSTRUCTIONS FIRST

Do not open this question booklet until you are told to do so.
Write your name, class and index number on all the work you hand in.
Write in dark blue or black pen on both sides of the paper.

You may use a soft pencil for any diagrams, graphs or rough working.
Do not use staples, paper clips, highlighters, glue or correction fluid.

Section A
Answer all questions.

Section B
Answer one question.

Begin each question on a fresh sheet of paper.

A Data Booklet is provided. Do not write anything in it.
You are reminded of the need for good English and clear presentation in your answers.

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

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

This document consists of 13 printed pages and 1 blank page.

© Raffles Institution 2017 [Turn Over



Section A
Answer all questions

Begin each question on a fresh sheet of paper.

Iron is a transition metal found in mineral ores where it exists in either the +2 or +3
oxidation state.

Potassium is a Group 1 metal which is found in the same Period as iron. However, they

differ significantly in their chemical and physical properties.

(@) (i) Explain briefly why iron can be found in variable oxidation states in various
compounds, but potassium exists in only one stable oxidation state in its
compounds. [2]

(ii)  Explain why iron has a significantly higher melting point (1535 °C) than
potassium (63.5 °C). [2]

(b) Iron, like other transition elements, displays a strong tendency to form complexes
with ligands such as H>O and CN-.

(i) Explain how CN~ is able to act as a ligand. [

In a free, gas—phase transition metal ion, the d orbitals all have the same energy.
When the ion is in an octahedral complex, the orbitals are split into two energy
levels.

(ii)  Using the Cartesian axes like those shown below, draw separate labelled
diagrams of

(I) one of the d orbitals at the lower energy level in an octahedral complex,
(IT) one of the d orbitals at the higher energy level in an octahedral complex.

z

[2]
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(iii)  Using your diagrams in (b)(ii), explain why the d subshell of a transition metal
ion is split into two energy levels in an octahedral complex. 2]

(iv) How does this splitting help to explain why transition metal complexes are
often coloured? Use a fully labelled diagram to illustrate your answer for an
octahedral complex. [3]

()  An example of a complex of iron is the hexacyanoferrate(III) ion, [Fe(CN)s]*. Its
potassium salt Ks[Fe(CN)g] can be synthesised from the following steps.

Step 1 Pale green aqueous FeSO; is boiled with an excess of KCN, producing
a yellow solution which contains [Fe(CN)g]*~ ions.

Step 2 The yellow solution is acidified, then chlorine is bubbled into the solution
forming a red solution.

Step 3 The red solution is evaporated to give dark red crystals containing
[Fe(CN)g]* ions.

(i) The complex ion [Fe(H20)s]?* is responsible for the green colour of aqueous
FeSO4.

Write an appropriate equation to account for the colour change in Step 1 and
state the type of reaction that has occurred. 2]

(ii) By considering your answer in (b)(iv), suggest why [Fe(H:O)s** and
[Fe(CN)g]* have different colours. [1]

(iii) By using relevant data from the Data Booklet, predict whether iodine can be
used instead of chlorine to carry out the reaction in Step 2. [1]
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(d)  The ethanedioate anion, C204%", has the following structure and is commonly used
as a ligand to form complexes with iron.

The reaction of iron(III) chloride with potassium ethanedioate, K,C2O4, produces a
salt, Y, which has the following composition by mass.

K, 27.9%; Fe, 13.3%; ClI, 16.9%; C, 11.4%; O, 30.5%

One formula unit of Y contains a cation and an iron—containing complex anion in a

3:1 ratio.
(i) Determine the empirical formula of the salt Y. 2]
(ii)  Suggest the chemical formula of the complex anion in Y. [1]

(iii) Copy the following diagram onto your writing paper.

\Fwe/
7 T~

Complete the diagram to suggest the structure for this complex anion.  [1]

[Total: 20]
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2 This question discusses the chemistry of carboxylic acids and its derivatives.

(a)

(b)

When 1 mole of each of the following three compounds was dissolved in 1 dm? of
water, acidic solutions of different pH were obtained.

Arrange the three compounds in order of increasing pH of their aqueous solutions

and explain your reasoning. [3]
Cl/
\/\”/OH WOH \/\”/Cl
O O e}
A B Cc

Butanoic acid undergoes esterification with methanol to produce methyl butanoate
which gives the distinct aroma of apples in certain perfumes.

CH3CH2CH2COOH(l) + CH3OH(l) = CHsCH,CH,COOCHSs(I) + H.O(l)

(i) Write an expression for the equilibrium constant for the above reaction, K, .

[1]

(i)  Given that K_= 4.15 at 298 K, calculate the amount of ester present at

equilibrium, when two moles of butanoic acid are reacted with two moles of
methanol. [1]

(iii) State Le Chatelier’s Principle and use it to predict the effect on the yield of
the ester when water is removed. [2]
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() Compound D is an ester with the molecular formula, C16H2203.

When D was treated with different reducing agents, the following observations were

made.
Hz, Ni E
/a6H2403)
D
(C16H22N
NaBH,4 No reaction

E exhibits enantiomerism whereas D does not. D reacts fully with aqueous bromine
in the ratio 1:2.

On heating with acidified potassium manganate(VII), D gives 3 organic products,
F, CsHsOs, G, C4sH100 and H, C3HsO.

e 1 mole of F reacts with 2 moles of SOCI..
e Effervescence is observed when a small piece of sodium metal is added to G.
e H gives an orange precipitate, J, with 2,4-dinitrophenyhydrazine.

Suggest structures for D — H and J, and explain the observations described above.
[13]

[Total: 20]
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This question discusses the chemistry of phenylamines and its derivatives.

(a)

(b)

TMPD and DMAN are Lewis bases. The following table compares their pK, values.

Base Structure PK, pPK,,

CHy CHa
TMPD /N@N\ 7.7 11.7

CHj CH,4

CH3 CHj;
CHs—)  n—CHs
DMAN : : 1.7 23.0
(i) Explain what is meant by Lewis base. [1

(i) Draw the displayed formula for the conjugate acid of DMAN and use it to
explain why the pK,, of DMAN is so much less than the pK,, of TMPD. [2]

(i) By discussing its property as a Lewis base, explain why the pK,, of DMAN
is so much greater than the pK,, of TMPD. [1

In an experiment, glycinamide reacted with chloroethane, in the presence of DMAN,
to form compound X.

O CH3CH,C! O T
)J\/NH )J\/N
H,oN > DMAN H,oN “CH,CHs
glycinamide compound X

()  The first step of the mechanism involves a S, 2 reaction between

glycinamide and chloroethane. DMAN acts as a base in the second step to
liberate compound X.

Draw a mechanism for the reaction to form compound X. You may abbreviate
glycinamide as R—NH,. Show relevant lone pairs and dipoles, using curly
arrows to indicate the movement of electron pairs. [4]
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(i) DMAN is chosen for this reaction because it is a non-nucleophilic base.

Suggest a reason why DMAN is unable to act as a nucleophile, but is still
able to act as a base. [2]

(iii)  The nitrogen atom on the —CONH> group of glycinamide does not react even
in the presence of large excess of chloroethane. Explain why. [

(c) The following reaction scheme shows how dibromo-DMAN Y can be prepared from

compound Z.
CH CH )k CHj )k
3\NH HN Hs 3\ / \ /
Br2 aq)
compound Z
CHa ~CHs CHS\ NN ~CHs
~ N\
CH3 CHs
Q0 | — 00O
Br Br
dibromo-DMAN Y
(i) Suggest reagents and conditions to carry out steps 1 and 3. [2]

(i) Draw the structure of the product formed in the reaction between
compound Z and Brz(aq). Hence explain why step 1 is necessary in the
synthesis of dibromo-DMAN Y. [2]
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(d) Poly(phenylamine) has captured the attention of the scientific community due to its
high electrical conductivity.

Recent methods to prepare poly(phenylamine) involve the use of electrochemical
oxidation at the anode followed by electrophilic substitution of another phenylamine

molecule.

oxidation

nitrenium ion

NHy — >
electrophilic
substitution @
H
| repeat | |
N - N N NH
n

poly(phenylamine)

(i) Suggest a reason why poly(phenylamine) has high electrical conductivity.

[1]

(ii)  Write the half-equation for the oxidation of phenylamine to the nitrenium ion,
given that it occurs in acidic medium. [1]

(iii) During the oxidation, a current of 2.0 A was passed through for 5 min.
Calculate the amount, in moles, of nitrenium ions produced in that time.  [2]

(iv)  Use your answer from (d)(iii) to calculate the number of repeat units in the
polymer assuming all the nitrenium ions produced polymerised into one
poly(phenylamine) chain. Give your answer to three significant figures. [1]

[Total: 20]
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Section B
Answer one question from this section.

(@) PHsis part of a series of Group 15 compounds with the formula XHs.

The boiling points of some XHs compounds are given below.

NH; PH; AsHj3 SbH3
Boiling point / °C -34.5 -87.5 -62.4 -18.4
Describe and explain the trend in their boiling points. [3]

(b) Describe the reactions, if any, of the oxides P4O1o and Al.O3 with water.
Include the approximate pH value of any resulting solutions, and write equations,
with state symbols, for any reactions that occur. [3]

(c) Phosphorus halides can be used to convert alcohols to halogenoalkanes in the
absence of water.

When ethanol is reacted with phosphorus pentachloride, phosphorus oxychloride,
POCIs, is produced as one of the products.

(i) Explain why this reaction must be carried out in the absence of water.  [1]

(ii)  Write a balanced equation for this reaction and state any observations. [2]

(iii) Draw a dot-cross diagram to show the bonding in POCI; and predict its
shape. Explain your answer using the Valence Shell Electron Pair Repulsion
theory. (2]

(d) The conversion of alcohols to halogenoalkanes can also be achieved by using
hydrogen halides.

When ethanol is reacted separately with dry HCI and HBr, CHs;CH.CI and
CH3CHBr are produced respectively.

(i) Suggest a simple chemical test to distinguish between these two
halogenoalkanes. [2]

(ii)  Suggest and explain how the rate of hydrolysis for CH;CH.Br and CH3;CH_CI
differ. [2]
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When compound R was treated with dry HCIl, compound T was obtained as the
major product instead of the expected compound S.

OH Ci
Cl
dry HC! +
compound R compound S compound T
(minor product) (major product)

The simplified mechanism for the formation of compound T is shown below. A
carbocation rearrangement occurs converting U to V.

OH
®
K =
compound R carbocation U carbocation V compound T

(iii) By considering the information above, explain fully why compound T was
obtained as the major product. [4]

(iv) Suggest the structure of the major chloroalkane formed if the following
alcohol was used instead of compound R.

OH

O

[1]

[Total: 20]
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Two four-carbon containing organic compounds are shown below.
O
)J\/ /\/
A B

Although both compounds contain unsaturated bonds, C=0 or C=C, the reactions they
undergo are different.

¢ A reacts with cold HCN with a trace amount of NaCN but B does not.
e On the other hand, B reacts with dry HBr but A does not.

(@) (i) Name the type of reaction undergone by A with cold HCN with a trace amount
of NaCN, and draw the structure of the product formed in the reaction.  [2]

(ii) Explain why the C=0 group in A reacts with HCN but the C=C group in B
does not. [2]

(iii) Describe the mechanism undergone by compound B when it reacts with dry
HBr. In your answer, draw the structure of the major product as well as any
relevant lone pairs, dipole charges and indicate the movement of electron
pairs with curly arrows. [3]

(iv) Explain why the resultant mixture formed in (a)(iii) is optically inactive.
Support your answer with three-dimensional diagrams. [2]

Compound C is a four-carbon organic compound that contains both C=0 and C=C double

bonds.
O
)zjr\/4
1 3
C

The close proximity of C=0 to C=C polarises the C=C bond, causing C4 to also be electron
deficient. This causes C4 to be susceptible to attacks from nucleophilic reagents such as
the Gilman reagent.

(CH3)2CulLi is an example of a Gilman reagent which reacts with C in the following reaction.

)ZJ\/4 2.H* 24
C D
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(b) (i) The reaction between C and the Gilman reagent proceeds via the following
two steps.

e In the slow step, the nucleophile :CHs™ attacks the C=C to give a
reactive intermediate with a negative charge on O as shown below.

&
@)

Ao~

e The reactive intermediate then reacts with an H* ion to give D.

Use the information provided to describe the mechanism for this reaction.
Show any relevant lone pairs and indicate the movement of electron pairs
with curly arrows. (3]

(ii)  Given that the enthalpy change of the Gilman reaction is exothermic, draw
the energy profile diagram for the reaction.

On the diagram, label

e the axes,
e the enthalpy change of reaction, AH®,
¢ the activation energies. [3]

(iii) Compound C was used as the starting material for the following synthesis.

o excess HCN He;gei’s )
with NaCN 2°04(aq
——————— X (CgHgN,0) ————— > Y (C4zH4oO
)J\/ (CsHgN20) heat (CeH1005)
(o]
Draw the structures of X and Y. [2]

(iv) Suggest a 2-step synthesis for the following transformation. Your answer
should include the reagents and conditions, and the structure of the reaction
intermediate. One of your steps should include the use of an appropriate
Gilman reagent.

0] OH

2 steps
—_—

[3]

[Total: 20]
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