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1 (a) Nitrogen can form a few hydrides such as NHz and NzHa.

© EJC

The boiling points of these two hydrides are given in Table 1.1.

Table 1.1
compound | boiling point /°C
NH3 -33
N2H4 114

Provide two explanations for why N2H4 has a higher boiling point than NHs.
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(b) When NHz is reacted with BFs in the gaseous phase, a white solid of NH3BF3 is formed. For
Examiner’s

Use
(i) Draw a dot-and-cross diagram to show the bonding within NH3BFz and state the

shape about the nitrogen atom.

XX
H XFX
e b3

® X

X X
HexNxxBexF %
X

® XX

shape tetrahedral

(if) State the type of reaction that NH3z has undergone with BFs, and explain why it is
possible.

Lewis acid-base reaction. N atom on NHs has a lone pair which can be

(c) Both NHs; and PHs have trigonal pyramidal shape, but the bond angles in NH3 are 107°
while those in PH3 are 94°. By considering the electronegativities of the central atoms,
suggest why this is so.

Nitrogen is more electronegative than phosphorus, and draws the electron density
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(d) Table 1.2 shows the successive ionisation energies of an element A.

Table 1.2

ionisation

ener

/ kJ mol™

gieS 1st 2nd 3rd 4th 5th 6th 7th 8th gth 10th

element A | 945 | 1794 | 2735 | 4839 | 6056 |11690 (14180 | 17370 |20550 | 23830

© EJC

(i) Explain why the successive ionisation energies of an element always increase.

As electrons are removed, number of electrons decrease while nuclear

(i)

Is element A likely to be from the same group as nitrogen? Explain your answer
clearly.

There is a significant increase in the values of the 5th and 6th ionisation

(iii) State and explain how the first ionisation energy of element A will compare to that

of the element to its right in the periodic table.

[Total: 12]
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2 One widely recognised free radical in the atmosphere that drives ozone depletion is the For
hydroxyl radical, HO+. The hydroxyl radicals can react with HCI molecules existing in the Exa[;?s’ger S
atmosphere to produce chlorine atoms, which may then play a role in catalysing ozone
decomposition.

[HO-] + HCl —— water + CI atom

To study the kinetics of the rate of reaction of hydroxyl radicals with a large excess of HCI,
[HO°] was measured at regular time intervals at 300 K. The results are shown in

Table 2.1.
Table 2.1
time / ms 0.0 1.0 2.0 3.0 4.0 50 6.0
HO-
[ )] 10.0 6.8 4.5 3.0 2.1 1.4 0.9
/ x 107 mol dm™3

(@) Plot the graph of [HO¢] against time on the grid in Fig. 2.1, and use the graph to show
that the reaction is first order with respect to hydroxyl radicals.

[HO*(g)] / x10~° mol dm=

A 1
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Fig. 2.1
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(b) Table 2.2 shows how the half-life changes when the reaction was conducted at 300 K
using different concentrations of HCL

© EJC

(i)

(i)

Table 2.2
[HCI(g)] / mol dm=3 1.6 x 10 2.8x10°
half-life / ms 2.2 1.3

Explain why a large excess HCI was used in the reaction.

State what is meant by the term half-life.

The half-life of a reaction is the time taken for the concentration of the reactant
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(i) Using the data in Table 2.2, determine the order of the reaction with respect to For

Examiner’s
HCL Use
. L In2 .
Since the reaction is 1* order w.r.t to HO«, thus t, =———— where m is
> K[HCK9)]

the order of reaction with respect to HCI(g).

Therefore,
(t, ), x[HCUQ)I = (t,), x[HCI(Q)];

2 2

2.2x(1.6x10°)" =1.3x(2.8x10°%)"
22 (2.8x10°)"

1.3 (1.6x10°%)"

2.2 (2.8x107°)
lg—=mlg—7—=
1.3 (1.6x10°°)

m=1 [3]

(iv) Hence, construct a rate equation for the reaction between the hydroxyl radicals
and HCL

rate S KITHOMMHCT e [1]

(c) Suggest how the value of the rate constant would change when the reaction is carried

out at a higher temperature of 350 K.
E E

According to the Arrhenius equation where k=Ae R | (e R describes the

(d) The reaction between hydroxyl radicals and HF is slower than that with HCI of the
same concentration. Explain why this is the case.

[Total: 12]
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3 Geraniol (C10H180) appears as a clear to pale-yellow oil that has a rose-like scent and is For

commonly used in perfumes. Examiner’s
Use

On treatment with phosphoric acid, H3sPO4 at 200 °C, geraniol dehydrates to give
limonene, CioHss.

)\/\)\/\ e
N N -~ + Hy0
OH 200 °C
geraniol
limonene

(@) The dehydration reaction can be broken into the following steps:

Step 1: Geraniol, a primary alcohol, is protonated by phosphoric acid.

O

[l

)\/\)\/\ /H H P
QA7 oH

phosphoric acid

)\/\)\/\ ﬂ
I H _.. P
| " OH
H

Step 2: The C-O bond breaks to form a water molecule. At the same time, the
carbon atom is attacked by an electron-rich double bond leading to the
formation of a carbocation with a six-membered ring.

geraniol

Step 3: The positively charged carbon in the carbocation accepts a transfer of
electrons from a C—H bond. This step also involves H,PO.™ acting as a
Brognsted base.

© EJC 9729/02/32PE/20



(i) Complete Fig. 3.1 to show the mechanism for the conversion of protonated For
geraniol to limonene. ExaLrZZers
In your answer show any relevant charges, dipoles or lone pairs of electrons you
consider to be important in this mechanism.

(0]
Step 2 + H‘(\_._/L'\
7 AN
X %/H _H,0 H H OH
I
H

protonated geraniol

Step 3

+ H3PO,
limonene
Fig. 3.1
[3]
(b) Nerol is a stereoisomer of geraniol.

(i) Explain what is meant by the term stereoisomers.

Stereoisomers are compounds with the same molecular and structural

........................................................................................................................ [1]
(i) Suggest a structure for nerol and state the type of steroisomerism displayed.
X S
HO
type of stereoisomerism: .......... cis-trans isomerism
[2]
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(c) Limonene is also found in the oil of citrus fruit peel and is used as a food flavouring in For
food manufacturing. It can undergo a network of catalytic transformation and final |Examiners
aromatisation step to form p-cymene which is also widely used as an intermediate in Use
the synthesis of fine chemicals for flavourings, fragrances, perfumes.

catalytic aromatisation
process process

limonene 3-menthene p-menth-1-ene  p-menthane p-cymene

(i) Describe one simple chemical test you could carry out to distinguish limonene from
p-menth-1-ene.

(i) Explain why p-menthane is generally unreactive towards reagents such as dry
hydrogen chloride whereas p-menth-1-ene reacts readily with dry hydrogen

chloride.

© EJC 9729/02/32PE/20
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(iii) When p-menth-1-ene is added to BrClin an inert solvent at room temperature in
the dark, there is a reaction that decolourises the golden-brown BrCl. Describe

the mechanism of this reaction, showing curly arrows, charges, dipoles and any
relevant lone pairs.

Electrophilic addition

Br
5+.C"6_ slow
+ ¥YBr{+-Cl ——>» +:Cl”

Cl
Br Br
fast
+ WCIT —

[3]

(iv) When p-cymene is treated with a small quantity of bromine in the presence of
ultraviolet light, a mixture of monobrominated products are formed.

Draw the possible monobrominated products from the reaction and state the
approximate ratio in which they are formed.

Br

Br
Br

[3]
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(d) Aluminium chloride is used as a catalyst in electrophilic substitution reactions.

© EJC

Cl

AlCL,
+ Cb + HCI

Aluminium chloride reacts in a similar way with an acyl chloride, producing a
carbocation that can then attack a benzene ring.

Compound C, Ci4H100, can be produced via the synthesis route shown in Fig. 3.2.
Methylbenzene is reacted to form benzyl chloride and benzoyl chloride, which are then
reacted together in the presence of aluminium chloride to form compound C.

CH,ClI
Ch(g)
| . g ]
CH, uv light
benzyl chloride AlCl,
COCl (C14H100)
methylbenzene
| ~ B - ]
step 1 step 2

benzoyl chloride
Fig. 3.2

Suggest reagents and conditions for steps 1 and 2, and the structures of compounds
B and C.

step 1: KMnQy, dilute H,SO4, heat

Step 2: PCZ5, r.t.

QLG

[3]

[Total: 18]
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4 (a) Nitrogen is an important element found in natural and synthetic organic compounds.

Alanine is a natural-occurring a-amino acid that is used in the biosynthesis of proteins.
Its structure is as follows.

O

o

NH»

alanine

Amino acids can exist as zwitterions. In the synthesis of alanine in the laboratory, the
resulting zwitterion of alanine can be obtained from 2-hydroxypropanoic acid.

Complete the synthesis route in Fig. 4.1. by drawing the structures of the intermediates
and stating the reagents and conditions for steps I, IT and III.

0 0]

I NH3 in sealed tube
OH ~— ™ Cl
heat

OH Cl
2-hydroxypropanoic acid

Y
(o) o (o)
_ III II
o -——————————— OH <— NH,
“NH; (controlled NH
addition) s 2
C3HgN,O
zwitterionic form of alanine
Fig. 4.1

I PCls r.t. or PCl; / SOCL, heat
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(b) Phenylamine and its analogues are organic nitrogen compounds with unique For
Examiner’s

properties.
Use

When compound D is heated under reflux with aqueous acid, 4-aminophenol together
with cyclic compound E and non-cyclic compound F are formed.

0 0 OH
H% @ ;:() aqueous acid
@) N . + E + F
heat under reflux
o NH,
D 4-aminophenol

(i) Draw the structural formulae of compounds E and F in the boxes below:

(o)
: 1
HO
H OH
(0]
cyclic compound E non-cyclic compound F

[2]
(i) 4-Aminophenol can react with ethanoic acid at room temperature to produce

compound G (CsH1103N). Suggest a structure for compound G, and state the type
of reaction undergone.

+
CH3C00_ H3N_©_OH

type of reaction: ...........acid—base reaction

© EJC 9729/02/32PE/20
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(c) The following organic nitrogen compounds were found in unlabelled bottles inside the
chemistry laboratory.

O« _NH
CH,NH, S 2 NH,
J K L

(i) You are to distinguish between the above three compounds J, K, and L, using
only two chemical tests. Fill in the reagents and conditions to be used and the
observations to be made in Table 4.1.

Table 4.1

reagents
and conditions

observations

K

L

Bra(aq), r.t.

Orange solution
not decolourised

no white ppt or
fumes formed

Orange solution
not decolourised

no white ppt or
fumes formed

Orange solution
decolourise

white ppt formed

white fumes
formed

NaOH(aq), heat

No gas evolved

Pungent gas
evolved turned
damp red litmus
paper blue

No gas evolved

KMnOas(aq),
H.SO4(aq), heat

Purple KMnO4
decolourised

White ppt formed

Purple KMnO4 not
decolourised

White ppt formed

Purple KMnO4 not
decolourised

No white ppt
formed

white  fumes of | no white fumes white fumes of

CH;COCL r.t. | HClobserved formed HCI observed
[4]
9729/02/J2PE/20 [Turn over
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(i) The compounds in (c)(i) show varying degrees of basicity. Account for the relative

degrees in basicity of the three compounds, J, K and L.

O« _NH
CH,NH, S e NH,
J K L

[Total: 16]
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5 Table 5.1 and Table 5.2 show some physical properties of the Group 1 and Group 13

elements, respectively.

Table 5.1
Cement radius / nm AH® (M(g)) AH® (M* (aq)) AG® (M* (aq))
metallic ionic (M*) /' kJ mol™ / kJ mol™* / kJ mol
Li 0.152 0.076 +162 —-278.5 -293.3
Na 0.186 0.102 +108 —-240.3 -261.9
K 0.227 0.138 +89.6 —-252.1 -283.3
Rb 0.248 0.152 +82.0 -251.1 -284.0
Cs 0.265 0.167 +78.2 —-258.0 -292.0
Table 5.2
oot ionisation energy / kJ mol™ AHP (MS* (aq)) AGE (M3* (aq))
first second third fourth /'kJ mol™ / kJ mol™
Al 577 1820 2740 11600 -528.4 —485.3
Ga 577 1980 2960 6190 —-211.7 -159.0
In 558 1821 2706 5350 -105.0 -98.0
Tl 589 1971 2878 4934 +196.6 +214.6

© EJC

The lighter Group 13 metals form compounds in the +3 oxidation state predominantly,
although T tends to form compounds in the +1 oxidation state.

(@) What does the AG® (M?’+ (aq)) data in Table 5.2 suggest about the stability of the

M3*(aq) ions formed?
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(b) From Table 5.1, it can be seen that AG® (M+ (aq)) is more negative than the

© EJC

corresponding AH;® (M* (aqg)) for the Group 1 metals.

(i)

(i)

(iii)

What does this suggest about the sign of AS® (M+ (aq)) for the Group 1 metals?

However, from Table 5.2, AG® (M3+ (aq)) is significantly less negative than

AHP (MS* (aq)) for the tripositive Group 13 cations, especially Al and Ga.

Suggest a possible reason in terms of structure and bonding.
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(c) Anenergy cycle relating the standard enthalpy change of formation of M*(aq) to three For

other energy terms, I, II and III, is shown in Fig. 5.1. Exag’siger,s
AH (M ()
M*(aq) + e < M(s)
111 I
+ _ II
M*(g) + e~ « M(9)
Fig. 5.1

(i) Name the three energy terms.

(i) Explain the following trends down the Group 1 elements:

e energy term II becomes less endothermic

© EJC 9729/02/32PE/20 [Turn over
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(iii) Using Fig. 5.1, data from Table 5.1, and your answer to (c)(ii), account for the For

relatively invariant AH;® (M" (aqg)) from K to Cs. ExaLrTSiger’s

(d) The standard electrode potentials for rubidium and caesium are not available in the
Data Booklet.

Using suitable data from Table 5.1, calculate a value for E© (Rb+

Rb).
AGP (M* (aq)) refers to the process: M(s) — M*(aq) + e~
Hence, AG® for the reduction of M*(aq) to M(s) is ~AG? (M" (aq))
AG® = -nFE®, where n =1in this case,

AG®  —(-284.0x10°%)

E9 = — = —
nF 1x 96500

=-2.94V

[2]

© EJC 9729/02/32PE/20
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The valence electronic configuration of the Group 13 elements take the form ns? np?,
hence allowing for both the +1 and +3 oxidation states.

The monochlorides and trichlorides are known for all four Group 13 metals, but AIClonly
occurs as short-lived diatomic molecules in the gas phase, disproportionating to give
AICL3, while TIClis the stable chloride of TL

Table 5.3
MCl AHE (MCL(s)) MCl AHE (MCL(s))
/ kJ mol™ / kJ mol
AICI -188 AICL 704
TICI -204 TICL -315

(e) Based on the information given, and using the data given in Table 5.3, show by
calculation why AICI undergoes disproportionation, but not TICI.

Ay (MCI) = 3AHS (MCL (8)) = AHZ (MCU(S))

AH

This occurrence of an oxidation state which is 2 less than the group valency, as
exemplified by T, is sometimes referred to as the “inert-pair effect”.

(f) However, the term “inert-pair effect” is somewhat inaccurate since it implies that the
energy required to involve the valence ns? electron pair in bonding increases in the
sequence Al< Ga<In<TL

Using appropriate data from Table 5.2, justify why the term “inert-pair effect” is
inaccurate.

[Total: 17]
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