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1 ( a) ( i) State what is meant by partition coefficient.

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

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

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

  Ammonia is soluble in both water and organic solvents.
  An aqueous solution of ammonia is shaken with the immiscible organic solvent 

trichloromethane. The mixture is left to reach equilibrium.

  Samples are taken from each layer and titrated with dilute hydrochloric acid.

• $	����ௗFP3	VDPSOH	IURP	WKH	WULFKORURPHWKDQH	OD\HU	UHTXLUHV	����ௗFP3	RI	�����ௗPROௗGP–3

HCl to reach the end-point.
• $	����ௗFP3	VDPSOH	IURP	WKH	DTXHRXV	OD\HU	UHTXLUHV	����ௗFP3	RI	�����ௗPROௗGP–3 HCl to 

reach the end-point.

( ii) Calculate the partition coefficient, Kpc, of ammonia between trichloromethane and water.
  Show your working.

Kpc = .......................................................... [2]

( iii) Butylamine, C4H9NH2, is also soluble in both water and organic solvents.

  Suggest how the numerical value of Kpc of butylamine between trichloromethane and 
water would compare to the value of Kpc calculated in ( a) ( ii) . Explain your answer.

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

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

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

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

( b) Butanamide, C3H7CONH2, is much less basic than butylamine. Explain why.

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

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

[Total: 7]
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2 The feasibility of a chemical reaction depends on the standard G ibbs free energy change, ∆G݇. 
This is dependent on the standard enthalpy and entropy changes, and the temperature.

( a) State and explain whether the following processes will lead to an increase or decrease in 
entropy.

  ( i) the reaction of magnesium with hydrochloric acid

entropy change ....................................

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

( ii) the dissolving of solid potassium chloride in water

entropy change ....................................

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

( iii) the condensing of water from steam

entropy change ....................................

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

( b) Magnesium carbonate can be decomposed on heating.

MgCO 3 �V�		ĺ		0J2�V�		�		&22( g)      ∆H ݇	 	����ௗN-ௗPRO – 1

  Standard entropies are shown in Table 2.1.

Table 2. 1

substance MgCO 3 ( s) MgO ( s) CO 2( g)

S ݇ௗ�ௗ-ௗ. – 1ௗPRO – 1 ����� ����� ����

  ( i) Calculate ∆G݇	IRU	WKLV	UHDFWLRQ	DW	���ௗ.�	
  Show your working.

∆G݇ =  ............................................ ௗN-ௗPRO – 1 [3 ]

( ii) Explain why this reaction is feasible only at high temperatures.

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

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

PMT
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( c ) Table 2.2 lists values of solubility products, Ksp, of some G roup 2 carbonates.

Table 2. 2

solubility product in water at 
���ௗ.�	Kspௗ�ௗPRO

2ௗGP±�

MgCO 3 1.0 × 10– 5

CaCO 3 5 .0 × 10– 9

SrCO 3 1.1 × 10– 10

  'HGXFH	 WKH	 WUHQG	 LQ	 WKH	VROXELOLW\	RI	 WKH	*URXS	�	FDUERQDWHV	GRZQ	 WKH	JURXS�	-XVWLI\	\RXU	
answer using the data given.

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

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

( d) ( i) Write an equation to show the equilibrium for the solubility product of MgCO 3 . Include 
state symbols.

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

( ii) With reference to your equation in ( d) ( i) , suggest what is observed when a few cm3

of concentrated Na2CO 3 ( aq)  are added to a saturated solution of MgCO 3 . Explain your 
answer.

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

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

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

( e) Use the data in Table 2.2 to calculate the solubility of MgCO 3 	LQ	ZDWHU	DW	���ௗ.�	LQ	JௗGP
– 3 .

  Show your working.

solubility of MgCO 3  =  ...............................................ௗJௗGP – 3  [2]

PMT
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( f) Describe and explain the variation in the thermal stabilities of the carbonates of the G roup 2 
elements.

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

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

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

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

.............................................................................................................................................. [3 ]

>7RWDO�	��@
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3 ( a) The initial rate of the reaction of chlorine dioxide, Cl O 2, and fluorine, F 2, is measured in a 
series of experiments at a constant temperature.

2Cl O 2		�		)2  →  2Cl O 2F

  The results obtained are shown in Table 3 .1.

Table 3 . 1

experiment [Cl O 2@ௗ�ௗPROௗGP
– 3 [F 2@ௗ�ௗPROௗGP

– 3 LQLWLDO	UDWHௗ�ௗ	
mol dm– 3 ௗV – 1

1 0.010 ����� 2.20 × 10– 3

2 0.025 ����� to be calculated

3 to be calculated 0.040 7 .04 × 10– 3

  The rate equation is rate =  k[Cl O 2][F 2].

  ( i) Explain what is meant by order of reaction with respect to a particular reagent.

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

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

( ii) Use the results of experiment 1 to calculate the rate constant, k, for this reaction. Include 
the units of k.

k =  ............................. units ............................. [2]

( iii) Use the data in Table 3 .1 to calculate the initial rate in experiment 2.

initial rate =  ..................................... ௗPROௗGP – 3 ௗV – 1 [1]

( iv) Use the data in Table 3 .1 to calculate [Cl O 2] in experiment 3 .

[Cl O 2] =  ...........................................ௗPROௗGP – 3  [1]

PMT
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( b) ( i) Explain what is meant by rate- determining step.

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

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

( ii) The mechanism of the reaction between Cl O 2 and F 2 has two steps.

  Suggest equations for the two steps of this mechanism. 

step 1 ................................................................................................................................

step 2 ................................................................................................................................
[1]

( iii) State and explain which of the two steps is the rate- determining step.

rate- determining step =  ..........................

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

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

( c ) Describe the effect of temperature change on the rate of a reaction and the rate constant.

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

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

[Total:  9]

PMT



8

97 01/ 04/ SP/ 22© UCLES 2019

4 ( a) 4- nitromethylbenze ne can be prepared via an electrophilic substitution reaction as shown in 
F ig. 4.1.

CH3

conc. HNO3

conc. H2SO4

methylbenzene

CH3

NO2H

intermediate T

CH3

NO2

4-nitromethylbenzene

Fig.  4. 1

  ( i) This reaction also forms an isomer of 4- nitromethylbenze ne as a by- product. Draw the 
structure of this by- product.

[1]

( ii) Write an equation for the reaction between HNO 3  and H2SO 4 that forms the electrophile 
for this reaction.

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

( iii) Describe how the structure and bonding of the six- membered ring in intermediate T differ 
from those in methylbenze ne. In your answer refer to the hybridisation, the π bonding 
and the bond angles in the ring system.

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

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

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

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

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

...................................................................................................................................... [3 ]

PMT
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( b) Benzo caine is used as a local anaesthetic. It can be synthesised from 4- nitromethylbenze ne 
by the route shown in F ig. 4.2.

CH3

NO2

step 1

CH3

NH2

CH3

NHCOCH3

step 2

COOCH2CH3

NH2

CH3CH2OH

COOH

NH2

benzocaine W

COOH

NHCOCH3

step 4

step 3

4-nitromethylbenzene

Fig.  4. 2

  ( i) G ive the systematic name of compound W .

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

( ii) Suggest the reagents and conditions for step 1.

step 1 ........................................................................................................................... [2]

( iii) Suggest the reagent for step 2.

step 2 ........................................................................................................................... [1]

( iv) Suggest the reagents and conditions for step 3  and step 4.

step 3  ................................................................................................................................

step 4 ................................................................................................................................
[2]

( c ) A sample of benzo caine was analysed by carbon- 13  NMR and proton NMR spectroscopy.

  ( i) Predict the number of peaks in the carbon- 13  NMR spectrum of benzo caine.

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

PMT
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  Benzo caine was dissolved in CDCl 3  and the proton NMR spectrum of this solution was 
recorded as shown in F ig. 4.3 .

8 7 6 5 4 3 2 1 0
δ / ppm

COOCH2CH3

NH2

benzocaine

Fig.  4. 3

( ii) The data in Table 4.2 should be used in answering this question.

  Complete Table 4.1 for the chemical shifts δ	���ௗSSP�	���ௗSSP	DQG	���ௗSSP�	

Table 4. 1

δௗ�ௗSSP environment 
of proton

number of 1H atoms 
responsible for the peak

splitting pattern

1.2

3 .5

5 .5

7 .1– 7 .4 attached to 
aromatic ring 4 two doublets

[3 ]

( iii) Explain the splitting pattern for the absorption at δ���ௗSSP�

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

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

PMT
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   Table 4. 2

Environment of proton Example chemcial shift 
range, δௗ�ௗSSP

alkane – CH 3 , – CH2– , > CH– 0.9– 1.7

alkyl next to C= O CH 3 – C= O ,– CH2– C= O ,
> CH– C= O

2.2– 3 .0

alkyl next to aromatic ring CH3 – Ar, – CH2– Ar, 
> CH– Ar

2.3 – 3 .0

alkyl next to electronegative atom CH 3 – O ,– CH2– O ,
– CH2– Cl

3 .2– 4.0

attached to alkene = CHR ���±���

attached to aromatic ring H– Ar ���±���

aldehyde HCO R 9.3 – 10.5

alcohol RO H ���±���

phenol Ar– O H 4.5 – 7 .0

carboxylic acid RCO O H 9.0– 13 .0

alkyl amine R– NH– 1.0– 5 .0

aryl amine Ar– NH2 ���±���

amide RCO NHR 5 .0– 12.0

PMT
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( d) Benzo caine can also be used to synthesise the azo  compound S by the following route.

step 1

step 2 NaOH(aq),

R

S

OH

phenol

COOCH2CH3

NH2

benzocaine

Fig.  4. 4

  ( i) Suggest the reagent( s)  used for step 1.

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

( ii) Suggest structures for compounds R and S and draw them in the boxes in F ig. 4.4.  [2]

[Total:  19]

PMT
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5 ( a) Lattice energies are always negative showing that they represent exothermic changes.

  ( i) Explain what is meant by lattice energy.

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

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

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

( ii) Explain why lattice energy is an exothermic process.

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

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

Table 5 . 1

energy change YDOXHௗ�ௗN-ௗPRO – 1

standard enthalpy change of atomisation of potassium ���

electron affinity of O ( g) – 141

electron affinity of O – ( g) ����

standard enthalpy change of formation of potassium oxide ±���

first ionisation energy of potassium ����

second ionisation energy of potassium �����

first ionisation energy of oxygen �����

second ionisation energy of oxygen �����

O = O  bond energy ( diatomic molecule) ����

O – O  bond energy ( polyatomic molecule) ����

( b) ( i) Use relevant data from Table 5 .1 to calculate the lattice energy, ∆H ݇latt, of potassium 
R[LGH�	.2O ( s) .

  Show your working.

∆H ݇latt�	RI	.2O ( s)  =  ............................................ ௗN-ௗPRO– 1 [3 ]

PMT
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  ( ii) State how ∆H ݇lattNa2O ( s)  differs from ∆H ݇latt.2O ( s) . 
  Indicate this by placing one tick ( )  in the appropriate box in Table 5 .2. 

Table 5 . 2

∆H ݇lattNa2O ( s)  is less 
negative than∆H ݇latt.2O ( s)

∆H ݇lattNa2O ( s)  is the same 
as ∆H ݇latt.2O ( s)

∆H ݇lattNa2O ( s)  is more 
negative than ∆H ݇latt.2O ( s)

  Explain your answer.

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

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

[Total:  7 ]
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6 ( a) Define a transition element.

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

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

( b) ( i) NH3  acts as a monodentate ligand. State what is meant by monodentate ligand.

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

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

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

( ii) Aqueous silver ions, Ag�( aq) , react with aqueous ammonia, NH3 ( aq) , to form a linear 
complex.

  Suggest the formula of this complex, including its charge.

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

( c ) There are two isomeric complex ions with the formula [Cr( NH3 ) 4Cl2]
�. O ne is green and the 

other is violet.

  ( i) Suggest the type of isomerism shown by these two complex ions.

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

( ii) Explain why these two complex ions are coloured and why they have different colours.

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

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

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

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

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

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

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

...................................................................................................................................... [4]

PMT
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( d) The ligand ethane- 1,2- diamine, H2NCH2CH2NH2, is represented by en. 
  Nickel forms the complex ion [Ni( en) 3 ]

�� in which it is surrounded octahedrally by six nitrogen 
atoms. 

  Draw three- dimensional diagrams to show the stereoisomers of [Ni( en) 3 ]
��.

Ni

isomer 1

Ni

isomer 2

[2]

( e) Ethane- 1,2- diamine is a useful reagent in organic chemistry.

  ( i) Explain how the amino groups in ethane- 1,2- diamine allow the molecule to act as a 
Brø nsted- Lowry base.

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

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

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

( ii) Write an equation for the reaction of ethane- 1,2- diamine with an excess of hydrochloric 
acid.

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

( f) ( i) Under certain conditions ethane- 1,2- diamine reacts with ethanedioic acid, HO O CCO O H, 
to form the polymer Z .

  Draw the structure of polymer Z , showing two repeat units.

[2]

( ii) Name the type of reaction occurring during this polymerisation.

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

[Total:  17 ]
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7 ( a) Sketch the shape of a 3 dxy orbital.

z

xy

[1]

( b) ( i) Some transition elements and their compounds behave as catalysts. Explain why 
transition elements behave as catalysts.

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

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

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

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

( ii) Catalysis can be classified as heterogeneous or homogeneous.
  Complete Table 7 .1 by placing one tick ( )  in each row to indicate the type of catalysis in 

each reaction.

  Table 7. 1

reaction
type of catalysis

heterogeneous homogeneous

F e in the Haber process

F e�� in the I– ௗ�ௗ62O 8
2–  reaction

NO 2 in the oxidation of SO 2

[1]

PMT
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( c ) A solution containing a mixture of Sn�� ( aq)  and Sn�� ( aq)  is added to a solution containing a 
mixture of F e�� ( aq)  and F e�� ( aq) .

  Table 7 .2 lists electrode potentials for some electrode reactions of these ions.

Table 7. 2

electrode reaction E ݇ௗ�ௗ9

F e��	�	�H– ⇌ F e – 0.44

F e��	�	�H– ⇌ F e – 0.04

F e��	�	H– ⇌ F e�� �����

Sn��	�	�H– ⇌ Sn – 0.14

Sn��	�	�H– ⇌ Sn�� �����

  E ݇ data from the table can be used to predict the reaction that takes place when the two 
solutions are mixed.

  ( i) Write an equation for this reaction.

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

( ii) Calculate E ݇cell for this reaction.

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

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

PMT
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( d) Hexaaquairon( III)  ions are pale violet. They form a colourless complex with fluoride ions, F – , 
as shown in equilibrium 1, and a deep- red complex with thiocyanate ions, SCN– , as shown in 
equilibrium 2.

  equilibrium 1 [F e( H2O ) �]
��	�	)– ⇌ [F e( H2O ) 5 F ]��	�	+2O Kstab =  2.0 × 105 ௗPRO – 1ௗGP 3

  violet     colourless

  equilibrium 2 [F e( H2O ) �]
��	�	6&1– ⇌ [F e( H2O ) 5 SCN]��	�	+2O  Kstab =  1.0 × 103 ௗPRO – 1ௗGP 3

  violet     deep- red

  The following two experiments are carried out.

  ([SHULPHQW	��	$	IHZ	GURSV	RI	.6&1�DT�	DUH	DGGHG	WR	�ௗFP 3  of F e�� ( aq) , followed by a few 
GURSV	RI	.)�DT��

  ([SHULPHQW	��	$	IHZ	GURSV	RI	.)�DT�	DUH	DGGHG	WR	�ௗFP 3  of F e�� ( aq) , followed by a few drops 
RI	.6&1�DT��

  ( i) Predict and explain the sequence of colour changes you would observe in each of 
Experiment 1 and Experiment 2.

Experiment 1 .....................................................................................................................

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

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

Experiment 2 .....................................................................................................................

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

...........................................................................................................................................
 [4]

( ii) Name the type of reaction occurring during the experiments in ( d) ( i) .

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

( e) Solutions of iron( III)  salts are acidic due to the equilibrium shown.

[F e( H2O ) �]
�� ( aq)  ⇌ [F e( H2O ) 5 ( O H) ]���DT�	�	+�( aq)            Ka =  8 .9 × 10– 4ௗPROௗGP – 3

  &DOFXODWH	WKH	S+	RI	D	����ௗPROௗGP – 3  F eCl 3  solution.
  Show your working.

pH =  .......................................................... [2]

[Total:  13 ]

PMT
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8 Ibuprofen and paracetamol are pain- relief drugs.

ibuprofen paracetamol

O
OH

N
H

O

OH

Fig.  8 . 1

( a) Ibuprofen and paracetamol both contain the aryl ( benze ne)  functional group.
  Name the other functional groups present in each molecule.

ibuprofen ...................................................................................................................................

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

( b) Ibuprofen contains a chiral centre and has two enantiomers.

  ( i) State one similarity and one difference in the physical or chemical properties between 
the two enantiomers.

similarity ............................................................................................................................

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

difference ...........................................................................................................................

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

( ii) Explain what is meant by racemic mixture.

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

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

PMT
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( c ) Paracetamol reacts separately with the two reagents shown in the table.

  Complete Table 8 .1 by:
• drawing the structures of the organic products formed,
• stating the types of reaction.

Table 8 . 1

reagent organic product structure type of reaction

LiAlH4

an excess of Br2( aq)

[3 ]

PMT
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( d) O ne of the steps in the manufacture of ibuprofen is shown in F ig. 8 .2.

X Y

CH3COCl

AlCl 3

O

Fig.  8 . 2

  ( i) Write an equation to show how AlCl 3  generates the electrophile for the conversion of 
X into Y.

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

( ii) Draw the mechanism for the conversion of X into Y. Include all necessary curly arrows 
and charges.

[3 ]

( iii) Write an equation to show how the AlCl 3  is regenerated. 

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

 [Total:  12]
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Imp ortant values,  c onstants and standards

molar gas constant R	 	����ௗ-ௗ. – 1ௗPRO – 1

F araday constant F	 	����	× 104ௗ&ௗPRO – 1

Avogadro constant L	 	�����	× 1023 ௗPRO – 1

electronic charge e	 	±����	× 10– 19ௗ&

molar volume of gas Vm	 	����ௗGP
3 ௗPRO – 1	DW	V�W�S�	����ௗN3D	DQG	���ௗ.�

Vm	 	����ௗGP
3 ௗPRO – 1 at room conditions

ionic product of water Kw =  1.00 × 10– 14ௗPRO2ௗGP±�	�DW	���ௗ.	���ௗ�&��

specific heat capacity of water c	 	����ௗN-ௗNJ – 1ௗ. – 1	�����ௗ-ௗJ – 1ௗ. – 1)

PMT
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