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1	� Atoms with nuclei containing an odd number of protons tend to have fewer isotopes than those with 
an even number of protons.

	 (a)	� Gallium has two stable isotopes, 69Ga and 71Ga.

	 (i)	� Complete Table 1.1 to show the numbers of protons, neutrons and electrons in the two 
stable isotopes of gallium.

Table 1.1

isotope number of protons number of neutrons number of electrons

69Ga

71Ga

� [2]

	 (ii)	 �Define relative atomic mass.

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

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

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

	 (iii)	� The relative atomic mass of gallium, Ar, is 69.723.
	� The relative isotopic masses of 69Ga and 71Ga are:

69Ga, 68.926;  71Ga, 70.925.

	� Use this information to calculate the percentage abundance of 69Ga in elemental gallium.
	� Show your working.
	� Assume that the element contains only the 69Ga and 71Ga isotopes.
	� Give your answer to four significant figures.

� percentage abundance of 69Ga = .............................. %
� [2]
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	 (b)	� Potassium also has two stable isotopes. Both isotopes have the same chemical properties.

	 (i)	� Explain why both isotopes of potassium have the same chemical properties.

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

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

	 (ii)	 �State the full electronic configuration of an atom of potassium.

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

	 (iii)	 �The first, second and third ionisation energies of potassium are 418, 3070 and  
4600 kJ mol–1, respectively.

	� Use this information to explain why potassium is in Group 1.

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

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

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

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

� [Total: 10]
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2	� Magnesium shows reactions typical of a Group 2 metal.

	 (a)	� Draw a labelled diagram to show the bonding in magnesium metal.

� [2]

	 (b)	� Fig. 2.1 shows some reactions of magnesium and its compounds.

Mg

MgCO3

MgO

reaction 1
HCl (aq)

reaction 3
Ca(OH)2(aq)

reaction 2
HCl (aq)

reaction 4
heat

MgCl 2 Mg(OH)2

Fig. 2.1

	 (i)	� Identify the other products of reactions 1 and 2.

	 reaction 1 .............................................................................................................................

	 reaction 2 .............................................................................................................................
� [2]

	 (ii)	� Reaction 3 is used to form a precipitate of Mg(OH)2 from MgCl 2(aq).

	� State why Ca(OH)2(aq) would not form a precipitate of Ba(OH)2 from BaCl 2(aq).

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

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

	 (iii)	� State the type of reaction that occurs in reaction 4.

	 ........................................................................................................................................  [1]
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	 (c)	� 1 cm3 of MgCl 2(aq) is placed in a test-tube. A few drops of AgNO3(aq) are added, followed by 
1 cm3 of dilute NH3(aq).

	� State in full what is observed in this experiment.

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

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

	 (d)	� When 1 cm3 of MgCl 2(aq) is added to 1 cm3 of Br2(aq) in a test-tube, the solution remains 
orange.

	� Explain this observation.

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

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

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

� [Total: 9]
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3	� Some of the common chlorides of Period 3 elements are shown in the list.

NaCl     MgCl 2     Al Cl 3     SiCl 4     PCl 5

	 (a)	� From this list, identify:

	 (i)	� all the chlorides that have giant ionic structures in the solid state

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

	 (ii)	� all the chlorides that react vigorously with water to form strongly acidic solutions

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

	 (iii)	� the chloride that dissolves in water to form a neutral solution

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

	 (iv)	� the chloride formed from the element with the highest melting point.

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

	 (b)	� NaCl is one product of the reaction of chlorine gas and cold aqueous sodium hydroxide.

	� Identify the other products.

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

	 (c)	� PCl 5 reacts with alcohols to form chloroalkanes.

	 (i)	� Identify this type of reaction.

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

	 (ii)	� Draw the structure of the organic product formed in the reaction of an excess of PCl 5 with  
butane-1,3-diol.

� [1]



7

9701/21/O/N/22© UCLES 2022 [Turn over

	 (d)	� Sulfur, S8, reacts with chlorine to form several different chlorides. The most common are S2Cl 2 
and SCl 2. SCl 2 forms when sulfur reacts with an excess of chlorine.

	 reaction 1	 S8(s)  +  4Cl 2(g)  →  4S2Cl 2(l)	 ∆Hr = –58.2 kJ mol–1

	 reaction 2	 S2Cl 2(l)  +  Cl 2(g)    2SCl 2(l)	 ∆Hr = –40.6 kJ mol–1

	 (i)	� SCl 2 is a cherry-red liquid that reacts vigorously with water to form an acidic solution.

	� Use this information to deduce the bonding and structure shown by SCl 2.
	� Explain your answer.

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

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

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

	 (ii)	� Calculate the enthalpy change of formation, ∆Hf, of SCl 2(l). You may find it useful to use 
Hess’s Law to construct an energy cycle.

� enthalpy change of formation of SCl 2(l), ∆Hf = .............................. kJ mol–1

� [2]

	 (iii)	 �State the effect of a decrease in pressure on the position of equilibrium in reaction 2. 
Explain your answer.

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

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

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



8

9701/21/O/N/22© UCLES 2022

	� Fig. 3.1 shows the two structural isomers of S2Cl 2.

isomer I isomer II

Cl
Cl

S
S

Cl Cl
S

S

Fig. 3.1

	 (iv)	 �Define the term structural isomer.

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

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

	 (v)	� Suggest a value for the Cl –S–S bond angle in isomer I. Explain your answer.

	 bond angle = .............................. °

	 explanation ..........................................................................................................................

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

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

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

	 (vi)	� Draw a dot-and-cross diagram to show the bonding in isomer II. Show outer shell electrons 
only.

� [2]

� [Total: 18]
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4	� Organic compounds can be distinguished using chemical tests.
	 �Table 4.1 shows four pairs of compounds.

Table 4.1

organic compounds reagent
positive result of
chemical test on

identified compound

A1
O

O

OH

OH

OHHO

O

OHHO

A2

O O

O

B1 B2

C1 C2

D1 D2

	 (a)	 �Complete Table 4.1 to:
	● �identify a reagent that could distinguish between the compounds in each pair 
	● �give the positive result of the chemical test and identify which compound shows this 

result.

	 �Use a different reagent for each test.� [8]

	 (b)	� C1 has melting point – 94 °C and boiling point + 49 °C.

	� Explain these properties by referring to the type of van der Waals’ forces between molecules.

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

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

	 ...............................................................................................................................................  [2]
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	 (c)	� Draw the structure of the cis isomer of C2.

� [1]

	 (d)	� C2 forms a polymer when heated gently.

	 (i)	� Identify the type of polymer that forms from C2.

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

	 (ii)	� Draw one repeat unit of the polymer formed from C2.

� [2]

� [Total: 14]
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5	� Lactones are cyclic esters. Under suitable conditions, lactones form from molecules that have both 
an alcohol and a carboxylic acid functional group.

	� Equation 1 shows an example of the formation of a lactone.

equation 1 +  H2O
OH

OH

O O
a lactone

O

	� Fig. 5.1 shows the synthesis of lactone P from compound M.

O OH

HO

M

N P

hot concentrated
acidified KMnO4(aq)

reaction 1

NaBH4

5-hydroxyhexanoic acid

reaction 2 reaction 3

Fig. 5.1

	 (a)	 (i)	� M reacts with hot concentrated acidified KMnO4(aq) to form N, C6H10O3, in reaction 1.

	� Draw the structure of N.

� [1]

	 (ii)	� N is reduced by NaBH4 to form 5-hydroxyhexanoic acid in reaction 2.

	� Construct an equation for reaction 2 using molecular formulae.
	� In the equation, use [H] to represent one atom of hydrogen from the reducing agent.

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

	 (iii)	� Reaction 2 is a nucleophilic addition.

	� Suggest why reaction 2 creates a mixture of two organic compounds.

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

	 ........................................................................................................................................  [2]
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	 (iv)	� Draw lactone P, the product of reaction 3.

� [1]

	 (b)	� A student monitors the progress of reaction 2 using infrared spectroscopy.

	 �Use Table 5.1 to suggest why it is difficult to distinguish between N and 5‑hydroxyhexanoic 
acid using infrared spectroscopy.

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

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

Table 5.1

bond functional group containing the bond characteristic infrared absorption range
(in wavenumbers) / cm–1

C–O hydroxy, ester 1040–1300

C=C aromatic compound, alkene 1500–1680

C=O amide
carbonyl, carboxyl
ester

1640–1690
1670–1740
1710–1750

C≡N nitrile 2200–2250

C–H alkane 2850–3100

N–H amine, amide 3300–3500

O–H carboxyl
hydroxy

2500–3000
3200–3650
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	 (c)	� Unknown lactone Q is analysed using mass spectrometry.
	� Table 5.2 shows information from the mass spectrum.

Table 5.2

peak m/e abundance

M+ 72 95.5

M+1 73 3.15

	� Use these data to deduce the structure of Q.
	� Show your working.

Q

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

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

� [Total: 9]



15

9701/21/O/N/22© UCLES 2022

Important values, constants and standards

molar gas constant R = 8.31 J K–1 mol–1

Faraday constant F = 9.65 × 104 C mol–1

Avogadro constant L = 6.022 × 1023 mol–1

electronic charge e = –1.60 × 10–19 C

molar volume of gas Vm = 22.4 dm3 mol–1 at s.t.p. (101 kPa and 273 K)
Vm = 24.0 dm3 mol–1 at room conditions

ionic product of water Kw = 1.00 × 10–14 mol2 dm–6 (at 298 K (25 °C))

specific heat capacity of water c = 4.18 kJ kg–1 K–1 (4.18 J g–1 K–1)
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1	� Species such as NH4
+, CO3

2– and PO4
3– are examples of molecular ions.

	 (a)	 �Ionic and covalent bonds both involve an electrostatic attraction between different species.

	� Identify the species that are electrostatically attracted to one another in:

	● �an ionic bond

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

	● �a covalent bond.

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

	 (b)	� Complete Table 1.1 to show the total numbers of protons and electrons in the molecular ions 
NH4

+, CO3
2– and PO4

3–.

Table 1.1

molecular
ion

total number
of protons

total number
of electrons

NH4
+

CO3
2–

PO4
3–

� [3]

	 (c)	� NH4
+ is a Brønsted–Lowry acid.

	 (i)	 �Define Brønsted–Lowry acid.

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

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

	 (ii)	� When NH4
+(aq) is heated with NaOH(aq), a pungent gas is produced.

	� Write an ionic equation for this reaction.

	 ........................................................................................................................................  [1]
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	 (iii)	� The nitrogen atom in NH4
+ is sp3 hybridised. sp3 orbitals form from the mixing of one 2s and 

three 2p orbitals.

	� Sketch the shapes of a 2s and a 2px orbital on the axes in Fig. 1.1.

2s

z

x

y

2px

z

x

y

Fig. 1.1
� [2]

	 (d)	� There are many naturally occurring hydrated compounds that contain the anion PO4
3–.

	 (i)	� Name the anion PO4
3–.

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

	 (ii)	� Struvite is a soft hydrated mineral with Mr = 245.3. The anhydrous form of the mineral has 
the formula NH4MgPO4.

	� Calculate the number of molecules of water of crystallisation in struvite.

	� Give your answer to the nearest integer. Show your working.

� number of molecules of water of crystallisation = ..............................  [2]
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	 (e)	� OH–(aq) reacts with 2-bromo-2-methylpropane in an SN1 reaction.
	� The molecular ion (CH3)3C+ forms as the intermediate in this reaction.

	 (i)	� Draw the mechanism for the SN1 reaction of OH– with 2-bromo-2-methylpropane.
	� Include charges, dipoles, lone pairs of electrons and curly arrows as appropriate.
	� Draw the structures of the organic reactant and organic product.

H3C CH3

CH3

+
C

� [3]

	 (ii)	� 2-bromo-2-methylpropane is a tertiary bromoalkane.

	 �Define tertiary bromoalkane.

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

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

	 (iii)	� Organic compound M forms when 2‑bromo‑2‑methylpropane is heated with ethanolic 
OH–.

	� Draw the structure of M.

� [1]

� [Total: 17]
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2	� The chlorides of some of the Period 3 elements are shown in Table 2.1.

Table 2.1

Period 3 chloride NaCl Al Cl 3 SiCl 4 PCl 5 PCl 3 SCl 2

bonding C C

structure S S

oxidation state of Period 3 element

	 (a)	� Complete Table 2.1.

	● �Identify the bonding shown by each chloride under standard conditions.
	� Use C = covalent, I = ionic, M = metallic.

	● �Identify the structure shown by each chloride under standard conditions.
	� Use G = giant, S = simple.

	● �Deduce the oxidation state of the Period 3 element in each chloride.
� [4]

	 (b)	� Write equations for the reactions of NaCl and PCl 5 with water.
	� Include state symbols in both equations.

	 NaCl ...........................................................................................................................................

	 PCl 5 ............................................................................................................................................
� [3]
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	 (c)	� In the gas phase, Al Cl 3(g) exists at equilibrium with Al 2Cl 6(g) as shown.

	 equation 1	 2Al Cl 3(g)    Al 2Cl 6(g)	 ∆Hr = –63 kJ mol–1

	 (i)	� Complete the dot-and-cross diagram to show the bonding in Al 2Cl 6.

	

Al

Cl

Cl

� [2]

	 (ii)	 �State the effect of an increase in temperature on the equilibrium mixture in equation 1. 
Explain your answer.

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

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

	 (d)	 �A 3.30 g sample of a Period 3 chloride is heated to 500 K in a sealed flask.
	� At this temperature, the chloride is a gas of volume 250 cm3 and the pressure in the flask is 

323 kPa.

	� Use the ideal gas equation pV = nRT to calculate the Mr of the Period 3 chloride.
	� Deduce its formula.

� Mr = ..............................

� formula of Period 3 chloride = ..............................
� [3]
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	 (e)	 (i)	� An excess of Cl –(aq) is added to 1 cm3 of Br2(aq).

	� Describe what is observed. Explain your answer.

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

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

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

	 (ii)	� SCl 2 has Mr = 103.1 and is a liquid at room temperature. SBr2 has Mr = 191.9 and is a gas 
at room temperature.

	 �Explain the difference in the physical state of SCl 2 and SBr2. Give your answer in terms of 
intermolecular forces.

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

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

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

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

	 (f)	� Bismuth is a dense metal in the same group as phosphorus.

	 (i)	� Draw a labelled diagram to show the bonding in bismuth metal.

� [2]

	 (ii)	� Bismuth reacts with chlorine to form BiCl 3.
	� BiCl 3 is a solid at room temperature. It melts when heated gently.
	� BiCl 3 reacts vigorously with water at room temperature to form an acidic solution.

	� Suggest the type of bonding and structure shown by BiCl 3. Explain your answer.

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

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

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

� [Total: 21]
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3	� Organic compounds can be distinguished using chemical tests and analytical techniques.

	 (a)	� Table 3.1 shows four pairs of organic compounds.

Table 3.1

organic compounds reagent
positive result of
chemical test on

identified compound

A1
O

H

O
A2

O
B1

O
B2

O
C1

O

O
C2

D1 D2

OHCH3

OH

	 (i)	� Complete Table 3.1 to:
	● �identify a reagent which can distinguish between the compounds in each pair
	● �give the positive result of the chemical test and identify which compound shows this 

result.

	 �Use a different reagent for each test.� [8]

	 (ii)	� A1 and A2 are structural isomers.

	 �Define structural isomers.

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

	 ........................................................................................................................................  [1]
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	 (iii)	� Give the systematic name of B2.

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

	 (iv)	� Deduce the molecular formula of D1.

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

	 (b)	� D2 forms polymer Z when heated gently.

	 (i)	� Identify the type of polymer that forms from D2.

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

	 (ii)	� Draw one repeat unit of polymer Z.

� [2]
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	 (c)	� Organic compound E contains three carbon atoms.
	� E reacts with cold dilute acidified KMnO4(aq) to form a single compound F with Mr = 154.9.
	� Fig. 3.1 shows the infrared spectrum of E.
	� Fig. 3.2 shows the infrared spectrum of F.

E

100

50

0

transmittance
/ %

4000 3000 2000

wavenumber / cm–1

1500 1000 500

Fig. 3.1

F

100

50

0

transmittance
/ %

4000 3000 2000

wavenumber / cm–1

1500 1000 500

Fig. 3.2
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Table 3.2

bond functional group containing the bond characteristic infrared absorption range
(in wavenumbers) / cm–1

C–O hydroxy, ester 1040–1300

C=C aromatic compound, alkene 1500–1680

C=O amide
carbonyl, carboxyl
ester

1640–1690
1670–1740
1710–1750

C≡N nitrile 2200–2250

C–H alkane 2850–3100

N–H amine, amide 3300–3500

O–H carboxyl
hydroxy

2500–3000
3200–3650

	 �Both spectra show absorptions between 2850 and 2950 cm–1 owing to C–H bonds in each 
molecule.

	 (i)	� Use the two infrared spectra and Table 3.2 to identify the functional group present only  
in E.

	� Explain your answer, referring only to absorptions at frequencies greater than 1500 cm–1.

	 functional group ...................................................................................................................

	 explanation ..........................................................................................................................

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

	 (ii)	� Use the infrared spectrum of F to identify the functional group formed when E reacts with 
cold dilute acidified KMnO4(aq).

	� Explain your answer, referring only to absorptions at frequencies greater than 1500 cm–1.

	 functional group ...................................................................................................................

	 explanation ..........................................................................................................................

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

	 (iii)	� The mass spectrum of E shows a molecular ion peak and an M+2 peak of approximately 
equal abundance at m/e = 120 and 122.

	� Deduce the relative molecular mass, Mr, of E.

� Mr = ..............................  [1]
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	 (iv)	� Use the information in 3(c) to suggest a structure for E.

� [1]

	 (v)	� Complete the equation for the reaction of E with cold dilute acidified KMnO4(aq) to form F.
	 �In the equation, [O] represents cold dilute acidified KMnO4(aq).

	 H2O  +  [O]  +  ...........................................  →  ....................................................................
� [1]

	 (d)	� C2 can be synthesised using A1 as a single organic reactant.

A1
O

H O

O
C2

	� Devise a multi-step synthetic route to form C2 from A1.
	� Identify relevant reagents and conditions, and state the organic products of each step.

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

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

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

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

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

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

� [Total: 22]
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Important values, constants and standards

molar gas constant R = 8.31 J K–1 mol–1

Faraday constant F = 9.65 × 104 C mol–1

Avogadro constant L = 6.022 × 1023 mol–1

electronic charge e = –1.60 × 10–19 C

molar volume of gas Vm = 22.4 dm3 mol–1 at s.t.p. (101 kPa and 273 K)
Vm = 24.0 dm3 mol–1 at room conditions

ionic product of water Kw = 1.00 × 10–14 mol2 dm–6 (at 298 K (25 °C))

specific heat capacity of water c = 4.18 kJ kg–1 K–1 (4.18 J g–1 K–1)
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1	� Atoms with nuclei containing an odd number of protons tend to have fewer isotopes than those with 
an even number of protons.

	 (a)	� Gallium has two stable isotopes, 69Ga and 71Ga.

	 (i)	� Complete Table 1.1 to show the numbers of protons, neutrons and electrons in the two 
stable isotopes of gallium.

Table 1.1

isotope number of protons number of neutrons number of electrons

69Ga

71Ga

� [2]

	 (ii)	 �Define relative atomic mass.

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

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

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

	 (iii)	� The relative atomic mass of gallium, Ar, is 69.723.
	� The relative isotopic masses of 69Ga and 71Ga are:

69Ga, 68.926;  71Ga, 70.925.

	� Use this information to calculate the percentage abundance of 69Ga in elemental gallium.
	� Show your working.
	� Assume that the element contains only the 69Ga and 71Ga isotopes.
	� Give your answer to four significant figures.

� percentage abundance of 69Ga = .............................. %
� [2]
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	 (b)	� Potassium also has two stable isotopes. Both isotopes have the same chemical properties.

	 (i)	� Explain why both isotopes of potassium have the same chemical properties.

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

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

	 (ii)	 �State the full electronic configuration of an atom of potassium.

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

	 (iii)	 �The first, second and third ionisation energies of potassium are 418, 3070 and  
4600 kJ mol–1, respectively.

	� Use this information to explain why potassium is in Group 1.

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

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

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

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

� [Total: 10]
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2	� Magnesium shows reactions typical of a Group 2 metal.

	 (a)	� Draw a labelled diagram to show the bonding in magnesium metal.

� [2]

	 (b)	� Fig. 2.1 shows some reactions of magnesium and its compounds.

Mg

MgCO3

MgO

reaction 1
HCl (aq)

reaction 3
Ca(OH)2(aq)

reaction 2
HCl (aq)

reaction 4
heat

MgCl 2 Mg(OH)2

Fig. 2.1

	 (i)	� Identify the other products of reactions 1 and 2.

	 reaction 1 .............................................................................................................................

	 reaction 2 .............................................................................................................................
� [2]

	 (ii)	� Reaction 3 is used to form a precipitate of Mg(OH)2 from MgCl 2(aq).

	� State why Ca(OH)2(aq) would not form a precipitate of Ba(OH)2 from BaCl 2(aq).

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

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

	 (iii)	� State the type of reaction that occurs in reaction 4.

	 ........................................................................................................................................  [1]
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	 (c)	� 1 cm3 of MgCl 2(aq) is placed in a test-tube. A few drops of AgNO3(aq) are added, followed by 
1 cm3 of dilute NH3(aq).

	� State in full what is observed in this experiment.

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

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

	 (d)	� When 1 cm3 of MgCl 2(aq) is added to 1 cm3 of Br2(aq) in a test-tube, the solution remains 
orange.

	� Explain this observation.

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

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

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

� [Total: 9]
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3	� Some of the common chlorides of Period 3 elements are shown in the list.

NaCl     MgCl 2     Al Cl 3     SiCl 4     PCl 5

	 (a)	� From this list, identify:

	 (i)	� all the chlorides that have giant ionic structures in the solid state

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

	 (ii)	� all the chlorides that react vigorously with water to form strongly acidic solutions

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

	 (iii)	� the chloride that dissolves in water to form a neutral solution

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

	 (iv)	� the chloride formed from the element with the highest melting point.

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

	 (b)	� NaCl is one product of the reaction of chlorine gas and cold aqueous sodium hydroxide.

	� Identify the other products.

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

	 (c)	� PCl 5 reacts with alcohols to form chloroalkanes.

	 (i)	� Identify this type of reaction.

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

	 (ii)	� Draw the structure of the organic product formed in the reaction of an excess of PCl 5 with  
butane-1,3-diol.

� [1]
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	 (d)	� Sulfur, S8, reacts with chlorine to form several different chlorides. The most common are S2Cl 2 
and SCl 2. SCl 2 forms when sulfur reacts with an excess of chlorine.

	 reaction 1	 S8(s)  +  4Cl 2(g)  →  4S2Cl 2(l)	 ∆Hr = –58.2 kJ mol–1

	 reaction 2	 S2Cl 2(l)  +  Cl 2(g)    2SCl 2(l)	 ∆Hr = –40.6 kJ mol–1

	 (i)	� SCl 2 is a cherry-red liquid that reacts vigorously with water to form an acidic solution.

	� Use this information to deduce the bonding and structure shown by SCl 2.
	� Explain your answer.

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

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

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

	 (ii)	� Calculate the enthalpy change of formation, ∆Hf, of SCl 2(l). You may find it useful to use 
Hess’s Law to construct an energy cycle.

� enthalpy change of formation of SCl 2(l), ∆Hf = .............................. kJ mol–1

� [2]

	 (iii)	 �State the effect of a decrease in pressure on the position of equilibrium in reaction 2. 
Explain your answer.

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

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

	 ........................................................................................................................................  [1]
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	� Fig. 3.1 shows the two structural isomers of S2Cl 2.

isomer I isomer II

Cl
Cl

S
S

Cl Cl
S

S

Fig. 3.1

	 (iv)	 �Define the term structural isomer.

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

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

	 (v)	� Suggest a value for the Cl –S–S bond angle in isomer I. Explain your answer.

	 bond angle = .............................. °

	 explanation ..........................................................................................................................

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

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

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

	 (vi)	� Draw a dot-and-cross diagram to show the bonding in isomer II. Show outer shell electrons 
only.

� [2]

� [Total: 18]
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Question 4 starts on the next page.
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4	� Organic compounds can be distinguished using chemical tests.
	 �Table 4.1 shows four pairs of compounds.

Table 4.1

organic compounds reagent
positive result of
chemical test on

identified compound

A1
O

O

OH

OH

OHHO

O

OHHO

A2

O O

O

B1 B2

C1 C2

D1 D2

	 (a)	 �Complete Table 4.1 to:
	● �identify a reagent that could distinguish between the compounds in each pair 
	● �give the positive result of the chemical test and identify which compound shows this 

result.

	 �Use a different reagent for each test.� [8]

	 (b)	� C1 has melting point – 94 °C and boiling point + 49 °C.

	� Explain these properties by referring to the type of van der Waals’ forces between molecules.

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

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

	 ...............................................................................................................................................  [2]
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	 (c)	� Draw the structure of the cis isomer of C2.

� [1]

	 (d)	� C2 forms a polymer when heated gently.

	 (i)	� Identify the type of polymer that forms from C2.

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

	 (ii)	� Draw one repeat unit of the polymer formed from C2.

� [2]

� [Total: 14]
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5	� Lactones are cyclic esters. Under suitable conditions, lactones form from molecules that have both 
an alcohol and a carboxylic acid functional group.

	� Equation 1 shows an example of the formation of a lactone.

equation 1 +  H2O
OH

OH

O O
a lactone

O

	� Fig. 5.1 shows the synthesis of lactone P from compound M.

O OH

HO

M

N P

hot concentrated
acidified KMnO4(aq)

reaction 1

NaBH4

5-hydroxyhexanoic acid

reaction 2 reaction 3

Fig. 5.1

	 (a)	 (i)	� M reacts with hot concentrated acidified KMnO4(aq) to form N, C6H10O3, in reaction 1.

	� Draw the structure of N.

� [1]

	 (ii)	� N is reduced by NaBH4 to form 5-hydroxyhexanoic acid in reaction 2.

	� Construct an equation for reaction 2 using molecular formulae.
	� In the equation, use [H] to represent one atom of hydrogen from the reducing agent.

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

	 (iii)	� Reaction 2 is a nucleophilic addition.

	� Suggest why reaction 2 creates a mixture of two organic compounds.

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

	 ........................................................................................................................................  [2]
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	 (iv)	� Draw lactone P, the product of reaction 3.

� [1]

	 (b)	� A student monitors the progress of reaction 2 using infrared spectroscopy.

	 �Use Table 5.1 to suggest why it is difficult to distinguish between N and 5‑hydroxyhexanoic 
acid using infrared spectroscopy.

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

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

Table 5.1

bond functional group containing the bond characteristic infrared absorption range
(in wavenumbers) / cm–1

C–O hydroxy, ester 1040–1300

C=C aromatic compound, alkene 1500–1680

C=O amide
carbonyl, carboxyl
ester

1640–1690
1670–1740
1710–1750

C≡N nitrile 2200–2250

C–H alkane 2850–3100

N–H amine, amide 3300–3500

O–H carboxyl
hydroxy

2500–3000
3200–3650
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	 (c)	� Unknown lactone Q is analysed using mass spectrometry.
	� Table 5.2 shows information from the mass spectrum.

Table 5.2

peak m/e abundance

M+ 72 95.5

M+1 73 3.15

	� Use these data to deduce the structure of Q.
	� Show your working.

Q

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

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

� [Total: 9]



15

9701/23/O/N/22© UCLES 2022

Important values, constants and standards

molar gas constant R = 8.31 J K–1 mol–1

Faraday constant F = 9.65 × 104 C mol–1

Avogadro constant L = 6.022 × 1023 mol–1

electronic charge e = –1.60 × 10–19 C

molar volume of gas Vm = 22.4 dm3 mol–1 at s.t.p. (101 kPa and 273 K)
Vm = 24.0 dm3 mol–1 at room conditions

ionic product of water Kw = 1.00 × 10–14 mol2 dm–6 (at 298 K (25 °C))

specific heat capacity of water c = 4.18 kJ kg–1 K–1 (4.18 J g–1 K–1)



16

9701/23/O/N/22© UCLES 2022

G
ro

up

Th
e 

Pe
rio

di
c 

Ta
bl

e 
of

 E
le

m
en

ts

1 H
hy

dr
og

en
1.

0

2 H
e

he
liu

m
4.

0

1
2

13
14

15
16

17
18

3
4

5
6

7
8

9
10

11
12

3 Li
lit

hi
um

6.
9

4 B
e

be
ry

lli
um

9.
0

at
om

ic
 n

um
be

r

at
om

ic
 s

ym
bo

l

K
ey

na
m

e
re

la
tiv

e 
at

om
ic

 m
as

s

11 N
a

so
di

um
23

.0

12 M
g

m
ag

ne
si

um
24

.3

19 K
po

ta
ss

iu
m

39
.1

20 C
a

ca
lc

iu
m

40
.1

37 R
b

ru
bi

di
um

85
.5

38 S
r

st
ro

nt
iu

m
87

.6

55 C
s

ca
es

iu
m

13
2.

9

56 B
a

ba
riu

m
13

7.
3

87 Fr
fra

nc
iu

m
–

88 R
a

ra
di

um –

5 B bo
ro

n
10

.8

13 A
l

al
um
in
iu
m

27
.0

31 G
a

ga
lli
um

69
.7

49 In in
di
um

11
4.
8

81 Tl
th
al
liu
m

20
4.
4

6 C
ca
rb
on

12
.0

14 S
i

si
lic
on

28
.1

32 G
e

ge
rm
an
iu
m

72
.6

50 S
n tin

11
8.
7

82 P
b

le
ad

20
7.
2

22 Ti
tit
an
iu
m

47
.9

40 Zr
zi
rc
on
iu
m

91
.2

72 H
f

ha
fn
iu
m

17
8.
5

10
4

R
f

ru
th
er
fo
rd
iu
m

–

23 V
va
na
di
um

50
.9

41 N
b

ni
ob
iu
m

92
.9

73 Ta
ta
nt
al
um

18
0.
9

10
5

D
b

du
bn
iu
m

–

24 C
r

ch
ro
m
iu
m

52
.0

42 M
o

m
ol
yb
de
nu
m

95
.9

74 W
tu
ng
st
en

18
3.
8

10
6

S
g

se
ab
or
gi
um

–

25 M
n

m
an
ga
ne
se

54
.9

43 Tc
te
ch
ne
tiu
m

– 75 R
e

rh
en
iu
m

18
6.
2

10
7

B
h

bo
hr
iu
m

–

26 Fe iro
n

55
.8

44 R
u

ru
th
en
iu
m

10
1.
1

76 O
s

os
m
iu
m

19
0.
2

10
8

H
s

ha
ss
iu
m

–

27 C
o

co
ba
lt

58
.9

45 R
h

rh
od
iu
m

10
2.
9

77 Ir
iri
di
um

19
2.
2

10
9

M
t

m
ei
tn
er
iu
m

–

28 N
i

ni
ck
el

58
.7

46 P
d

pa
lla
di
um

10
6.
4

78 P
t

pl
at
in
um

19
5.
1

11
0

D
s

da
rm
st
ad
tiu
m

–

29 C
u

co
pp
er

63
.5

47 A
g

si
lv
er

10
7.
9

79 A
u

go
ld

19
7.
0

11
1

R
g

ro
en
tg
en
iu
m

–

30 Zn zi
nc

65
.4

48 C
d

ca
dm
iu
m

11
2.
4

80 H
g

m
er
cu
ry

20
0.
6

11
2

C
n

co
pe
rn
ic
iu
m

–

11
4 Fl

fle
ro
vi
um

–

11
6

Lv
liv
er
m
or
iu
m

–

7 N
ni
tro
ge
n

14
.0

15 P
ph
os
ph
or
us

31
.0

33 A
s

ar
se
ni
c

74
.9

51 S
b

an
tim
on
y

12
1.
8

83 B
i

bi
sm
ut
h

20
9.
0

8 O
ox
yg
en

16
.0

16 S su
lfu
r

32
.1

34 S
e

se
le
ni
um

79
.0

52 Te
te
llu
riu
m

12
7.
6

84 P
o

po
lo
ni
um

–

9 F
flu
or
in
e

19
.0

17 C
l

ch
lo
rin
e

35
.5

35 B
r

br
om
in
e

79
.9

53 I
io
di
ne

12
6.
9

85 A
t

as
ta
tin
e

–

10 N
e

ne
on

20
.2

18 A
r

ar
go
n

39
.9

36 K
r

kr
yp
to
n

83
.8

54 X
e

xe
no
n

13
1.
3

86 R
n

ra
do
n

–

11
3

N
h

ni
ho
ni
um

–

11
5

M
c

m
os
co
vi
um

–

11
7 Ts

te
nn
es
si
ne

–

11
8

O
g

og
an
es
so
n

–

21 S
c

sc
an
di
um

45
.0

39 Y
yt
tri
um

88
.9

57
–7
1

la
nt
ha
no
id
s

89
–1
03

ac
tin
oi
ds

57 La
la
nt
ha
nu
m

13
8.
9

89 A
c

la
nt
ha
no
id
s

ac
tin
oi
ds

ac
tin
iu
m

–

58 C
e

ce
riu
m

14
0.
1

90 Th th
or
iu
m

23
2.
0

59 P
r

pr
as
eo
dy
m
iu
m

14
0.
9

91 P
a

pr
ot
ac
tin
iu
m

23
1.
0

60 N
d

ne
od
ym
iu
m

14
4.
4

92 U
ur
an
iu
m

23
8.
0

61 P
m

pr
om
et
hi
um

– 93 N
p

ne
pt
un
iu
m

–

62 S
m

sa
m
ar
iu
m

15
0.
4

94 P
u

pl
ut
on
iu
m

–

63 E
u

eu
ro
pi
um

15
2.
0

95 A
m

am
er
ic
iu
m

–

64 G
d

ga
do
lin
iu
m

15
7.
3

96 C
m

cu
riu
m

–

65 Tb te
rb
iu
m

15
8.
9

97 B
k

be
rk
el
iu
m

–

66 D
y

dy
sp
ro
si
um

16
2.
5

98 C
f

ca
lif
or
ni
um

–

67 H
o

ho
lm
iu
m

16
4.
9

99 E
s

ei
ns
te
in
iu
m

–

68 E
r

er
bi
um

16
7.
3

10
0

Fm fe
rm
iu
m

–

69 Tm th
ul
iu
m

16
8.
9

10
1

M
d

m
en
de
le
vi
um

–

70 Y
b

yt
te
rb
iu
m

17
3.
1

10
2

N
o

no
be
liu
m

–

71 Lu lu
te
tiu
m

17
5.
0

10
3 Lr

la
w
re
nc
iu
m

–

To avoid the issue of disclosure of answer-related information to candidates, all copyright acknowledgements are reproduced online in the Cambridge 
Assessment International Education Copyright Acknowledgements Booklet. This is produced for each series of examinations and is freely available to download 
at www.cambridgeinternational.org after the live examination series.


	Variant 21
	Variant 22
	Variant 23

