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28. Chemistry of transition elements Starter Quiz - EREHI/M

A-Level Chemistry Name: Score:

1. A transition element is a d-block element that:
[J forms one or more stable ions with incomplete d orbitals
[J has a full d sub-shell in all its ions
[J is in the s-block

O never forms ions

2. A ligand bonds to a metal ion by:
[J donating a lone pair in a dative covalent bond
O transferring an electron
L] sharing one electron each

[J forming an ionic bond

3. Ligand exchange is when:
O one ligand replaces another on the metal ion (often a colour change)
[J the metal ion changes oxidation state
[J electrons are transferred

[J the complex is destroyed

4. In a free transition-metal ion, the five d orbitals are:
O degenerate (the same energy)
(] all different energies
[J split into two sets
L] empty
5. Geometrical (cis/trans) isomerism in [Pt(NH3)2Cly] means the two identical ligands are:
O adjacent (cis) or opposite (trans)
[ always opposite

[J mirror images

O removed

6. Transition-metal complexes can show both geometrical and optical isomerism.

O True O False

A-Level Chemistry - Starter quiz $EFEj/M @ @



10.

The equilibrium constant for the formation of a complex from its aqua ion is the
constant.

. A transition element forms at least one ion with an incomplete subshell.

. A molecule or ion that donates a lone pair to a central metal ion is a

In ligand exchange, one ligand is replaced by another around the central metal ion.

O True O False

A-Level Chemistry - Starter quiz $EFEj/M @ @



28. Chemistry of transition elements Answers - &R

A-Level Chemistry

1. forms one or more stable ions with incomplete d orbitals

The incomplete d orbitals (in a stable ion) define a transition element.

2. donating a lone pair in a dative covalent bond

A ligand donates a lone pair to the metal’s vacant orbital — a dative (coordinate) bond.
le}

3. one ligand replaces another on the metal ion (often a colour change)

Swapping a ligand for another changes the complex and usually its colour.
(o] - (o) )

4. degenerate (the same energy)

They are degenerate until ligands approach and split them into two sets.

5. adjacent (cis) or opposite (trans)

In a square planar complex the matching ligands sit next to each other (cis) or across (trans).

6. True

Square planar/octahedral complexes show cis/trans; octahedral ones with bidentate ligands show optical iso-

merism.
7. stability

A larger value means a more stable complex.

8. d

This gives variable oxidation states and colour.

9. ligand

It forms a coordinate bond to the metal.

10. True

It can change the complex’s colour.

A-Level Chemistry - Starter quiz Hpi/Nll @ @



A-LEVEL CHEMISTRY « EXERCISE SHEET

28.1 General properties of the transi-
tion elements

Name: -~ Class: . Date: Total: 10 marks

KEY WORDS complex Jil 54 « complex ion it |~ « transition element i JZ 5 « oxidation state % k7%
o catalyst ik 7]

Objective

Build the skills to answer exam questions on transition elements 1% JGZ — the
definition and the four characteristic properties.

You must be able to:

o define a transition element and explain why Sc and Zn are excluded

« state the four key properties (variable oxidation state, catalysis, complexes, colour)
and why

1 Worked examples

B What a transition element is

A transition element is a d-block element that forms one or more stable ions with
incomplete d orbitals. (Sc and Zn are excluded: their stable ions have empty or
full d orbitals.)

Coloured compounds are one of the four characteristic properties of transition
elements

A-Level Chemistry ¢ 28.1 General properties of wmsition elements @
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octahedral tetrahedral

AE
free ion free ion

AE

3 lower, 2 higher 2 lower, 3 higher

the complex absorbs light of energy AFE, so we see the complementary colour

d-orbital splitting explains colour and variable oxidation states

property reason

variable oxidation state the 3d and 4s sub-shells are close in energy

act as a catalyst more than one oxidation state; vacant d orbitals form dative bonds
form complex ions vacant d orbitals accept lone pairs
coloured compounds electrons move between split d orbitals

2 Practice

2.1 Define a transition element.

2.2 State the four characteristic properties of transition elements.

3 Exam-style questions

3.1 Why is zinc not classed as a transition element?

A it is not in the d-block

B its stable ion (Zn**) has a full d sub-shell (3d'?)
C it is colourless

D it has no electrons

3.2 Transition elements show variable oxidation states because:

A their atoms are large

A-Level Chemistry e 28.1 General properties of wmsition elements
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e B the 3d and 4s sub-shells are close in energy
o C they are coloured
e D they are catalysts

3.3 Explain why transition metals can act as catalysts. 2]

3.4 Explain why scandium is not classed as a transition element, with reference to its
ion. [2]

A-Level Chemistry e 28.1 General properties of wmsition elements @
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Solutions

2.1 a d-block element that forms one or more stable ions with incomplete (partly filled)
d orbitals.

2.2 variable oxidation state; catalytic behaviour; form complex ions; form coloured com-
pounds.

3.1 B. Zn*" is 3d'Y (a full d sub-shell), so it is not a transition element.
3.2 B. The close energies of 3d and 4s allow different numbers of electrons to be removed.

3.3 they have more than one stable oxidation state; and vacant d orbitals that can form
dative bonds with reactants, providing a surface/intermediate.

3.4 scandium’s only stable ion is Sc3T, which has an empty d sub-shell (3d°), so it has
no incomplete d orbitals.

A-Level Chemistry e 28.1 General properties of wmsition elements @
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3 (a) A bottle labelled FA 5 is thought to contain hydrated zinc sulfate. It would therefore contain
zinc ions and sulfate ions as well as water of crystallisation.

(i) Devise and carry out tests to investigate whether zinc ions, sulfate ions and water of
crystallisation are present.

Record the tests you carry out and the observations you see in the space provided.

[5]
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(ii) Use your observations in (a)(i) to complete Table 3.1 to show whether each species is
present in FA 5.

Use a tick (v) if the species is present.
Use a cross (X) if the species is not present.

Table 3.1

Zn2*
50,>
HZO

[1]
(b) You are provided with solid FA 6.

(i) Heat a few crystals of FA 6 in a hard-glass test-tube until no further gas is evolved.
Record all your observations.

Leave the test-tube until it is cool.

Keep the cooled residue for use in (b)(ii).

(ii) To the cooled residue from (b)(i), add approximately 3cm depth of distilled water and
stir. Filter the solution formed into a test-tube.

The colour of the solution is ............cccceeeeeeene. . [1]
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(c) You are provided with aqueous solutions FA 7 and FA 8 and with solid FA 9.

FA 7 is an aqueous solution of FA 6.

FA 7, FA 8 and FA 9 contain compounds which all have one metal that is the same but which
may be in different oxidation states.

(i) Carry out the following tests on FA 7, FA 8 and FA 9 and record your observations in
Table 3.2. For each test use a 1 cm depth of a solution or a spatula measure of solid.

Table 3.2
test observations
FA7 FA 8 FA9
Test 1
Add hydrogen
peroxide.
Test 2

Add aqueous sodium
hydroxide, then

leave to stand.

Test 3
Add aqueous iron(II)
sulfate.

[4]
(i) Suggest the identity of the metal in FA 6/FA 7, FA 8 and FA 9.
The metal is ......cccceeevviiiiiiinnnnn, . [1]
(iii) Complete Table 3.3 to suggest the oxidation state of the metal in FA 6/FA 7 and FA 8.

Table 3.3

FAG/FA7 FA 8

oxidation state

[1]

[Total: 15]
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Qualitative analysis notes

1 Reactions of cations

A-Level Chemistry: w25 31

cation

reaction with

NaOH(aq)

NH,(aq)

aluminium, A13*(aq)

white ppt. soluble in excess

white ppt. insoluble in excess

ammonium, NH,*(aq)

no ppt.
ammonia produced on warming

barium, Ba2*(aq) faint white ppt. is observed unless | no ppt.
[Ba2*(aq)] is very low
calcium, Ca%*(aq) white ppt. unless [Ca?*(aq)] is very | no ppt.

low

chromium(III), Cr3*(aq)

grey-green ppt. soluble in excess
giving dark green solution

grey-green ppt. insoluble in excess

copper(Il), Cu?*(aq)

pale blue ppt. insoluble in excess

pale blue ppt. soluble in excess
giving dark blue solution

iron(Il), Fe2*(aq)

green ppt. turning brown on
contact with air
insoluble in excess

green ppt. turning brown on
contact with air
insoluble in excess

iron(I11), Fe3*(aq)

red-brown ppt. insoluble in excess

red-brown ppt. insoluble in excess

magnesium, Mg2*(aq)

white ppt. insoluble in excess

white ppt. insoluble in excess

manganese(II), MnZ*(aq)

off-white ppt. rapidly turning brown
on contact with air
insoluble in excess

off-white ppt. rapidly turning brown
on contact with air
insoluble in excess

zinc, Zn%*(aq)

white ppt. soluble in excess

white ppt. soluble in excess

2 Reactions of anions

anion

reaction

carbonate, CO4%~

CO, liberated by dilute acids

chloride, Cl~(aq)

gives white ppt. with Ag*(aq) (soluble in NH,(aq))

bromide, Br ~(aq)

gives cream/ off-white ppt. with Ag*(aq) (partially soluble in NH,(aq))

iodide, I~(aq)

gives pale yellow ppt. with Ag*(aq) (insoluble in NH,(aq))

nitrate, NO;™(aq)

NH, liberated on heating with OH™(aq) and Alfoil

nitrite, NO,~(aq)

NH, liberated on heating with OH™(aq) and Al foil;
decolourises acidified aqueous KMnO,,

sulfate, SO,?~(aq)

gives white ppt. with BaZ*(aq) (insoluble in excess dilute strong acids);

gives white ppt. with high [Ca2*(aq)]

sulfite, SO,%(aq)

gives white ppt. with Ba2*(aq) (soluble in excess dilute strong acids);

decolourises acidified

Jus KMnO4

thiosulfate, S,0,27(aq)

gives off-white/pale ye@ ppt. slowly with H*
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3 Tests for gases

A-Level Chemistry: w25 31

gas

test and test result

ammonia, NH3

turns damp red litmus paper blue

carbon dioxide, CO,,

gives a white ppt. with limewater

hydrogen, H,

‘pops’ with a lighted splint

oxygen, O,

relights a glowing splint
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2 (a) Iron can form stable ions in the +2 and +3 oxidation states.

Explain why transition elements have variable oxidation states.

............................................................................................................................................. [1]
(b) Aqueous solutions of iron(II) salts contain the complex ion [Fe(H20)6]2+.
Define complex ion.
............................................................................................................................................. [1]
(c) [Fe(H20)6]2+ can be converted into [Fe(H,0),(OH),].
(i) Suggest a suitable reagent for this conversion. State the type of reaction.
(=TT [T o1 PP PP PP
107 TSI 0L (== 1o (o o XSRS
[1]

(i) [Fe(H,0),(OH),] is a green precipitate that turns brown on standing in air.

Table 2.1 shows electrode potentials for some electrode reactions.

Table 2.1
electrode reaction E®/IV
Fe(H,0),(OH), + H,0 + &= = Fe(H,0),(OH), + OH- ~0.56
0, + 2H,0 + 4e~ = 40H" +0.40

Use the information in Table 2.1 to explain why [Fe(H,0),(OH),] turns brown on standing
in air.
Include an equation for this reaction.
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(d) The complex [Co(NH3)6]2+ reacts with hydrogen peroxide as shown.

reaction 1 2[Co(NH,)J?* + H,0, — 2[Co(NH,)]** + 20H- ES,=+167V

Calculate AG®, in kJmol™", for reaction 1.

AG® = oo, kdmol~! [2]

[Total: 8]
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5 (a) Copper shows typical properties of transition elements, including its behaviour as a catalyst.

Complete Table 5.1 to show the total number of unpaired electrons in the 3d and 4s orbitals
of an isolated gaseous Cu atom and a Cu?* ion.

Table 5.1
number of unpaired electrons
species
3d 4s
Cu
Cu?*

[1]
(b) The 3d orbitals in an isolated Cu2* ion are degenerate.

Complete the diagram to show the relative energies of the 3d orbitals in an isolated Cu?* ion
and in Cu?* in a tetrahedral complex.

A

energy

isolated Cu?* ion Cu?* in a tetrahedral complex
[2]

(c) Explain why transition elements behave as catalysts.
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(d) CN~is a monodentate ligand.
Table 5.2 shows information about two complex ions that contain only CN~ ions as ligands.

Complete Table 5.2.

Table 5.2
metal ion coordination number | formula of complex ion | charge of complex ion
Ag* 2
Fe?* 4-

[2]
(e) The complex ion [Au(CN),Br,]™ displays geometrical (cis/trans) isomerism.

Draw the structure of frans-[Au(CN),Br,]". State its shape and the Br-Au-Br bond angle.

shape .....ccooovvviiiiii Br-Au-Brbond angle = .............eiiiiinn.
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(f) An impure sample of a vanadium(V) compound of mass 0.250g is dissolved in aqueous acid.
This solution contains VO, ions.

An excess of zinc is added to this solution. All the VOB‘ ions are reduced to V2* ions and Zn
atoms are oxidised to Zn?* ions.

The unreacted zinc is removed and the resulting solution is titrated with acidified MnO,".
The end-point is reached when 22.5cm? of 0.0750 mol dm=3MnO,~ is added.
A redox reaction takes place and all the V2* reacts forming VO,
3MnO,~ + 5V%* + 3H,0 — 3Mn?* + 5VO,~ + 6H*
(i) Calculate the percentage by mass of vanadium in the 0.2509g of impure sample.
Assume the impurities do not contain any vanadium ions.

Show your working.

percentage of vanadium = ................cccenneeee. [3]

(i) Complete the equation for the reaction between acidified VO,~ ions and Zn metal.

2]

[Total: 14]
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5 Cobalt is a transition element which forms compounds containing Co?* and Co®* ions. Cobalt(II)
sulfate dissolves in water to form a solution containing the [Co(H20)6]2+ complex ion.

(@) (i)

(ii)

(iii)

(iv)

(v)

(vi)

Complete the electronic configurations of a Co%* ion and a Co3* ion.

COZ =AM e,
CO¥ =AM e,

[1]
Explain why transition elements can form complex ions.
..................................................................................................................................... [1]
An excess of concentrated HC! is added to a solution containing [Co(H20)6]2+.
Describe the colour change observed and the state of the cobalt-containing product.
The colour changes from ..................ooooeen. (o R )
The state of the cobalt-containing product is ...........ccccceveee... :

[2]
Write an equation for the reaction occurring in (a)(iii).
..................................................................................................................................... [1]
Name the type of reaction occurring in (a)(iii).
..................................................................................................................................... [1]

Write an equation for the reaction that occurs when an excess of NaOH(aq) is added to
a solution containing [Co(H20)6]2+.

®
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(b) Cobalt metal can be oxidised by acidified K,Cr,0,. The relevant half-equations, and their
E®values, are shown.

Co?* + 2e-=Co E®=-0.28V
Cr2072‘ + 14H* + 6e— = 2Cr3* + 7H20 E®=+1.33V

(i) A Co?*/Co electrode is constructed in which [Co%*] is 0.020 moldm™ at 298 K.

Use the Nernst equation to show that the E value for this Co%*/Co electrode is —0.33 V.

[2]

(ii) An electrochemical cell is constructed using the Co%*/Co electrode described in (b)(i)
and a Cr2072‘/Cr3+ electrode in which all conditions are standard.

Calculate the value of E_,.
Bl = covererrmrrmenenieieenns [1]
(iii) A current is drawn from the electrochemical cell described in (b)(ii).

Write an equation for the reaction taking place in the cell.

(iv) Complete the sentences to identify the negative electrode and the direction of electron
flow when a current is drawn from the cell described in (b)(ii).

Electrons flow fromthe .......cooovvvieiiiiian.. electrodetothe ....ccovvveeviviiiniiii. electrode.

[1]
(c) A molten Co?* salt is electrolysed using a current of 0.500A.

0.547 g of cobalt metal forms at the cathode. Under the conditions used no other reduction
reaction occurs at the cathode.

Calculate the time in minutes for which the current flows to produce this mass of cobalt.

Give your answer to three significant figures.

Total- 181
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6 (a) Nickel forms complexes.

(i) Give the formula and charge of the tetrahedral complex formed by Ni atoms with carbon
monoxide molecules. Carbon monoxide is a monodentate ligand. This is complex E.

(ii) Give the formula and charge of the octahedral complex formed by Ni?* ions with
ethanedioate ions. This is complex F.

(iii) Identify which complex, E or F, exists as a mixture of two stereoisomers and the type of
stereoisomerism involved.

The complex which exists as a mixture of two sterecisomersiis ............cccceeeeeeeeenns .

The type of stereocisomerism involved is ............cccceevvvvnnnnnn. .

[1]

(b) Cadmium forms complexes with methylamine, CH;NH,, and 1,2-diaminoethane, en. The
values of the stability constants, K of these complex ions are given in Table 6.1.

stab’
Table 6.1
complex Kiab
[Cd(CH,NH,),1?* 3.5 x 106
[Cd(en),]?* 4.0 x 1010

(i) Explain, by reference to its structure, why CH;NH, acts as a monodentate ligand.

(ii) Some Cd?*(aq) is added to a solution containing equal concentrations of CH;NH,
and en.

Predict which of the two complexes in Table 6.1 forms at the higher concentration.
Explain your answer.
complex that forms at the higher concentration ...

23 0] F= 1 = 11T o S

(1]
(iii) Complete the expression for the K, of [Cd(CHsNH2)4]2+.
Kstab =
. [1]
®)

NMAa+al- 71
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1 (a) Define a transition element.

............................................................................................................................................. [1]
(b) The 3d orbitals in an isolated gaseous Cu?* ion are degenerate.
(i) Define the term degenerate.
..................................................................................................................................... [1
(ii) Complete the electronic configuration of Cu?*.
182 ettt ettt ettt ettt ettt e et et et e et et et e e et e tente e eneeeeenens [1]
(c) (i) State the colours of the aqueous solutions for the two copper(Il) complex ions shown.
. [Cu(NH3)4(H20)2]2+(aq) .............................................................................................
@ [CUCTIIZT(BO) ettt
[1]
(ii) Explain why aqueous complex ions of transition elements are usually coloured.
..................................................................................................................................... [3]
(d) (i) Whenanexcessof NH,(aq)is added to asolution of [CuCZ4]2‘(aq), [Cu(N H3)4(H20)2]2+(aq)

is formed.

State the type of reaction.
Complete the equation for this reaction. State symbols are not required.

107 TSI 0 L (== 1o (o o RSP RRRRRRRRRR

equation

[CUCLIZ + oo [CUNH,)4(Hy0),2% + oo
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(i) The [Cu(NH3)4(H20)2]2+ complex ion shows sterecisomerism.

Complete the three-dimensional diagrams in Fig. 1.1 to show the two different
stereoisomers of [Cu(NH,),(H,0),]*".

isomer 1 isomer 2
Cu Cu

Fig. 1.1
[2]

(iii) Deduce which stereoisomer in (d)(ii) is polar.
Explain your answer.
(010 F= T =T o 1= SR

EXPIANATION ..ottt

(ii) 2 moles of dianion P, C4H5NO42‘, react with 1 mole of aqueous cobalt(Ill) ions,
[Co(H20)6]3+ to form 1 mole of complex ion Q.

Deduce the formula and charge of C
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(f) Table 1.1 shows values for the stability constants, K., of some silver(I) complexes.

Table 1.1
complex value of K,
[Ag(CN),]~(aq) 1.1 x 1078
[Ag(NH,),]*(aq) 1.2 x 107
[Ag(S,0,),1*(aq) 2.9 x 1013

(i) Define the stability constant of a complex.

(ii) Use the information in Table 1.1 to identify the most stable silver(I) complex.

Explain your answer.

NOSE S DI oo e

L2 (0] F= T 1 = 11T o PSP
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(9) Sodium sulfite, Na,SO,, is used as a food preservative.

A 3.75g sample of impure Na,SO, is dissolved in distilled water and made up to 250 cmdina
volumetric flask.

10.0cm? of this solution requires 18.70cm? of acidified 0.0150 moldm= MnO,~(aq) to reach
the end-point.

The equation for the reaction is shown.
2MnO,~ + 5S0,%~ + 6H* — 2Mn?* + 550,%~ + 3H,0O

Calculate the percentage by mass of Na,SO, in the sample.

percentage by mass of Na,SO5 = oo, [3]

[Total: 19]

®



A-LEVEL CHEMISTRY « EXERCISE SHEET

28.2 Ligands and complexes

Name: - Class: - Date: Total: 12 marks

KEY WORDS ligand [it{& ¢ coordination number [ii {4} o tetrahedral PUJf[{4 . ¢ monodentate FL{
o ligand exchange Jif {427 4

Objective

Build the skills to answer exam questions on ligands and complexes Ft{&FIEC &Y —
denticity 15%§, complex shapes, coordination number [ii{/%¥{, and ligand exchange

P A <z .

You must be able to:

o define a ligand and classify ligands as mono-, bi- or polydentate
o describe complex shapes and deduce coordination number and charge
o describe the ligand-exchange reactions of copper(Il) and cobalt(II)

1 Worked examples

B Ligands and complexes

A ligand has a lone pair that forms a dative covalent bond to the central metal
ion.

N— f
— LN 4
<«—— :NHj3
~— N p l N
monodentate: 1 bond
(H20, NHs, CI7) bidenta}e: ”2 bonds polydentate: many
(“en”) (EDTA uses 6)

Monodentate (1 bond: HyO, NHs, Cl~, CN~); bidentate (2: en, Co04>~);
polydentate (EDTAY~, 6)

A-Level Chemistry e 28.2 Ligands and complexi @



a__® 7 07 o
o-0-o ,, Q-0 O
. e» & Ti7

CN 2 tetrahedral square planar octahedral

CN 4 CN 4 CN o6

Coordination number — shape: 2 linear, J tetrahedral or square planar, 6 octahedral

B Ligand exchange

[CU(H20)6]2+ [CU(NH3)4(HZO)2]2+ [CUC|4]2_
pale blue deep blue yellow

Ligand exchange changes colour: [Cu(Hy O)g)*™ (pale blue) — [Cu(NHz),(Hy O)o]*"
(deep blue) — [CuClL]*~ (yellow)

2 Practice

2.1 Define a ligand. 2]
2.2 State the coordination number and shape of [Cu(H,0)g]**. 2]
3 Exam-style questions

3.1 Which is a bidentate ligand? 1]
« A H,O

« BClI™

« C 1,2-diaminoethane (en)

« D NHj3

3.2 The overall charge on [CuCly]*~ shows copper is in oxidation state: 1]
A-Level Chemistry o 28.2 Ligands and complex: @
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A +1
B +2
C +3
D +4

3.3 (a) Write the formula and state the colour of the complex formed when excess am-

monia is added to [Cu(H20)g)*". 2]
(b) State what is meant by ligand exchange. 2]
3.4 Deduce the coordination number and shape of [CuCly)*~. 2]
A-Level Chemistry e 28.2 Ligands and complexi @



Solutions

2.1 a species with a lone pair of electrons that forms a dative (coordinate) bond to a
central metal ion.

2.2 coordination number 6; octahedral.

3.1 C. 1,2-diaminoethane (en) forms two dative bonds — bidentate.
3.2B.x+4(-1) = —2= 2 = +2.

3.3 (a) [Cu(NH3)4(H50)2)*T; deep blue.

(b) one ligand is replaced by another ligand around the central metal ion, often with a
colour change.

3.4 coordination number 4; tetrahedral.

A-Level Chemistry e 28.2 Ligands and complexi @
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3 (a) A bottle labelled FA 5 is thought to contain hydrated zinc sulfate. It would therefore contain
zinc ions and sulfate ions as well as water of crystallisation.

(i) Devise and carry out tests to investigate whether zinc ions, sulfate ions and water of
crystallisation are present.

Record the tests you carry out and the observations you see in the space provided.

[5]
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(ii) Use your observations in (a)(i) to complete Table 3.1 to show whether each species is
present in FA 5.

Use a tick (v) if the species is present.
Use a cross (X) if the species is not present.

Table 3.1

Zn2*
50,>
HZO

[1]
(b) You are provided with solid FA 6.

(i) Heat a few crystals of FA 6 in a hard-glass test-tube until no further gas is evolved.
Record all your observations.

Leave the test-tube until it is cool.

Keep the cooled residue for use in (b)(ii).

(ii) To the cooled residue from (b)(i), add approximately 3cm depth of distilled water and
stir. Filter the solution formed into a test-tube.

The colour of the solution is ............cccceeeeeeene. . [1]
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(c) You are provided with aqueous solutions FA 7 and FA 8 and with solid FA 9.

FA 7 is an aqueous solution of FA 6.

FA 7, FA 8 and FA 9 contain compounds which all have one metal that is the same but which
may be in different oxidation states.

(i) Carry out the following tests on FA 7, FA 8 and FA 9 and record your observations in
Table 3.2. For each test use a 1 cm depth of a solution or a spatula measure of solid.

Table 3.2
test observations
FA7 FA 8 FA9
Test 1
Add hydrogen
peroxide.
Test 2

Add aqueous sodium
hydroxide, then

leave to stand.

Test 3
Add aqueous iron(II)
sulfate.

[4]
(i) Suggest the identity of the metal in FA 6/FA 7, FA 8 and FA 9.
The metal is ......cccceeevviiiiiiinnnnn, . [1]
(iii) Complete Table 3.3 to suggest the oxidation state of the metal in FA 6/FA 7 and FA 8.

Table 3.3

FAG/FA7 FA 8

oxidation state

[1]

[Total: 15]
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Qualitative analysis notes

1 Reactions of cations

A-Level Chemistry: w25 31

cation

reaction with

NaOH(aq)

NH,(aq)

aluminium, A13*(aq)

white ppt. soluble in excess

white ppt. insoluble in excess

ammonium, NH,*(aq)

no ppt.
ammonia produced on warming

barium, Ba2*(aq) faint white ppt. is observed unless | no ppt.
[Ba2*(aq)] is very low
calcium, Ca%*(aq) white ppt. unless [Ca?*(aq)] is very | no ppt.

low

chromium(III), Cr3*(aq)

grey-green ppt. soluble in excess
giving dark green solution

grey-green ppt. insoluble in excess

copper(Il), Cu?*(aq)

pale blue ppt. insoluble in excess

pale blue ppt. soluble in excess
giving dark blue solution

iron(Il), Fe2*(aq)

green ppt. turning brown on
contact with air
insoluble in excess

green ppt. turning brown on
contact with air
insoluble in excess

iron(I11), Fe3*(aq)

red-brown ppt. insoluble in excess

red-brown ppt. insoluble in excess

magnesium, Mg2*(aq)

white ppt. insoluble in excess

white ppt. insoluble in excess

manganese(II), MnZ*(aq)

off-white ppt. rapidly turning brown
on contact with air
insoluble in excess

off-white ppt. rapidly turning brown
on contact with air
insoluble in excess

zinc, Zn%*(aq)

white ppt. soluble in excess

white ppt. soluble in excess

2 Reactions of anions

anion

reaction

carbonate, CO4%~

CO, liberated by dilute acids

chloride, Cl~(aq)

gives white ppt. with Ag*(aq) (soluble in NH,(aq))

bromide, Br ~(aq)

gives cream/ off-white ppt. with Ag*(aq) (partially soluble in NH,(aq))

iodide, I~(aq)

gives pale yellow ppt. with Ag*(aq) (insoluble in NH,(aq))

nitrate, NO;™(aq)

NH, liberated on heating with OH™(aq) and Alfoil

nitrite, NO,~(aq)

NH, liberated on heating with OH™(aq) and Al foil;
decolourises acidified aqueous KMnO,,

sulfate, SO,?~(aq)

gives white ppt. with BaZ*(aq) (insoluble in excess dilute strong acids);

gives white ppt. with high [Ca2*(aq)]

sulfite, SO,%(aq)

gives white ppt. with Ba2*(aq) (soluble in excess dilute strong acids);

decolourises acidified

Jus KMnO4

thiosulfate, S,0,27(aq)

gives off-white/pale ye@ ppt. slowly with H*
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3 Tests for gases
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gas

test and test result

ammonia, NH3

turns damp red litmus paper blue

carbon dioxide, CO,,

gives a white ppt. with limewater

hydrogen, H,

‘pops’ with a lighted splint

oxygen, O,

relights a glowing splint

3 Half-fill the 250cm® beaker with water and place it on a tripod and gauze. Heat the water until
boiling then switch off your Bunsen burner. This will be your hot water bath for use in (b)(i). Start

A-Level Chemistry: w25 33

(a)(i) while the water is heating.

(@) FA 4 is an aqueous solution containing three ions. One ion is not listed in the Qualitative
analysis notes. FA § is an aqueous solution containing two ions. The cation in FA 5 is listed in
the Qualitative analysis notes. The anions in both FA 4 and FA 5 contain sulfur.

(i) Carry out the following tests using a 1cm depth of either FA 4 or FA 5 in a test-tube.

Record your observations in Table 3.1.
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Table 3.1

observations

FA 4 FAS5

test

Test 1
Add aqueous
sodium hydroxide.

Test 2
Add aqueous ammonia.

Test 3
Add aqueous
sodium carbonate.

Test 4
Add aqueous barium chloride
or aqueous barium nitrate.

Test 5
Add acidified aqueous
potassium manganate(VII).

[3]

(i) From your observations in (a)(i), deduce the identities of the ions present in FA 4 and
FA 5. Give the formula of each ion in Table 3.2. If you are unable to identify an ion write

‘unknown’.
Table 3.2
ions present FA 4 FA S5
cations
anions

[3]
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(b) (i) Both FA 6 and FA 7 are one of propan-1-ol, propan-2-ol, methanoic acid or ethanoic
acid. You will carry out tests to investigate the identities of FA 6 and FA 7. For each test
use a 1cm depth of FA 6 or FA 7 in a test-tube. Record your observations in Table 3.3.

Table 3.3

observations

FA 6 FA7

test

Test 1

Add a few drops of acidified
aqueous potassium
manganate(VII), then
place the test-tube in the hot
water bath.

Test 2

Add a 2cm depth of aqueous
iodine followed by drops of
aqueous sodium hydroxide
until the colour just disappears.

If no reaction is visible, place
the test-tube in the hot water
bath.

Test 3
Add aqueous
sodium carbonate.

[3]

(ii) From your observations in (b)(i) deduce the identities of FA 6 and FA 7. Give reasons for
your answers.
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(c) A student carrying out a similar set of tests identifies two unknown compounds to be ethanol
and propanoic acid.

Write an equation for the reaction between these two compounds.

[Total: 14]
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Qualitative analysis notes

1 Reactions of cations
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cation

reaction with

NaOH(aq) NH,(aq)

aluminium, Al3*(aq)

white ppt. soluble in excess white ppt. insoluble in excess

ammonium, NH,*(aq)

no ppt.
ammonia produced on warming

barium, Ba2*(aq) faint white ppt. is observed unless | no ppt.
[Ba2*(aq)] is very low
calcium, Ca?*(aq) white ppt. unless [Ca2*(aq)] is very |no ppt.

low

chromium(III), Cr¥*(aq)

grey-green ppt. soluble in excess
giving dark green solution

grey-green ppt. insoluble in excess

copper(1l), Cu%*(aq)

pale blue ppt. insoluble in excess pale blue ppt. soluble in excess

giving dark blue solution

iron(I1), Fe2*(aq)

green ppt. turning brown on
contact with air
insoluble in excess

green ppt. turning brown on
contact with air
insoluble in excess

iron(Ill), Fe3*(aq)

red-brown ppt. insoluble in excess | red-brown ppt. insoluble in excess

magnesium, Mg2*(aq)

white ppt. insoluble in excess white ppt. insoluble in excess

manganese(Il), Mn%*(aq)

off-white ppt. rapidly turning brown
on contact with air
insoluble in excess

off-white ppt. rapidly turning brown
on contact with air
insoluble in excess

zinc, Zn%*(aq)

white ppt. soluble in excess white ppt. soluble in excess

2 Reactions of anions

anion

reaction

carbonate, CO4%-

CO, liberated by dilute acids

chloride, Cl~(aq)

gives white ppt. with Ag*(aq) (soluble in NH,(aq))

bromide, Br ~(aq)

gives cream/off-white ppt. with Ag*(aq) (partially soluble in NH,(aq))

iodide, I7(aq)

gives pale yellow ppt. with Ag*(aq) (insoluble in NH,(aq))

nitrate, NO5™(aq)

NH, liberated on heating with OH™(aq) and Al foil

nitrite, NO,~(aq)

NH, liberated on heating with OH(aq) and Al foil;
decolourises acidified aqueous KMnO,

sulfate, SO,2~(aq)

gives white ppt. with Ba2*(aq) (insoluble in excess dilute strong acids);
gives white ppt. with high [Ca%*(aq)]

sulfite, SO4%~(aq)

gives white ppt. with B q) (soluble in excess dilute strong acids);
decolourises acidified agleous KMnO,

thiosulfate. S..0.2-(aq)

7
gives off-white/pale velept. slowlv with H*
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3 Tests for gases

gas test and test result
ammonia, NH, turns damp red litmus paper blue

carbon dioxide, CO,, gives a white ppt. with limewater

hydrogen, H,

‘pops’ with a lighted splint

oxygen, O, relights a glowing splint
A-Level Chemistry: w25 34
3 (a) (i) Toa1cmdepth of FB 4 in a boiling tube, slowly add a 1 cm depth of dilute nitric acid. Stir

gently until the reaction is complete. Use this solution for your tests.
Select reagents to identify which sodium halide is present.

Record details of the reagents used and your observations.

Identify the sodium halide that is present as an impurity in FB 4.

The formula of the impurity is ...............

[2]

(ii) Suggest why it is necessary to add the nitric acid to FB 4 before carrying out your tests in

(@)(i).

@)
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(b) FB 7 contains a metal cation which is listed in the Qualitative analysis notes.

(i) Place half the sample of FB 7 in a hard-glass test-tube. Heat gently at first and then
more strongly.
Record your observations.
..................................................................................................................................... [2]
(ii) Use the 25cm?3 measuring cylinder to measure 20cm? of FB 1.
Place the remaining sample of FB 7 in a boiling tube and add portions of FB 1 from the
measuring cylinder until all the FB 7 has reacted. Stir until the reaction is complete.
Record your observations.
Keep this solution for use in (b)(iii).
..................................................................................................................................... [2]
(iii) Carry out the following tests. For each test use a 1 cm depth of the solution from (b)(ii) in
a test-tube.
Record your observations in Table 3.1.
Identify the metal ion present in FB 7.
Table 3.1
test observations
Test 1
Add aqueous sodium hydroxide.
Test 2
Add aqueous ammonia.
Test 3
Add a piece of aluminium foil.
The formula of the metalionin FB 7 Is ...............

[4]
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(c) FB 8is an acidified aqueous solution containing a metal cation which is listed in the Qualitative
analysis notes.

(i) Carry out the following tests. For each test use a 1 cm depth of FB 8 in a test-tube.
Record your observations in Table 3.2.
Identify the metal ion present in FB 8.

Table 3.2

test observations

Test 1
Add aqueous sodium hydroxide.

Test 2

Add a 1cm depth of
acidified aqueous potassium
manganate(VII).

The formula of the metal ionin FB 8 is ...............

[3]
(i) State the type of reaction between the metal ion in FB 8 and acidified aqueous potassium
manganate(VII).
Explain how your observations support your answer.
..................................................................................................................................... [1]
[Total: 15]

D
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Qualitative analysis notes

1 Reactions of cations
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cation

reaction with

NaOH(aq) NH,(aq)

aluminium, Al3*(aq)

white ppt. soluble in excess white ppt. insoluble in excess

ammonium, NH,*(aq)

no ppt.
ammonia produced on warming

barium, Ba2*(aq) faint white ppt. is observed unless | no ppt.
[Ba2*(aq)] is very low
calcium, Ca?*(aq) white ppt. unless [Ca2*(aq)] is very |no ppt.

low

chromium(I1I), Cr3*(aq)

grey-green ppt. soluble in excess
giving dark green solution

grey-green ppt. insoluble in excess

copper(Il), Cu?*(aq)

pale blue ppt. insoluble in excess pale blue ppt. soluble in excess

giving dark blue solution

iron(11), Fe?*(aq)

green ppt. turning brown on
contact with air
insoluble in excess

green ppt. turning brown on
contact with air
insoluble in excess

iron(I1), Fe3*(aq)

red-brown ppt. insoluble in excess | red-brown ppt. insoluble in excess

magnesium, Mg2*(aq)

white ppt. insoluble in excess white ppt. insoluble in excess

manganese(Il), MnZ*(aq)

off-white ppt. rapidly turning brown
on contact with air
insoluble in excess

off-white ppt. rapidly turning brown
on contact with air
insoluble in excess

zinc, Zn%*(aq)

white ppt. soluble in excess white ppt. soluble in excess

2 Reactions of anions

anion

reaction

carbonate, CO4%-

CO, liberated by dilute acids

chloride, Cl~(aq)

gives white ppt. with Ag*(aq) (soluble in NH,(aq))

bromide, Br ~(aq)

gives cream/off-white ppt. with Ag*(aq) (partially soluble in NH,(aq))

iodide, I7(aq)

gives pale yellow ppt. with Ag*(aq) (insoluble in NH,(aq))

nitrate, NO;™(aq)

NH, liberated on heating with OH™(aq) and Al foil

nitrite, NO,~(aq)

NH, liberated on heating with OH(aq) and Al foil;
decolourises acidified aqgueous KMnO,

sulfate, SO,?~(aq)

gives white ppt. with Ba2*(aq) (insoluble in excess dilute strong acids);
gives white ppt. with high [Ca?*(aq)]

sulfite, SO,%~(aq)

gives white ppt. with Ba2*(aq) (soluble in excess dilute strong acids);
decolourises acidified antirous KMnO,

thiosulfate, S,0,27(aq)

gives off-white / pale yenow ppt. slowly with H*

@
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3 Tests for gases

gas test and test result
ammonia, NH, turns damp red litmus paper blue

carbon dioxide, CO,, gives a white ppt. with limewater

hydrogen, H, ‘pops’ with a lighted splint

oxygen, O, relights a glowing splint

A-Level Chemistry: w25 41

5 (a) Copper shows typical properties of transition elements, including its behaviour as a catalyst.

Complete Table 5.1 to show the total number of unpaired electrons in the 3d and 4s orbitals
of an isolated gaseous Cu atom and a Cu?* ion.

Table 5.1
number of unpaired electrons
species
3d 4s
Cu
Cu?*

[1]
(b) The 3d orbitals in an isolated Cu?* ion are degenerate.

Complete the diagram to show the relative energies of the 3d orbitals in an isolated Cu?* ion
and in Cu?* in a tetrahedral complex.

A

energy

isolated Cu2* ion Cu?* in a tetrahedral complex

[2]
(c) Explain why transition elements behave as catalysts.
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(d) CN~is a monodentate ligand.
Table 5.2 shows information about two complex ions that contain only CN~ ions as ligands.

Complete Table 5.2.

Table 5.2
metal ion coordination number | formula of complex ion | charge of complex ion
Ag* 2
Fe?* 4-

[2]
(e) The complex ion [Au(CN),Br,]™ displays geometrical (cis/trans) isomerism.

Draw the structure of frans-[Au(CN),Br,]". State its shape and the Br-Au-Br bond angle.

shape .....ccooovvviiiiii Br-Au-Brbond angle = .............eiiiiinn.

()
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(f) An impure sample of a vanadium(V) compound of mass 0.250g is dissolved in aqueous acid.
This solution contains VO, ions.

An excess of zinc is added to this solution. All the VOB‘ ions are reduced to V2* ions and Zn
atoms are oxidised to Zn?* ions.

The unreacted zinc is removed and the resulting solution is titrated with acidified MnO,".
The end-point is reached when 22.5cm? of 0.0750 mol dm=3MnO,~ is added.
A redox reaction takes place and all the V2* reacts forming VO,
3MnO,~ + 5V%* + 3H,0 — 3Mn?* + 5VO,~ + 6H*
(i) Calculate the percentage by mass of vanadium in the 0.2509g of impure sample.
Assume the impurities do not contain any vanadium ions.

Show your working.

percentage of vanadium = ................cccenneeee. [3]

(i) Complete the equation for the reaction between acidified VO,~ ions and Zn metal.

2]

[Total: 14]

(39
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5 Cobalt is a transition element which forms compounds containing Co?* and Co®* ions. Cobalt(II)
sulfate dissolves in water to form a solution containing the [Co(H20)6]2+ complex ion.

(@) (i)

(ii)

(iii)

(iv)

(v)

(vi)

Complete the electronic configurations of a Co%* ion and a Co3* ion.

COZ =AM e,
CO¥ =AM e,

[1]
Explain why transition elements can form complex ions.
..................................................................................................................................... [1]
An excess of concentrated HC! is added to a solution containing [Co(H20)6]2+.
Describe the colour change observed and the state of the cobalt-containing product.
The colour changes from ..................ooooeen. (o R )
The state of the cobalt-containing product is ...........ccccceveee... :

[2]
Write an equation for the reaction occurring in (a)(iii).
..................................................................................................................................... [1]
Name the type of reaction occurring in (a)(iii).
..................................................................................................................................... [1]

Write an equation for the reaction that occurs when an excess of NaOH(aq) is added to
a solution containing [Co(H20)6]2+.

®)
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(b) Cobalt metal can be oxidised by acidified K,Cr,0,. The relevant half-equations, and their
E®values, are shown.

Co?* + 2e-=Co E®=-0.28V
Cr2072‘ + 14H* + 6e— = 2Cr3* + 7H20 E®=+1.33V

(i) A Co?*/Co electrode is constructed in which [Co%*] is 0.020 moldm™ at 298 K.

Use the Nernst equation to show that the E value for this Co%*/Co electrode is —0.33 V.

[2]

(ii) An electrochemical cell is constructed using the Co%*/Co electrode described in (b)(i)
and a Cr2072‘/Cr3+ electrode in which all conditions are standard.

Calculate the value of E_,.
Bl = covererrmrrmenenieieenns [1]
(iii) A current is drawn from the electrochemical cell described in (b)(ii).

Write an equation for the reaction taking place in the cell.

(iv) Complete the sentences to identify the negative electrode and the direction of electron
flow when a current is drawn from the cell described in (b)(ii).

Electrons flow fromthe .......cooovvvieiiiiian.. electrodetothe ....ccovvveeviviiiniiii. electrode.

[1]
(c) A molten Co?* salt is electrolysed using a current of 0.500A.

0.547 g of cobalt metal forms at the cathode. Under the conditions used no other reduction
reaction occurs at the cathode.

Calculate the time in minutes for which the current flows to produce this mass of cobalt.

Give your answer to three significant figures.

Total- 181



Name: (

J A-Level Chemistry: w25 44

1 (a) Define a transition element.

............................................................................................................................................. [1]
(b) The 3d orbitals in an isolated gaseous Cu?* ion are degenerate.
(i) Define the term degenerate.
..................................................................................................................................... [1
(ii) Complete the electronic configuration of Cu?*.
182 ettt ettt ettt ettt ettt e et et et e et et et e e et e tente e eneeeeenens [1]
(c) (i) State the colours of the aqueous solutions for the two copper(Il) complex ions shown.
. [Cu(NH3)4(H20)2]2+(aq) .............................................................................................
@ [CUCTIIZT(BO) ettt
[1]
(ii) Explain why aqueous complex ions of transition elements are usually coloured.
..................................................................................................................................... [3]
(d) (i) Whenanexcessof NH,(aq)is added to asolution of [CuCZ4]2‘(aq), [Cu(N H3)4(H20)2]2+(aq)

is formed.

State the type of reaction.
Complete the equation for this reaction. State symbols are not required.

107 TSI 0 L (== 1o (o o RSP RRRRRRRRRR

equation

[CUCLIZ + oo [CUNH,)4(Hy0),2% + oo
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(i) The [Cu(NH3)4(H20)2]2+ complex ion shows sterecisomerism.

Complete the three-dimensional diagrams in Fig. 1.1 to show the two different
stereoisomers of [Cu(NH,),(H,0),]*".

isomer 1 isomer 2
Cu Cu

Fig. 1.1
[2]

(iii) Deduce which stereoisomer in (d)(ii) is polar.
Explain your answer.
(010 F= T =T o 1= SR

EXPIANATION ..ottt

(ii) 2 moles of dianion P, C4H5NO42‘, react with 1 mole of aqueous cobalt(Ill) ions,
[Co(H20)6]3+ to form 1 mole of complex ion Q.

Deduce the formula and charge of C
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(f) Table 1.1 shows values for the stability constants, K., of some silver(I) complexes.

Table 1.1
complex value of K,
[Ag(CN),]~(aq) 1.1 x 1078
[Ag(NH,),]*(aq) 1.2 x 107
[Ag(S,0,),1*(aq) 2.9 x 1013

(i) Define the stability constant of a complex.

(ii) Use the information in Table 1.1 to identify the most stable silver(I) complex.

Explain your answer.

NOSE S DI oo e

L2 (0] F= T 1 = 11T o PSP
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(9) Sodium sulfite, Na,SO,, is used as a food preservative.

A 3.75g sample of impure Na,SO, is dissolved in distilled water and made up to 250 cmdina
volumetric flask.

10.0cm? of this solution requires 18.70cm? of acidified 0.0150 moldm= MnO,~(aq) to reach
the end-point.

The equation for the reaction is shown.
2MnO,~ + 5S0,%~ + 6H* — 2Mn?* + 550,%~ + 3H,0O

Calculate the percentage by mass of Na,SO, in the sample.

percentage by mass of Na,SO5 = oo, [3]

[Total: 19]

@)
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28.3 Colour of complexes
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KEY WORDS degenerate iijJf « complementary colour H £M@ o non-degenerate JEfijJf> « colour of complexes il £/
o complex it 54

Objective

Build the skills to answer exam questions on the colour of complexes Jitt &4 5 {4
— d-orbital splitting d #iE4>%¢ and why transition complexes are coloured.

You must be able to:

o define degenerate and non-degenerate d orbitals
o describe the splitting in octahedral and tetrahedral complexes
« explain colour in terms of the frequency of light absorbed (AE)

1 Worked examples

B d-orbital splitting and colour

octahedral tetrahedral

AFE
free ion free ion

AE

3 lower, 2 higher 2 lower, 3 higher

the complex absorbs light of energy AF, so we see the complementary colour

Ligands split the five degenerate d orbitals into two non-degenerate sets
separated by a gap AE

[Cu(H20)6]*" [Cu(NH3)4(H20)2]*" [CuClq]?*~
pale blue deep blue yellow

Ligand exchange changes the complex colour

A-Level Chemistry e 28.3 Colour of complexes @
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o octahedral: three lower + two higher.
o tetrahedral: two lower + three higher.

2 Practice

2.1 Define degenerate d orbitals.

2.2 State how the five d orbitals split in an octahedral complex.

3 Exam-style questions

3.1 A transition-metal complex is coloured because an electron is promoted:

e A out of the atom

e B between two non-degenerate d orbitals
e C into the nucleus

e D between s orbitals

3.2 The colour we see is:

e A the colour of light absorbed
e B the complementary colour of the light absorbed

o C always green
o D white

3.3 Explain, in terms of d orbitals, why [Cu(H30)¢]*" is coloured.

A complex absorbs light whose energy equals AE, promoting a d electron to the higher
set. We see the complementary colour of the light absorbed. Different ligands
give a different AE — different colour (why ligand exchange changes colour).

3.4 Explain why changing the ligand around a transition-metal ion changes the colour of

A-Level Chemistry e 28.3 Colour of complexes

©
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the complex.

A-Level Chemistry e 28.3 Colour of complexes



Solutions

2.1 d orbitals that have the same energy.

2.2 into a lower set of three and a higher set of two orbitals.

3.1 B. An electron is promoted between two non-degenerate d orbitals.
3.2 B. We see the complementary colour of the light absorbed.

3.3 the ligands split the d orbitals into two sets separated by AE; the complex absorbs
light of energy equal to AE, promoting a d electron to the higher set; the colour seen is
the complementary colour of the light absorbed.

3.4 a different ligand gives a different splitting energy AE; so a different frequency of
light is absorbed, and a different complementary colour is seen.

A-Level Chemistry e 28.3 Colour of complexes @
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5 (a) Copper shows typical properties of transition elements, including its behaviour as a catalyst.

Complete Table 5.1 to show the total number of unpaired electrons in the 3d and 4s orbitals
of an isolated gaseous Cu atom and a Cu?* ion.

Table 5.1
number of unpaired electrons
species
3d 4s
Cu
Cu?*

[1]
(b) The 3d orbitals in an isolated Cu2* ion are degenerate.

Complete the diagram to show the relative energies of the 3d orbitals in an isolated Cu?* ion
and in Cu?* in a tetrahedral complex.

A

energy

isolated Cu?* ion Cu?* in a tetrahedral complex
[2]

(c) Explain why transition elements behave as catalysts.
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(d) CN~is a monodentate ligand.
Table 5.2 shows information about two complex ions that contain only CN~ ions as ligands.

Complete Table 5.2.

Table 5.2
metal ion coordination number | formula of complex ion | charge of complex ion
Ag* 2
Fe?* 4-

[2]
(e) The complex ion [Au(CN),Br,]™ displays geometrical (cis/trans) isomerism.

Draw the structure of frans-[Au(CN),Br,]". State its shape and the Br-Au-Br bond angle.

shape .....ccooovvviiiiii Br-Au-Brbond angle = .............eiiiiinn.
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(f) An impure sample of a vanadium(V) compound of mass 0.250g is dissolved in aqueous acid.
This solution contains VO, ions.

An excess of zinc is added to this solution. All the VOB‘ ions are reduced to V2* ions and Zn
atoms are oxidised to Zn?* ions.

The unreacted zinc is removed and the resulting solution is titrated with acidified MnO,".
The end-point is reached when 22.5cm? of 0.0750 mol dm=3MnO,~ is added.
A redox reaction takes place and all the V2* reacts forming VO,
3MnO,~ + 5V%* + 3H,0 — 3Mn?* + 5VO,~ + 6H*
(i) Calculate the percentage by mass of vanadium in the 0.2509g of impure sample.
Assume the impurities do not contain any vanadium ions.

Show your working.

percentage of vanadium = ................cccenneeee. [3]

(i) Complete the equation for the reaction between acidified VO,~ ions and Zn metal.

2]

[Total: 14]
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5 Cobalt is a transition element which forms compounds containing Co?* and Co®* ions. Cobalt(II)
sulfate dissolves in water to form a solution containing the [Co(H20)6]2+ complex ion.

(@) (i)

(ii)

(iii)

(iv)

(v)

(vi)

Complete the electronic configurations of a Co%* ion and a Co3* ion.

COZ =AM e,
CO¥ =AM e,

[1]
Explain why transition elements can form complex ions.
..................................................................................................................................... [1]
An excess of concentrated HC! is added to a solution containing [Co(H20)6]2+.
Describe the colour change observed and the state of the cobalt-containing product.
The colour changes from ..................ooooeen. (o R )
The state of the cobalt-containing product is ...........ccccceveee... :

[2]
Write an equation for the reaction occurring in (a)(iii).
..................................................................................................................................... [1]
Name the type of reaction occurring in (a)(iii).
..................................................................................................................................... [1]

Write an equation for the reaction that occurs when an excess of NaOH(aq) is added to
a solution containing [Co(H20)6]2+.
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(b) Cobalt metal can be oxidised by acidified K,Cr,0,. The relevant half-equations, and their
E®values, are shown.

Co?* + 2e-=Co E®=-0.28V
Cr2072‘ + 14H* + 6e— = 2Cr3* + 7H20 E®=+1.33V

(i) A Co?*/Co electrode is constructed in which [Co%*] is 0.020 moldm™ at 298 K.

Use the Nernst equation to show that the E value for this Co%*/Co electrode is —0.33 V.

[2]

(ii) An electrochemical cell is constructed using the Co%*/Co electrode described in (b)(i)
and a Cr2072‘/Cr3+ electrode in which all conditions are standard.

Calculate the value of E_,.
Bl = covererrmrrmenenieieenns [1]
(iii) A current is drawn from the electrochemical cell described in (b)(ii).

Write an equation for the reaction taking place in the cell.

(iv) Complete the sentences to identify the negative electrode and the direction of electron
flow when a current is drawn from the cell described in (b)(ii).

Electrons flow fromthe .......cooovvvieiiiiian.. electrodetothe ....ccovvveeviviiiniiii. electrode.

[1]
(c) A molten Co?* salt is electrolysed using a current of 0.500A.

0.547 g of cobalt metal forms at the cathode. Under the conditions used no other reduction
reaction occurs at the cathode.

Calculate the time in minutes for which the current flows to produce this mass of cobalt.

Give your answer to three significant figures.

Total- 181
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1 (a) Define a transition element.

............................................................................................................................................. [1]
(b) The 3d orbitals in an isolated gaseous Cu?* ion are degenerate.
(i) Define the term degenerate.
..................................................................................................................................... [1
(ii) Complete the electronic configuration of Cu?*.
182 ettt ettt ettt ettt ettt e et et et e et et et e e et e tente e eneeeeenens [1]
(c) (i) State the colours of the aqueous solutions for the two copper(Il) complex ions shown.
. [Cu(NH3)4(H20)2]2+(aq) .............................................................................................
@ [CUCTIIZT(BO) ettt
[1]
(ii) Explain why aqueous complex ions of transition elements are usually coloured.
..................................................................................................................................... [3]
(d) (i) Whenanexcessof NH,(aq)is added to asolution of [CuCZ4]2‘(aq), [Cu(N H3)4(H20)2]2+(aq)

is formed.

State the type of reaction.
Complete the equation for this reaction. State symbols are not required.

107 TSI 0 L (== 1o (o o RSP RRRRRRRRRR

equation

[CUCLIZ + oo [CUNH,)4(Hy0),2% + oo



Name: ( ) A-Level Chemistry: w25 44

(i) The [Cu(NH3)4(H20)2]2+ complex ion shows sterecisomerism.

Complete the three-dimensional diagrams in Fig. 1.1 to show the two different
stereoisomers of [Cu(NH,),(H,0),]*".

isomer 1 isomer 2
Cu Cu

Fig. 1.1
[2]

(iii) Deduce which stereoisomer in (d)(ii) is polar.
Explain your answer.
(010 F= T =T o 1= SR

EXPIANATION ..ottt

(ii) 2 moles of dianion P, C4H5NO42‘, react with 1 mole of aqueous cobalt(Ill) ions,
[Co(H20)6]3+ to form 1 mole of complex ion Q.

Deduce the formula and charge of C
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(f) Table 1.1 shows values for the stability constants, K., of some silver(I) complexes.

Table 1.1
complex value of K,
[Ag(CN),]~(aq) 1.1 x 1078
[Ag(NH,),]*(aq) 1.2 x 107
[Ag(S,0,),1*(aq) 2.9 x 1013

(i) Define the stability constant of a complex.

(ii) Use the information in Table 1.1 to identify the most stable silver(I) complex.

Explain your answer.

NOSE S DI oo e

L2 (0] F= T 1 = 11T o PSP
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(9) Sodium sulfite, Na,SO,, is used as a food preservative.

A 3.75g sample of impure Na,SO, is dissolved in distilled water and made up to 250 cmdina
volumetric flask.

10.0cm? of this solution requires 18.70cm? of acidified 0.0150 moldm= MnO,~(aq) to reach
the end-point.

The equation for the reaction is shown.
2MnO,~ + 5S0,%~ + 6H* — 2Mn?* + 550,%~ + 3H,0O

Calculate the percentage by mass of Na,SO, in the sample.

percentage by mass of Na,SO5 = oo, [3]

[Total: 19]
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28.4 Stereoisomerism in transition el-
ement complexes

Name: -~ Class: . Date: Total: 10 marks

KEY WORDS stereoisomerism in complexes [it &4 ¥ 714544 o cis izl o geometrical JL{i] « optical jE):

 optical isomerism JjE 744
IT

Objective

Build the skills to answer exam questions on stereoisomerism in complexes [t &4 1]
SRS — geometrical JLfA] (cis/trans) and optical i) isomerism, and the polarity
of complexes.

You must be able to:

o describe cis/trans isomerism in square planar and octahedral complexes
 describe optical isomerism in octahedral complexes with bidentate ligands
o deduce the overall polarity of such complexes

1 Worked examples

B Geometrical and optical isomerism

square planar [Pt(NH;3)2Cl;]

NHg NH?
Cl— — NHs Cl — — (I
Cl NH3
cis (same side) trans (opposite)

Cis/trans in [Pt(NHs)o Ch): the two identical ligands are adjacent (cis) or opposite
(trans)

A-Level Chemistry e 28.4 Stereoisomerism in tr n element complexes @



a__® 7 07 o
o-0-o , Q-0 O
. e» & Ti7

CN 2 tetrahedral square planar octahedral

CN 4 CN 4 CN o6

Complex shapes underlie their stereoisomerism

« geometrical (cis/trans): square planar (e.g. [Pt(NHj3),Cly]) and octahedral
(e.g. [Co(NHj3),(Hy0)o)*).

 optical: octahedral complexes with bidentate ligands (e.g. [Ni(en)3]*") have two
non-superimposable mirror images.

Polarity: a cis form may be polar (dipoles do not cancel); the matching trans form
is often non-polar.

2 Practice

2.1 Name the type of stereoisomerism shown by [Pt(NHj)oCls]. 1]

2.2 State what makes a complex show optical isomerism. 1]

3 Exam-style questions

3.1 Optical isomerism is shown by: 1]

A [CUC14]2_

oaw

3.2 The trans isomer of a square planar complex is often: 1]

e A polar
« B non-polar (dipoles cancel)
o C optically active

A-Level Chemistry e 28.4 Stereoisomerism in tr n element complexes @



e D coloured only

3.3 (a) Draw the cis and trans isomers of the square planar complex [Pt(NH3),Clo]. 2]

(b) Explain why [Ni(en)3]** shows optical isomerism. 2]

3.4 State, with a reason, which of the cis or trans form of [Pt(NHj),Cly] is polar. P

[\

A-Level Chemistry e 28.4 Stereoisomerism in tr n element complexes @



Solutions

2.1 geometrical (cis/trans) isomerism.

2.2 it has two non-superimposable mirror images (e.g. an octahedral complex with
bidentate ligands).

3.1 B. [Ni(en)3)*" (octahedral with three bidentate ligands) shows optical isomerism.
3.2 B. In the trans form the dipoles cancel, so it is non-polar.

3.3 (a) cis — the two NHj (and two Cl) adjacent; trans — the two NHj (and two Cl)
opposite.

(b) it is octahedral with three bidentate (en) ligands, giving two non-superimposable
mirror images (enantiomers).

3.4 the cis form is polar; its two Pt—Cl dipoles are on the same side and do not cancel,
while in the trans form they are opposite and cancel.

A-Level Chemistry e 28.4 Stereoisomerism in tr n element complexes @
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5 (a) Copper shows typical properties of transition elements, including its behaviour as a catalyst.

Complete Table 5.1 to show the total number of unpaired electrons in the 3d and 4s orbitals
of an isolated gaseous Cu atom and a Cu?* ion.

Table 5.1
number of unpaired electrons
species
3d 4s
Cu
Cu?*

[1]
(b) The 3d orbitals in an isolated Cu2* ion are degenerate.

Complete the diagram to show the relative energies of the 3d orbitals in an isolated Cu?* ion
and in Cu?* in a tetrahedral complex.

A

energy

isolated Cu?* ion Cu?* in a tetrahedral complex
[2]

(c) Explain why transition elements behave as catalysts.
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(d) CN~is a monodentate ligand.
Table 5.2 shows information about two complex ions that contain only CN~ ions as ligands.

Complete Table 5.2.

Table 5.2
metal ion coordination number | formula of complex ion | charge of complex ion
Ag* 2
Fe?* 4-

[2]
(e) The complex ion [Au(CN),Br,]™ displays geometrical (cis/trans) isomerism.

Draw the structure of frans-[Au(CN),Br,]". State its shape and the Br-Au-Br bond angle.

shape .....ccooovvviiiiii Br-Au-Brbond angle = .............eiiiiinn.
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(f) An impure sample of a vanadium(V) compound of mass 0.250g is dissolved in aqueous acid.
This solution contains VO, ions.

An excess of zinc is added to this solution. All the VOB‘ ions are reduced to V2* ions and Zn
atoms are oxidised to Zn?* ions.

The unreacted zinc is removed and the resulting solution is titrated with acidified MnO,".
The end-point is reached when 22.5cm? of 0.0750 mol dm=3MnO,~ is added.
A redox reaction takes place and all the V2* reacts forming VO,
3MnO,~ + 5V%* + 3H,0 — 3Mn?* + 5VO,~ + 6H*
(i) Calculate the percentage by mass of vanadium in the 0.2509g of impure sample.
Assume the impurities do not contain any vanadium ions.

Show your working.

percentage of vanadium = ................cccenneeee. [3]

(i) Complete the equation for the reaction between acidified VO,~ ions and Zn metal.

2]

[Total: 14]
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6 (a) Nickel forms complexes.

(i) Give the formula and charge of the tetrahedral complex formed by Ni atoms with carbon
monoxide molecules. Carbon monoxide is a monodentate ligand. This is complex E.

(ii) Give the formula and charge of the octahedral complex formed by Ni?* ions with
ethanedioate ions. This is complex F.

(iii) Identify which complex, E or F, exists as a mixture of two stereoisomers and the type of
stereoisomerism involved.

The complex which exists as a mixture of two sterecisomersiis ............cccceeeeeeeeenns .

The type of stereocisomerism involved is ............cccceevvvvnnnnnn. .

[1]

(b) Cadmium forms complexes with methylamine, CH;NH,, and 1,2-diaminoethane, en. The
values of the stability constants, K of these complex ions are given in Table 6.1.

stab’
Table 6.1
complex Kiab
[Cd(CH,NH,),1?* 3.5 x 106
[Cd(en),]?* 4.0 x 1010

(i) Explain, by reference to its structure, why CH;NH, acts as a monodentate ligand.

(ii) Some Cd?*(aq) is added to a solution containing equal concentrations of CH;NH,
and en.

Predict which of the two complexes in Table 6.1 forms at the higher concentration.
Explain your answer.
complex that forms at the higher concentration ...

23 0] F= 1 = 11T o S

(iii) Complete the expression for the K, of [Cd(CHsNH2)4]2+.

K

stab =

)

NMAa+al- 71
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1 (a) Define a transition element.

............................................................................................................................................. [1]
(b) The 3d orbitals in an isolated gaseous Cu?* ion are degenerate.
(i) Define the term degenerate.
..................................................................................................................................... [1
(ii) Complete the electronic configuration of Cu?*.
182 ettt ettt ettt ettt ettt e et et et e et et et e e et e tente e eneeeeenens [1]
(c) (i) State the colours of the aqueous solutions for the two copper(Il) complex ions shown.
. [Cu(NH3)4(H20)2]2+(aq) .............................................................................................
@ [CUCTIIZT(BO) ettt
[1]
(ii) Explain why aqueous complex ions of transition elements are usually coloured.
..................................................................................................................................... [3]
(d) (i) Whenanexcessof NH,(aq)is added to asolution of [CuCZ4]2‘(aq), [Cu(N H3)4(H20)2]2+(aq)

is formed.

State the type of reaction.
Complete the equation for this reaction. State symbols are not required.
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equation

[CUCLIZ + oo [CUNH,)4(Hy0),2% + oo
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(i) The [Cu(NH3)4(H20)2]2+ complex ion shows sterecisomerism.

Complete the three-dimensional diagrams in Fig. 1.1 to show the two different
stereoisomers of [Cu(NH,),(H,0),]*".

isomer 1 isomer 2
Cu Cu

Fig. 1.1
[2]

(iii) Deduce which stereoisomer in (d)(ii) is polar.
Explain your answer.
(010 F= T =T o 1= SR

EXPIANATION ..ottt

(ii) 2 moles of dianion P, C4H5NO42‘, react with 1 mole of aqueous cobalt(Ill) ions,
[Co(H20)6]3+ to form 1 mole of complex ion Q.

Deduce the formula and charge of C
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(f) Table 1.1 shows values for the stability constants, K., of some silver(I) complexes.

Table 1.1
complex value of K,
[Ag(CN),]~(aq) 1.1 x 1078
[Ag(NH,),]*(aq) 1.2 x 107
[Ag(S,0,),1*(aq) 2.9 x 1013

(i) Define the stability constant of a complex.

(ii) Use the information in Table 1.1 to identify the most stable silver(I) complex.

Explain your answer.

NOSE S DI oo e

L2 (0] F= T 1 = 11T o PSP
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(9) Sodium sulfite, Na,SO,, is used as a food preservative.

A 3.75g sample of impure Na,SO, is dissolved in distilled water and made up to 250 cmdina
volumetric flask.

10.0cm? of this solution requires 18.70cm? of acidified 0.0150 moldm= MnO,~(aq) to reach
the end-point.

The equation for the reaction is shown.
2MnO,~ + 5S0,%~ + 6H* — 2Mn?* + 550,%~ + 3H,0O

Calculate the percentage by mass of Na,SO, in the sample.

percentage by mass of Na,SO5 = oo, [3]

[Total: 19]
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28.5 Stability constants

Name: —~ Class: . Date: - Total: 10 marks

KEY WORDS stability constant f2E#5%40 o complex [il 74 o ligand il /A o complex ion fit - « ligand exchange]

Objective

Build the skills to answer exam questions on stability constants & E H 5 (Ksan) —
what they are, writing the expression, and using them.

You must be able to:

o define the stability constant of a complex

o write a Kap, expression (leaving out water)
o use Kg,p values to compare stability and predict ligand exchange

1 Worked examples

B Stability constants

The stability constant K., is the equilibrium constant for forming a complex ion
from the metal ion and its ligands in solution. Water is left out of the expression.

For [Cu(HQO)6]2+ + 4NH3 = [CU(NH3)4(HQO)2]2+ + 4H201

[[Cu(NHs3),4(H20)o)*"]
[[Cu(H20)6]**][NH3]*

K stab —

conc.
[Cu(H20)6]**
pale blue

[CUC|4]2_
yellow

[Cu(NH3)4(H20)2]**
deep blue

A large K., = a very stable complex; ligand exchange moves towards the larger
Kstab

A-Level Chemistry e 28.5 Stability constants @

@



N— !
D e ZNHg
~— N « l N
monodentate: 1 bond
(H20, NHs, CI7) bldentafe: "2 bonds polydentate: many
(“en”) (EDTA uses 6)

Ligand denticity affects stability constants

2 Practice

2.1 Define the stability constant of a complex.

2.2 State what a large value of K, tells you about a complex.

A-Level Chemistry e 28.5 Stability constants



3 Exam-style questions
3.1 Which species is omitted from a K, expression in aqueous solution? 1]

e A the metal ion

e B the incoming ligand
o C water

e D the complex ion

3.2 In a ligand exchange, the equilibrium moves towards the complex with the: 1]

A smaller K.y,

B larger K.y

C smaller charge

D more water ligands

3.3 For [Cu(HQO)6]2+ + 4NH3 - [CU(NH3)4(HQO)2]2+ + 4H20:

(a) Write the expression for Kap. 2]

(b) The ammonia complex has a much larger Ky, than the water complex. Explain
what this means for the ligand-exchange reaction. 2]

3.4 Explain why adding excess ammonia to [Cu(H,0)g]?* forms the ammonia complex.[2]

A-Level Chemistry e 28.5 Stability constants @



Solutions

2.1 the equilibrium constant for the formation of a complex ion from the metal ion and
its ligands in solution.

2.2 the complex is very stable.
3.1 C. Water is omitted from the K., expression.

3.2 B. The equilibrium moves towards the complex with the larger Kgap.

[[Cu(NH;)4(H>0)o)*"]

[[Cu(H0)6]*][NH5}*

(b) the ammonia complex is more stable, so the equilibrium lies far to the right and the
exchange goes almost to completion.

3.3 (a) Kstab =

3.4 the ammonia complex has a much larger K., (is more stable); so excess ammonia
drives the equilibrium to replace the water ligands and form the ammonia complex.

A-Level Chemistry e 28.5 Stability constants @
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6 (a) Nickel forms complexes.

(i) Give the formula and charge of the tetrahedral complex formed by Ni atoms with carbon
monoxide molecules. Carbon monoxide is a monodentate ligand. This is complex E.

(ii) Give the formula and charge of the octahedral complex formed by Ni?* ions with
ethanedioate ions. This is complex F.

(iii) Identify which complex, E or F, exists as a mixture of two stereoisomers and the type of
stereoisomerism involved.

The complex which exists as a mixture of two sterecisomersiis ............cccceeeeeeeeenns .

The type of stereocisomerism involved is ............cccceevvvvnnnnnn. .

[1]

(b) Cadmium forms complexes with methylamine, CH;NH,, and 1,2-diaminoethane, en. The
values of the stability constants, K of these complex ions are given in Table 6.1.

stab’
Table 6.1
complex Kiab
[Cd(CH,NH,),1?* 3.5 x 106
[Cd(en),]?* 4.0 x 1010

(i) Explain, by reference to its structure, why CH;NH, acts as a monodentate ligand.

(ii) Some Cd?*(aq) is added to a solution containing equal concentrations of CH;NH,
and en.

Predict which of the two complexes in Table 6.1 forms at the higher concentration.
Explain your answer.
complex that forms at the higher concentration ...

23 0] F= 1 = 11T o S

(iii) Complete the expression for the K, of [Cd(CHsNH2)4]2+.

K

stab =

)

NMAa+al- 71
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1 (a) Define a transition element.

............................................................................................................................................. [1]
(b) The 3d orbitals in an isolated gaseous Cu?* ion are degenerate.
(i) Define the term degenerate.
..................................................................................................................................... [1
(ii) Complete the electronic configuration of Cu?*.
182 ettt ettt ettt ettt ettt e et et et e et et et e e et e tente e eneeeeenens [1]
(c) (i) State the colours of the aqueous solutions for the two copper(Il) complex ions shown.
. [Cu(NH3)4(H20)2]2+(aq) .............................................................................................
@ [CUCTIIZT(BO) ettt
[1]
(ii) Explain why aqueous complex ions of transition elements are usually coloured.
..................................................................................................................................... [3]
(d) (i) Whenanexcessof NH,(aq)is added to asolution of [CuCZ4]2‘(aq), [Cu(N H3)4(H20)2]2+(aq)

is formed.

State the type of reaction.
Complete the equation for this reaction. State symbols are not required.

107 TSI 0 L (== 1o (o o RSP RRRRRRRRRR

equation

[CUCLIZ + oo [CUNH,)4(Hy0),2% + oo
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(i) The [Cu(NH3)4(H20)2]2+ complex ion shows sterecisomerism.

Complete the three-dimensional diagrams in Fig. 1.1 to show the two different
stereoisomers of [Cu(NH,),(H,0),]*".

isomer 1 isomer 2
Cu Cu

Fig. 1.1
[2]

(iii) Deduce which stereoisomer in (d)(ii) is polar.
Explain your answer.
(010 F= T =T o 1= SR

EXPIANATION ..ottt

(ii) 2 moles of dianion P, C4H5NO42‘, react with 1 mole of aqueous cobalt(Ill) ions,
[Co(H20)6]3+ to form 1 mole of complex ion Q.

Deduce the formula and charge of C
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(f) Table 1.1 shows values for the stability constants, K., of some silver(I) complexes.

Table 1.1
complex value of K,
[Ag(CN),]~(aq) 1.1 x 1078
[Ag(NH,),]*(aq) 1.2 x 107
[Ag(S,0,),1*(aq) 2.9 x 1013

(i) Define the stability constant of a complex.

(ii) Use the information in Table 1.1 to identify the most stable silver(I) complex.

Explain your answer.

NOSE S DI oo e

L2 (0] F= T 1 = 11T o PSP
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(9) Sodium sulfite, Na,SO,, is used as a food preservative.

A 3.75g sample of impure Na,SO, is dissolved in distilled water and made up to 250 cmdina
volumetric flask.

10.0cm? of this solution requires 18.70cm? of acidified 0.0150 moldm= MnO,~(aq) to reach
the end-point.

The equation for the reaction is shown.
2MnO,~ + 5S0,%~ + 6H* — 2Mn?* + 550,%~ + 3H,0O

Calculate the percentage by mass of Na,SO, in the sample.

percentage by mass of Na,SO5 = oo, [3]

[Total: 19]
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