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1 (c) Tollens’ reagent can be used to distinguish between aldehydes and ketones. Tollens’ reagent
contains [Ag(NH,),]OH, which can be prepared in a two-step process.

step 1 Aqueous NaOH is added dropwise to aqueous AgNO, to form Ag,O as a brown
precipitate.

step 2 Aqueous NH, is added dropwise to Ag,O to form a colourless solution containing
[Ag(NH,),]OH.

Construct equations for each of the steps in the preparation of [Ag(NH,),]JOH.

(d) Name the shape of the complex ion [Ag(NH,),]".

State the bond angle for H-N-Ag and for N-Ag-N.

bond angle for H-N-Ag = .............. °

bond angle for N-Ag-N = ..............
(2]

(e) An electrochemical cell uses Ag,0 as the positive electrode and Zn as the negative electrode
immersed in an alkaline electrolyte.

The overall cell reaction is shown.
Ag,0 + Zn + H,0 = 2Ag + Zn(OH),
Complete the half-equation for the reaction at each electrode.
at the positive electrode AG,0 F

at the negative electrode  Zn +
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(f) Coordination polymers are made when a bidentate ligand acts as a bridge between different
metal ions.

Under certain conditions Ru®*(aq) and the bidentate ligand dps can form a coordination
polymer containing ([Ru(dps)C1,]7), chains.

dps
S

Fig. 2.2
The bidentate ligand dps uses each of the nitrogen atoms to bond to a different Ru3*.

Complete Fig. 2.3 by drawing the structure for the coordination polymer ([Ru(dps)Ci,]"),,
Show two repeat units.

The dps ligand can be represented using N N.

Fig. 2.3
[2]
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2 (d) The anhydrous iron(IIT) compound K;[Fe(C,0,);] decomposes on heating to form a mixture
of Kz[Fe(CZOA.)Q]s K2C204 and COZ'

Complete the equation for the decomposition of K,[Fe(C,0,),].

(1]

3 (b) Acidified manganate(VII) ions, MnO,~, can be used to analyse solutions containing nitrite
ions, NO{, by titration.

X is a solution of NaNOz.

250.0cm? of X is added to 50.0cm® of 0.125moldm™2 acidified MnO,~(aq). The MnO,~(aq)
ions are in excess; all the NO,~ ions are oxidised in the reaction.

The unreacted MnO,~(aq) required 22.50cm?® of 0.0400moldm= Fe?*(aq) to reach the
end-point.

The relevant half-equations are shown.

NO,” + H,0 = NO,” + 2H* + 2¢"
MnO,~ + 8H* + 5e- — Mn2* + 4H,0

Fe?* == Fe3" + e

Calculate the concentration, in moldm—2, of NaNO2 in X.

concentration of NaNO, in X = ... moldm=3 [3]
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4 (b) Samples of [Cu(H20)6]2+(aq) are reacted separately with an excess of solution A and with an
excess of solution B.

The reaction of [Cu(H20)6]2+(aq) with solution A is a precipitation reaction.
The reaction of [Cu(HQO)G]E*(aq) with solution B is a ligand substitution reaction.

Suggest a possible identity for solution A and for solution B. Give relevant observations and
the formula of the copper-containing product for each reaction.

1011 (1] o 1 TSSO UPPPTP
ODSEIVALIONS L. ettt
formula of the copper-containing Product ...
1011 (1] 0 T = ST SO UPPPSP
ODSEIVALIONS L. ettt

formula of the copper-containing Product ...

(d) Two bidentate ligands are shown in Fig. 4.2.

en dpys

7N

H,N NH, N N

Fig. 4.2
Explain what is meant by a bidentate ligand.
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5 Transition metal atoms and transition metal ions form complexes by combining with species called
ligands.

(a) When NaOH(aq) is added to an aqueous solution containing [Co(HQO)G]z* a precipitation
reaction occurs accompanied by a colour change.

In this reaction two of the water ligands each lose one H* ion. The H* ions are gained by OH~
ions from the NaOH(aq).

(i) State the colour change seen in this precipitation reaction.

(ii) Complete the ionic equation for this precipitation reaction.

[CO(HyO)gl?* + oo B USRS U SRR USROS
(1
(iii) This precipitation reaction can also be described as a different type of reaction.
Name this type of reaction.
..................................................................................................................................... [1]
(b) L is an uncharged tridentate ligand. L donates three lone pairs to a metal atom or ion.
Cobalt forms an octahedral complex ion, E, with L. Complex ion E has a 2+ charge.
(i) Give the formula of E.
..................................................................................................................................... [1]
(ii) Identify the oxidation state of cobalt in E.
..................................................................................................................................... [1]

(ili) The d-orbitals of the cobalt atom or ion present in E are split in energy.

State the number of d-orbitals that are at a higher energy level and the number of
d-orbitals that are at a lower energy level.

number of d-orbitals at a higher energy level

number of d-orbitals at a lower energy level

(1]
(iv) Define the term non-degenerate d-orbitals.
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(c) The mineral chromite contains a compound which has the formula FeCr_ O,. The oxidation
state of iron in FeCr O, is +2.

A sample of 4.18g of FeCr O, is dissolved in an excess of sulfuric acid. The resulting solution
is made up to 250cm?. This is solution F.

All the Fe?* ions in 25.0cm?3 of solution F are oxidised to Fe3* ions by exactly 18.7 cm?® of
0.0200 moldm=3 KMnO,.

One MnOl( ion reacts with five Fe2* ions. Assume no ather oxidation reaction occurs.

(i) Write an equation for the reaction of Fe2* ions with MnQ,~ ions in acid solution.

(ii) Calculate the number of moles of FeZ* ions in 25.0 cm? of solution F.

number of moles of Fe2*ions = .......c..ccoeoveeecenoo. [2]

(iii) Calculate the M, of FeCr O, and use your answer to deduce the value of n.

M’r of FeCrnO4 e

value of N = .o,
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6 (c) Cu(NO,), is added to water to form solution A.
Fig. 1.1 shows some reactions of solution A.

H,0
Cu(NO,),(s) | ——» excess solution C

Nzgtaq) NRsle)

precipitate B excess

concentrated HCI

Fig. 1.1

Complete Table 1.1 to show the formula and colour of each of the copper-containing species
presentin A, B, C and D.

Table 1.1

formula of copper-containing colour of copper-containing
species formed species formed

o O m >

(4]
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(d) EDTA% is a polydentate ligand.

(i) Explain what is meant by a polydentate ligand.

(ii) Group 2 metal ions can form complexes similar to those of transition elements.

A solution of EDTA% is added to water containing [Ca(H20)6]2+ to form a new complex,
[CaEDTA]?-, as shown.

equilibrium 1 [CE|(H20)6]2+ + EDTA* = [CaEDTA]Z + 6H,0
Circle on the structure of EDTA%= in Fig. 1.2 the six atoms that form bonds with the metal
ion.
EDTA*
O 0
“O——CCH, CH,C—0O~
\NCHZCHZN/
‘O—’?CHE/ \\CHQC—O‘
O 0]
Fig. 1.2

(1]
(iii) The calcium ions in [Ca(HQO)B]2+ and [CaEDTAJ? have a coordination number of 6.

Explain what is meant by coordination number.



28.2 General characteristic chemical properties of the first set of transition elements PhysicsAndMaths Tutor.com

(e) The number of moles of water of crystallisation in a hydrated ionic salt can be determined by
titration using aqueous EDTA*~ ions with a suitable indicator.

* 0.255g of hydrated chromium(lll) sulfate, Cr,(SQO,),*nH,0, is dissolved in water and
made up to 100cm? in a volumetric flask.

+  25.0cm? of this solution requires 26.2cm?® of 0.00800 moldm™ aqueous EDTA* ions to
reach the end-point.

The reaction occurs as shown.
[Cr(H20)6]3+ + EDTA* — [CrEDTA]™ + 6H,0
Use the data to calculate the value of n in the formula of Cr,(SO,),*nH,0.

Show your working.

7 (b) The complexes [Pt(NH,),CL] and [Pt(en)2]2+ have the same geometry (shape) around the
metal ion.

[Pt(NH,),CL] exists as two stereoisomers whereas [Pt(en).]2* only has one possible structure.
32 2. y

State the geometry around the metal ion.
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8

(c) Potassium sulfite, K,SO,, is used as a food additive.

The concentration of sulfite ions, 8032—, can be determined by titration using aqueous
acidified manganate(VII) ions, MnO,~.

» A 250cm? solution contains 3.40g of impure K,S0,.

+  25.0cm?® of this solution requires 22.40cm? of 0.0250 moldm~3 acidified MnO,~ to
reach the end-point. All the 8032— ions are oxidised. None of the other species in
the impure K,S0O, are oxidised.

The reaction occurs as shown by the two half-equations.
H,O + 80,2 — S0,2 + 2H* + 2e~
MnO,~ + 8H* + 5e~ — Mn2* + 4H,0

(i) Give the ionic equation for the reaction between 8039— and acidified MnO,~.

(i) Calculate the percentage purity of the sample of K,SO,.
Show your working.

percentage purity of K,SO, = ..o [3]
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9 (b) Aqueous solutions of cobalt(II) salts contain the complex ion [Co(HzO)G]Z*.

(i) Define complex ion.

(ii) Samples of [Co(Hzo)E]z* are reacted separately with an excess of aqueous ammonia,
with an excess of concentrated HCI and with an excess of aqueous sodium hydroxide,
as shown in Fig. 2.1.
excess excess
NH,(aq) NaOH(aq)
A <+——— [Co(H,0)**(aqg) ——— = C

excess
concentrated HCI

B

Fig. 2.1

Complete Table 2.1 about the reactions shown by [Co(H20)6]2+-

Table 2.1
reagent added to formula of cobalt colour and state of tvpe of reaction
[Co(H20)6]2+(aCI) species formed cobalt species formed P

an excess of NH,(aq) | A=

an excess of

concentrated HCI B=

an excess of NaOH(aq) C =

(4]
(c) The ethanedioate ion, 02042—, can act as a bidentate ligand.

(i) Explain what is meant by a bidentate ligand.
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10 (a) Cobalt(Il) nitrate, Co(NO,),, is a reddish-brown crystalline solid. It dissolves in water to form
a solution containing [Co(HZO)a]2+ complex ions.

(i) Complete Table 4.1 giving the formula of the cobalt-containing species that is formed in
each of the three reactions described.

Table 4.1
reaction reagent added to [Co(HQO)B]Q*(aq) cobalt-containing species formed
1 NaOH(aq)
2 an excess of NH,(aq)
3 an excess of conc. HCl(aq)

(2]
(ii) Describe the colour change seen in reaction 3.
original colour of [Co(HQO)ﬁ]Z*(aq) ....................................................................................

final colour after addition of an excess of conc. HCI(8Q) .-...eiieeiiieriiioiieeeiieee e,
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11 Transition elements behave as catalysts and can form complex ions.

(b) Silver forms the linear complex ion [Ag(CN),]™.
Copper forms the tetrahedral complex ion [Cu(CN)4]3‘.
Titanium forms the complex [TiCl,(diars),], where diars is a neutral bidentate ligand.
(i) State the oxidation state and the coordination number of titanium in [TiC,(diars),].
oxidation state ...

coordination number ...

(1]

(ii) Draw three-dimensional diagrams to show the shapes of [Ag(CN),]~ and [Cu(CN)4]3‘, in
the boxes.

Label one bond angle on each diagram.

[2]
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(d) A piece of a copper-containing alloy has a mass of 0.567g. It is dissolved in an acid giving
100.0cm? of a blue solution in which all the copper is present as Cu2* ions.

An excess of KI(aqg) is added to a 25.0cm3 sample of this solution.
All of the copper is precipitated as white Cul(s).
Cu2* ions are the only component in the solution that react with KI(aq). This is reaction 1.
reaction 1 2Cu?* + 41" > 2Cul + 1,
The liberated 1, is then titrated with 0.0200 moldm—3 82032'. This is reaction 2.
reaction 2 I,+2S,0,2 - 21" +8,0,%
The titration requires 20.10cm? of 0.0200 moldm~2 S,0,2~ to reach the end-point.

(i) Calculate the number of moles of I, that are reduced in this titration.

number of moles of I, = ... mol [1]

(ii) Calculate the number of moles of copper in the original piece of alloy.

number of moles of copper = ......cccoiieiiiieeiieeens. mol [1]

(iii) Calculate the percentage of copper in the alloy.

percentage of copper = .......ccoooiiiiiiieene % [1]
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12 (a) Five ligands are listed in Table 6.1.
Table 6.1

ligand type of ligand

NH,

EDTA%"

CN~

H,NCH,CH,NHCH,CH,NH, tridentate

C,0,2

(i) Complete Table 6.1 using the words monodentate, bidentate and polydentate only.
Each of these three words may be used once, more than once, or not at all. [2]
(ii) The molecule H,NCH,CH,NHCH,CH,NH, is a tridentate ligand.

Suggest the meaning of tridentate ligand.

(iii) Suggest how H,NCH,CH,NHCH,CH,NH, acts as a tridentate ligand.
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13 The structure of the polydentate ligand, EDTA%-, is shown in Fig. 4.1.

10z 10
:0—CCH, CH,C—O:
Nee .o
NCH,CH,N
:0—ccH, CH,¢—0:
Fig. 4.1

The stability constants, at 298 K, of five octahedral complexes are given in Table 4.1.

Table 4.1

complex Kb

[CU(EDTA)Z | 6.31x 1019
[Cr(EDTA)> | 1.00 x 1013

[CHEDTA)] 1.00 x 1024
[Fe(EDTA)> 2.00 x 10"
[Fe(EDTA)] 1.26 x 1025

(b) Calculate the oxidation states of Cu in [Cu(EDTA)]?>~ and Cr in [Cr(EDTA)]".

(1]

(c) Deduce the number of lone pairs donated by each EDTA*" ligand in a single [Fe(EDTA)]?~
complex ion.
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14 Some of the ionic compounds of Group 2 elements undergo thermal decomposition.
Thermal decomposition of solid anhydrous magnesium ethanedioate, MgC,QO,, occurs above

650°C. The products are magnesium oxide and a mixture of two different gases, one of which
gives a white precipitate with saturated calcium hydroxide solution.

(c) The ethanedioate ion is oxidised by acidified KMnO,.
2- - 2
5C,0,% +2MnO,~ + 16H* = 10CO, + 2Mn** + 8H,0
An experiment is performed to find the solubility of MgC,0, in water.

A 40.0cm® sample of saturated aqueous MgC,0, requires 27.05cm3 of 0.00200 moldm™3
acidified KMnO, to oxidise all the 02042‘ ions.

Calculate the solubility, in moldm™3, of MgC,0, in water. Show your working.

solubility = ......c.ccoeveeereriieerne moldm™ [3]
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15 (a) Phosphine, :PH,, and carbon monoxide, :CO, are monodentate ligands found in some
transition element complexes.

(i) Define monodentate ligand.

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

(ii) Define transition element complex.
..................................................................................................................................... [1]

(iii) Explain why transition elements form complexes.
..................................................................................................................................... [1]

(b) The formulae of six complexes are given in Table 6.1.
The abbreviation en is used for 1,2-diaminoethane.
The abbreviation dien is used for the tridentate ligand H,NCH,CH,NHCH,CH,NH,,.
The dien ligand forms three bonds to the gold ion in [Au(dien)(HZO)ZCl]z* and Au(dien)CL,.
These three bonds all lie in the same plane.

The CO ligand coordinates through the carbon atom in [Rh(CO),CL,]*.

Table 6.1
formula isomerism shown geometry
[Rh(en),CL,]* yes
[Rh(CO),CL,]* yes
[Au(cr‘ien)(HQO)QCZ]2+
Au(dien)Cl, no octahedral
Ni(PH,),Cl, no
[Ni(HZO)z(NH3)4]2" yes

(i) Complete Table 6.1 to state the geometry of the first three complexes. Each complex is
either square planar, tetrahedral or octahedral. [1]

(i) Use complexes [Au(o’:’en)(HEO)ZCI]2+ and Au(dien)Cl, to write an equation showing
ligand exchange.

]
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(iii) Draw the three-dimensional structure of Au(dien)Cl, in the box. The dien ligand can be

drawn as /‘N\ )
N N

(1]

(iv) Draw the three-dimensional structure of Ni(PH,),Cl, in the box.

Ni

(1]
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16 (d) Manganese(VII) oxide, Mn,O,, can be made by treatment of KMnO, with concentrated
sulfuric acid (reaction 1).

Mn.O, readily decomposes at room temperature to form manganese(IV) oxide and a colourless
diatomic gas (reaction 2).

Construct equations for both the reactions described.

(=TTt (o] o e IR T S ST ST TSR ST PU PR UPI

== o1 110 o 1 OSSO PRRU RPN
(e) Aqueous manganese(Il) ions show similar chemical properties to aqueous copper(Il) ions

when reacted separately with NaOH(ag) and with concentrated HCL

(i) Write the ionic equation, and state the type of reaction, for the reaction of [Mn(H,0),]** with
NaOH(aq).

0NIC BQUALION .o e e

BYPE Of FEACTION ..ttt e e e e e

(2]

(if) Write the ionic equation, and state the type of reaction, for the reaction of [Mn(H,0).]** with
concentrated HCL

[To] g ToR=To [UE=1ilo] o HENUUO TS U U P SORUUPRRR

tyPe Of FRACHION ... e e e

[2]
(iii) Table 2.1 lists relevant electrode potentials for some electrode reactions.
Table 2.1
electrode reaction E°lIV
Mn# + 2e- = Mn -1.18
Cl, + 20 = 2CI" +1.36
2HOCI + 2H + 2e- = Cl, + 2H,0 +1.64
MnO, + 4H* + 2e- = Mn* + 2H,0 +1.23
MnO,” + 4H" + 3e- = MnO, + 2H,0 +1.67
Suggest the formula of the manganese species formed when Mn?(aq) reacts with CI,.
State the type of reaction.
formula of manganese species formed ...
BYPE Of FEACTION ..t et et e e e e e
(1]

9701/41/M/]/22
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17 (b) (i) Bipyridine, bipy, is a bidentate ligand.

bipy

Oa®

N N

Fig. 4.1

Explain what is meant by bidentate ligand.

PhysicsAndMaths Tutor.com

(c) Standard electrode potentials can be used to compare the stability of different complex ions for

a given transition element.

Table 4.1 lists electrode potentials for some electrode reactions for Fe* /Fe?* systems.

Table 4.1
electrode reaction E®/V
[Fe(H,O)]* + e = [Fe(H,O)* +0.77
[Fe(CN),]* + e= = [Fe(CN)J" +0.36
[Fe(bipy),]** + e == [Fe(bipy),]*" +0.96

Use relevant data from Table 4.1 to state which iron(I11) complex is hardest to reduce.

Explain your choice.

iron(IIT) complex ..o

EXPIANALION L.t et e e e e e e e e e e e e e e e e e e ae e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaes
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18 (c) Be(OH), is soluble in agueous solutions containing an excess of hydroxide ions and forms the
complex ion [Be(OH),]*~. This complex ion has a similar shape to that of [CuCl,]*.

(i) Define the term complex ion.

(ii) Draw a three-dimensional diagram to show the structure of the complex ion [Be(OH),J*.
Name the shape of the [Be(OH),]* complex ion.

(d) (i) Explain why transition elements can form complex ions.

(ii) Complete Table 1.1 to show the coordination number of each metal ion, and the shapes
and overall polarities of the complex ions listed.

Table 1.1
. coordination polar or
complex ion shape
number non-polar
cis-[Pt(H,NCH,CH,NH,)CL,] | square planar
[Ag(NH,).]" non-polar
[Fe(C,0.).1" 6

(2]
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19 A transition element is a d-block element which forms one or more stable ions with incomplete
d-orbitals.

(d) Ais a pale green salt containing Fe®" ions. A sample of 2.62 g of A is dissolved in water and the
solution is made up to exactly 100 cm?® with water. 25.0 cm® samples of this solution are placed
in conical flasks and titrated against 0.0100 moldm™ acidified potassium manganate(VII).
The equation for the only reaction that occurs is shown.

5Fe* + MnO, + 8H* —» 5Fe* + Mn* + 4H,0
The average titre value is 35.0 cm?® of 0.0100 moldm~ acidified potassium manganate(V1I).
(i) Describe the colour change that is seen in the conical flask at the end-point of this titration.
The colour changes from ..o 2O e . [1

(ii) Calculate the percentage by mass of iron in A.

[A: Fe, 55.8]

percentage by mass of iron = ... % [2]
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20 An aqueous solution of copper(Il) sulfate is a blue colour due to the presence of [Cu(H,0),]*
complex ions.

a) (i) Write an equation for the reaction between [Cu(H,0).]*" ions and NaOH(aq).
2 il

(ii) Write an equation for the reaction between [Cu(H,0),J*" ions and an excess of conc. HCL

(d) Phenanthroline, C,,H;N,, and ethanedioate ions, C,0,*, are bidentate ligands.

Ruthenium(III) ions, Ru*, form an octahedral complex with phenanthroline and chloride ions.
The complex ion contains two phenanthroline molecules.

Iron(l11) ions, Fe**, form an octahedral complex with ethanedioate ions only.

Deduce the formula and charge of each of these complex ions.

RUM COMIPIEX oottt ettt ettt e e ettt e e e ee b e e e e e e st e eeseansbee e e e aabbeseesantaeeeaesssteananssen
R o1 1 o[ O
2]
21 Copperis a transition element. It forms a wide variety of compounds.
(a) Define transition element.
.............................................................................................................................................. [1]

(c) Cu? forms a complexion containing water molecules and ethanedioate ions, C,0,%, as ligands.
The formula of the complex is [Cu(C,0,),(H,0),]*. The ethanedioate ion is a bidentate ligand.

(i) Explain what is meant by bidentate.
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22 Copper is a transition element. It forms a wide variety of compounds.

d) A solution contains 3.70g of Na,[Cu(C,0,),(H,0),] dissolved in 100cm® of solution. A
( g 2| 2~4/2 2 2,

25.0cm® sample of this solution is warmed and then oxidised by 0.0100 moldm= acidified
potassium manganate(VII).

The equation for the redox reaction is shown.
5C,0,% + 2MnO, + 16H" — 10CO, + 2Mn?" + 8H,0

Calculate the minimum volume of 0.0100 moldm™ acidified potassium manganate(VII) needed
to oxidise all of the ethanedioate ions, C,0,%, in the 25.0cm?® sample. Show all your working.

[M.: Na,[Cu(C,0,),(H,0),], 321.5]

minimum volume = ..................c........cm?® [3]

23 An aqueous solution of cobalt(II) chloride is a pink colour due to the presence of [Co(H,O)J*
complex ions.

(a) (i) Complete Table 6.1 to describe what is observed when the named reagent is added to an
aqueous solution of cobalt(II) chloride.

Table 6.1
reaqent colour of state of
9 cobalt-containing product cobalt-containing product
NaOH(aq)
an excess of conc. HCI

(2]

(ii) Write an equation for the reaction between [Co(H,0),]*" ions and NaOH(aq).
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24 (a) An aqueous solution of chromium(I1I) contains the green [Cr(H,0),]** complex ion.

(i) Complete the electronic configuration of an isolated, gaseous Cr** ion.

(b) [Cr(H,O):*(ag) shows some similar chemical properties to [Co(H,0)]*'(aq).

Samples of [Cr(H,0);J*" are reacted separately with either NaOH(aq), H,0,(aq), or excess
NH,(aq).

Use this information and the Data Booklet to suggest the formula of the chromium species
formed. State the type of reaction taking place in each case.

reagent adged to formulalof chromium type of reaction
[Cr(H,0),]’"(aq) species formed
NaOH(aq)
H,0,(aq)
an excess of NH.(aq)

(5]
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(d) The structure of [Cr,(O,CCH,),(H,0),] is shown. Ethanoate ions act as ligands in this complex.

—_— T

The ethanoate ligand, CH,;CO,", is shown as 0-

(i) Water and ethanoate ions behave as different types of ligand in this complex.

Suggest an explanation for this statement.

....................................................................................................................................... [1]
(ii) Deduce the coordination number of Cr and the geometry around each Cr atom in this

structure.

coordination NUMDET .......iiiiii e e e

geometry around Cr @lOM ... et e et e e e e

(ili) State the type of bond between the two atoms in the Cr—Cr bond.
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25 (c) (i) Barium ethanedioate, BaC,0,, decomposes on heating to produce barium oxide and a
mixture of two different gases.

Construct an equation for the decomposition of barium ethanedioate.

(ii) An impure sample of BaC,0,, of mass 0.500g, is added to 50.0cm? of 0.0200 moldm™
acidified MnO, (aqg), an excess. A redox reaction takes place and all the BaC,0, reacts.

The resulting solution, containing unreacted acidified MnO,, is titrated with 0.0500 moldm™
Fe*(aq).

The end-point is reached when 30.40 cm?® of 0.0500 moldm= Fe*(aq) has been added.
C,0,2 = 2C0, + 2e
MnO,~ + 8H' + 5e~ = Mn? + 4H,0
Fe** = Fe* + e
Calculate the percentage by mass of BaC,0, in the 0.500g impure sample. Show your

working.
[M: BaC,0,, 225.3]

percentage by mass of BaC,0, = ...........ccccoiiiiiis 4]
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26 (c) Silver bromide, AgBr, dissolves in an agueous solution of S,0,%" ions to form the complex ion
[Ag(S,0,),]* . The S,0.,% ions act as monodentate ligands.

equilibrium 1 AgBr(s) + 2S,0,%(aq) = [Ag(S,0,),]*(aq) + Br=(aq)
(i) Define the term ligand.

(1]
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27 (a) [MnCl.J* is a complex ion.
(i) Deduce the oxidation state of manganese in [MnCI,]*.
oxidationstate = ... [1]
(ii) The [MnCL,]J* complex does not contain any 180° bond angles.
Draw a three-dimensional diagram to show the shape of the [MnC!,]>” complex.

State one bond angle on your diagram.

Mn

(2]
(b) A solution of cobalt(Il) sulfate contains the complex ion [Co(H,O).J*".

A solution containing [Co(H,0),J*" is reacted separately with an excess of each of NaOH(aq),
NH,(aq) and NaCl(aq).

Write an equation for each of these reactions. State one observation that can be made
immediately after the reaction, include the colour and state of the cobalt-containing product.

(i) [Co(H,0).]* and an excess of NaOH(aq)
(= To[UE= 1[0 ] o N ST OSSP UP PRSPPSO

observation

(ii) [Co(H,O),]* and an excess of NH,(aq)
(= To[UE= (o] o H TSP U PSSP PRPPUUURPRRR

observation
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(iii) [Co(H,0).* and an excess of NaCl(aq)

PhysicsAndMaths Tutor.com

[=To[UT=1{(o] o AU UROORSSSRP

(o]0 11=] o VE=1 (o] o HE PP

(iv) Name the type of reaction that occurs in (b)(iii).

(c) Cobalt forms the complex ion [Co(NH,),(en),]*". The abbreviation en is used for the bidentate
ligand 1,2-diaminoethane, H,NCH,CH,NH,. The complex ion shows both geometrical and

optical isomerism.

(i) Define the term bidentate ligand.

(if) Draw three-dimensional diagrams for the two optical isomers of [Co(NH,),(en),]*".

Each en ligand can be represented using N} \N .

Co

Co

(2]
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28 Transition elements form complexes.
(a) Molybdenum, Mo, forms an octahedral complex consisting of one Mo atom surrounded by

carbon monoxide, CO, molecules. CO is a monodentate ligand. Iron forms an octahedral
complex consisting of one Fe** and a number of cyanide, CN-, ions. CN- is a monodentate

ligand.

(i) Define the term monodentate ligand.

....................................................................................................................................... [11
(ii)y Complete the table by stating the formulae and charges of the complexes described.
formula charge
molybdenum complex
iron(I1T) complex
(2]
(iii) Draw a three-dimensional diagram to show the shape of this iron(III) complex.
Label one 180° bond angle on your diagram.
Fe
(1]

(b) An excess of aqueous ammonia is added to dilute copper(ll) sulfate solution. A dark blue
complex, [Cu(NH,),(H,0),]*, is formed.

(i) Write an ionic equation for this reaction.
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(ii) Explain the origin of colour in copper(Il) complexes.

(c) An excess of concentrated hydrochloric acid is added to the dark blue solution of
[Cu(NH,),(H,0),]**. Anew complex, Z, is formed. The colour of the solution changes.

(i) Write an equation for the formation of Z from the solution of [Cu(NH,),(H,0),]**. Include the
formula and charge of Z.

....................................................................................................................................... [2]
(ii) Name the type of reaction when Z forms from [Cu(NH,),(H,0),]*.
....................................................................................................................................... [1]
(iii) State the geometry of Z.
....................................................................................................................................... [1]
(iv) State the colour of a solution of Z.
....................................................................................................................................... [1]

(v) Explain why the colour of a solution of [Cu(NH,),(H,0),]*" is different from the colour of a
solution of Z. You should refer to the energies of the orbitals involved in your answer.

29 An excess of aqueous ammonia is added to a solution containing the complex ion [Co(H,0),]*".
[Co(H,0)]** + BNH, = [Co(NH,),]** + 6H,0
(a) Complete the sentence to describe the colour change that will be seen during this reaction.

The colour changes from ... B0 [
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30 (a) Anaqueous solution of cobalt(II) contains the [Co(H,0),]** complex ion.

(i) Define the term complex ion.

(ii) Samples of [Co(H,0),]** are reacted separately with agueous sodium hydroxide and with
an excess of aqueous ammonia.

Give the following information about these reactions.

e the reaction of [Co(H,0).J** with aqueous sodium hydroxide
colour and state of the cobalt-containing species ...........cccoiiiiiiiiici e,
(o] (=10 (U= 4[] o HE SO U TP P U UUR PRSPPI
type OF FEACTION .. o e

e the reaction of [Co(H,O).J*" with an excess of aqueous ammonia
colour and state of the cobalt-containing species ...........cccoiiiiiiiiici e,
[[oTa] (o3 =To (U =4[] o NSO PP U UUPURRPUPPN
type of reaction

(b) When concentrated hydrochloric acid is added to a solution containing [Co(H,0):]*, a blue
solution of [CoC1,]*" is formed and the following equilibrium is established.

[Co(H,0)J* + 4CI- = [CoCLJ> + 6H,0

Use Le Chatelier’s principle to suggest the expected observations when silver nitrate solution
is added dropwise to the blue solution of [CoCI,]*. Explain your answer.
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(d) Compound X, C,H,;N,, is a tetradentate ligand.
X

H
H,N N
2 \/\H/\/ \/\NH2

(i) Suggest why one molecule of X can form four dative bonds.

(ii) C,H,;N, reacts with aqueous cobalt(II) ions, [Co(H,0)]*, in a 1:1 ratio to form a new
complex ion.

Construct an equation for this reaction.

31 EDTA*%, is a polydentate ligand.

(a) (i) Explain what is meant by the term polydentate ligand.

(ii) When a solution containing EDTA* is added to a solution containing [Cd(H,0),]** a new
complex is formed, [CAEDTAJ*.

equilibium 1 [Cd(H,0)* + EDTA* = [CAEDTA] + 6H,0

Circle, on the structure of EDTA*, the six atoms that form bonds with the metal ion.

EDTA*
0 0
| |
-0—CCH, CH,C—O"
NCH,CH,N
‘O—(ITCHz CH2(|'|.:—O‘
0 0

(1]
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32 (c) Hexaaquanickel(Il) ions are green. They form a green precipitate with hydroxide ions, OH-, in
equilibrium 1 and a blue complex with ammonia, NH,, in equilibrium 2.

equilibrium 1 [Ni(H,0)4** + 20H- = Ni(OH), + 6H,0
green ppt.
equilibrium 2 [Ni(H,0)4* + 6NH, == [Ni(NH,);]** + 6H,0
blue
Use Le Chatelier’s principle to suggest explanations for the following observations.

(i) Explain why when aqueous NH, is added dropwise to [Ni(H,O),]*" a green precipitate is
formed.

(i) Explain why when a large excess of aqueous NH, is added to [Ni(H,0),]*, the green
precipitate dissolves and a blue solution is formed.
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33 A solution is made by dissolving CuSO,+*5H,0 in an excess of aqueous ammonia. This solution
contains the copper complex [Cu(NH,),]**.

The solution of [Cu(NH,),F" is heated gently in a fume cupboard so that NH, is released. Some NH,
remains in solution and some forms NH, gas. The colour of the solution changes; a precipitate of
Cu(OH), forms and is collected.

A sample of Cu(OH), is added to concentrated hydrochloric acid. A reaction takes place forming a
coloured copper complex, Y.

A sample of Cu(OH), is added to dilute sulfuric acid. A reaction takes place forming a coloured
copper complex, Z.

[Cu(NH,),J*, Y and Z are different colours.

(b) Suggest an equation for the reaction of [Cu(NH,),]** to form Cu(OH), as the aqueous solution
of [Cu(NH,),]*" is heated.

M

(c) Suggest an equation for the reaction of Cu(OH), with concentrated hydrochloric acid, forming Y.

12

(d) Complete the table with the colour and geometry of complex Y and the colour, geometry and
formula of complex Z.

colour of complex

geometry of complex

formula of complex

(2]
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34 (a) When 1.0moldm™ Na,S,0,(aq) is added to a solution containing Ag*(aq) ions, a linear complex,
P, is formed. S,0,% ions are present in P as monodentate ligands.

(i) Define the term monodentate ligand.

(b) When 1.0moldm= NaCN(aq) is added to a solution of P, a mixture which includes a second
linear complex, Q, is formed. In this mixture the concentration of Q is much greater than the
concentration of P.

(i) Write an equation for the reaction that occurs when NaCN(aq) is added to a solution of P.

(ii) Suggest a reason why the concentration of Q is much greater than the concentration of P
in the mixture.

(iii) Name the type of reaction in which P forms Q.
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(c) Platinum forms a complex ion with the formula [Pt{CN),CL,]*". In this complex ion the carbon
atom of each CN" ligand bonds to the platinum ion. This complex shows stereoisomerism.

(i) There are only two isomers of this complex.

Draw structures of these two isomers in the boxes below.

Pt Pt

(1]

(if) Describe the geometry of [Pt(CN),CL,]*.
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35 (c) Cobalt(ll) sulfate is added to water to form a pink solution containing complex ion P. An excess
of concentrated hydrochloric acid is added to this solution to form a blue solution containing
complex ion Q.

(i) Complete the diagram to show the three-dimensional structure of Q.
State the charge on this complex ion.

Co

(2]

(ii) Name the type of reaction in which P forms Q.
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36

37

(d) Asolution of the bidentate ligand 1,2-diaminoethane, H,NCH,CH,NH,, is added to an aqueous
solution of cobalt(Il) sulfate. Oxygen is then bubbled into the mixture forming a complex ion
with the formula [Co(H,NCH,CH,NH,),]**.

This complex ion exists as a mixture of two isomers. The geometry of both of these isomeric
complexes is octahedral.

(i)

In this reaction, cobalt undergoes two types of reaction. One type of reaction is the same
as that described in (c)(ii).

Name the other type of reaction that cobalt undergoes.

(a) Aqueous solutions of copper(Il) salts contain the blue-coloured [Cu(H,0);** complex ion.
Separate portions of this blue solution react with aqueous sodium hydroxide and with
concentrated hydrochloric acid.

Give the following information for each of these reactions.

reaction with aqueous sodium hydroxide

IONIC QUALION ..o,
BYPE OF rEACHION e e ettt ee e e
colour and state of the copper-containing product ...,
reaction with concentrated hydrochloric acid

ionic equation

type of reaction

colour and state of the copper-containing product ...,

PhysicsAndMaths Tutor.com
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38 () Methylamine, CH,NH,, is a monodentate ligand.

(i) State whatis meant by the term monodentate in this context.

....................................................................................................................................... [1]
39 (a) Sketch the shape of a d orbital.
(1]
(b) (i) Explain what is meant by the term transition element.
....................................................................................................................................... [1]
Transition elements can form complex ions which contain ligands.
(ii) Name the type of bonding that occurs between a ligand and a transition element.
....................................................................................................................................... [1]

(d) CO and CN- are monodentate ligands.

Complete the table for the following two complexes.

. . co-ordination formula of charge of
metal ion ligand . :
number complex ion complex ion
Ni* CcO 4
Fe* CN- 3-

(2]
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40 Manganese, chromium and ruthenium are all transition elements.

(b) MnO,(ag) and Cr,0,%(aq) act as oxidising agents in acidic solution. Both these oxidising
agents will oxidise a solution of Sn** to give a solution of Sn*. Solutions containing Sn* and
solutions containing Sn* are colourless.

(i)

(i)

Describe the colour change seen when an excess of Sn**(aq) is added separately to

e dilute acidified MnO, (aq)

FIOM oo TD s
e dilute acidified Cr,0,% (aq).

0o o T (o T

(c) Ruthenium, Ru, forms complex ions. In one such complex ion, X, the ruthenium ion has a
co-ordination number of six. Each complex ion X contains one Ru* ion, one Cl~ ion, one SO,
molecule and the remaining ligands are NH, molecules.

The SO, molecule acts as a monodentate ligand and is attached to the Ru?" ion via the sulfur
atom. X exists in two isomeric forms.

(i) State what is meant by a co-ordination number of six.

PhysicsAndMaths Tutor.com
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41 Many copper compounds, such as CuSO, and Cu(NO;), contain Cu® ions. Aqueous solutions of
this ion contain the [Cu(H,0)]** complex ion, in which water behaves as a monodentate ligand.

(a) Explain what is meant by the term monodentate ligand.

M

(b) Copper(Il) sulfate solution, CuSO,(aq), undergoes visible changes with certain reagents.

Complete the table below.

formula of the copper(II)
observations compound or complex ion
that is formed

reagent added to a
solution of CuSO,(aq)

a few drops of NH,(aq)

an excess of NH,(aqg)

an excess of NaOH(aq)

an excess of concentrated HCI(aq)

(4]
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42 Copper is a transition element with atomic number 29.

(b) Cu-ions form a linear complex with CI- ions, which are monodentate ligands.

Draw the structure of this complex and include its overall charge.

(2]

(c) Cu? ions exist as [Cu(H,0),]** complex ions in aqueous solution.

Complete a three-dimensional diagram to show the shape of this complex.
Name its shape.

Label and state the value of one bond angle.

Cu

name of shape

(2]
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(d) When NH,(aq) is added to Cu®(aq), dropwise at first and then in excess, two chemical reactions
occur as shown.

dropwise NH,(aq) excess NH,(aq)
[Cu(H,0)** = A >
reaction 1 reaction 2

For each reaction, describe what you would see and write an equation.

reaction 1

ODSEIVALION oot ettt ettt e e e e et

reaction 2

ODSEIVALION .ot e b
EQUATION Lttt b bbb
(4]
(f Ethanedioate ions, C,0,7, can act as a bidentate ligand.
(i) Explain what is meant by the term bidentate ligand.
....................................................................................................................................... [2]

(i) When ethanedioate ions are added to a solution of zirconium ions, Zr*, a complex ion
containing four C,0,> ions and one Zr* ion is formed. All four ethanedioate ions act as
bidentate ligands in this complex.

Give the formula of this complex ion and explain why this complex is not octahedral.



