Chemistry of Transition elements - 2023 A2 Chemistry 9701

1. Nov/2023/Paper_9701/41/No.4(a)

(a) Cobalt(1) nitrate, Co(NOj),, is a reddish-brown crystalline solid. It dissolves in water to form
a solution containing [(f)t'm[Hzfl‘})B]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 [CG(HZO)B]z*(aq) cobalt-containing species formed
1 NaOH(aq)
2 an excess of NH,(aq)
3 an excess of conc. HCI(aq) 0
b@ (2]
L/

(ii) Describe the colour change seen in reaction 3. *\

original colour of [Co(Hzojﬁ]z*{aq} ................. ° .......................................................

final colour after addition of an excess of&l(aq} ..................................................
° :




2. Nov/2023/Paper_9701/41/No.5(a _d)
Transition elements behave as catalysts and can form complex ions.

(a) Explain why transition elements behave as catalysts.

.21
(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 @tate ligand.
(i) State the oxidation state and the coordination number o in [TiCL,(diars),).

o P
oxidation state .........cccoeveeeeennn..

C\
P
Q‘b
Q@




(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]

(c) The numerical value of the stability constant, K, ,, of th r(I) complex [Cu(CN)4]3' is
2.0 x 1027,

(i) Write an expression for the K, of [Cu(CN @:

(1]




(ii) In a solution the concentrations of CN™ and [Cu(CN)4]3' are both 0.0010 moldm™3.

Use your expression from (c)(i) and the value of K, to calculate the concentration of
Cu*(aq) in this solution.

concentration of Cu*(ag) = ....ccoooveeeeceericneen. moldm=3 [1]

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

An excess of KI(aq) is added to a 25.0cm?® sample of this solution.
All of the copper is precipitated as white Cul(s).
Cu?* ions are the only component in the solution that react with KI( is reaction 1.
reaction 1 2Cu?* + 41" — 2Cul + 1,
The liberated I, is then titrated with 0.0200 moldm=3 S,0 *\ is reaction 2.
reaction 2 I,+25,0,2»20"+S

The titration requires 20.10cm? of 0.0200 mol? ’ 32‘ to reach the end-point.
r

(i) Calculate the number of moles of 12@

@Q number of moles of I, = ... mol [1]
oles of copper in the original piece of alloy.

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

educed in this titration.

(ii) Calculate the nu

- 1
e

*

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

percentage of copper = .........ccccccveeiiinieneen. % [1]

(iv) Suggest why a solution of Cu?* is coloured but solid Cul is white.

[Total: 12]



3. Nov/2023/Paper_9701/41/No.6
Five ligands are listed in Table 6.1.

(a)

(i)

(iif)

Table 6.1
ligand type of ligand
NH,
EDTA%"
CN~
H,NCH,CH,NHCH,CH,NH, tridentate
02042'
Complete Table 6.1 using the words monodentate, bidentat lydentate only.
Each of these three words may be used once, more thafi onge;"or not at all. [2]
The molecule H,NCH,CH,NHCH,CH,NH, is a tri ligand.

Suggest the meaning of tridentate Iigand.&




(b) Nickel forms the octahedral complex [Ni(enJE(Hz())z]z*. This complex can exist in three
isomeric forms, listed in Table 6.2.

One of these forms is a trans isomer, the other forms are two different cis isomers.

Table 6.2

isomer polarity

trans isomer

cis isomer 1

cis isomer 2

(i) Complete Table 6.2 using the terms polar or non-polar.

<
q (1]

M
[Total: 6]




4.

Nov/2023/Paper_9701/42/No.4
The structure of the polydentate ligand, EDTA%", is shown in Fig. 4.1.

HoH HoH

- .. -
:0—CCH, CH,C—0O:
ae Noee TV e

. _NCH,CH,N_ o
10—CCH, CH,G—0

HoH HOH
Fig. 4.1

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

(a)

(b)

(c)

(d)

Table 4.1 Q
complex Koo % b
[CuEDTA)> | 6.31 x 1%

[Cr(EDTA)Z- | 1.0

[Cr(EDTA)] 1024
[Fe(EDTA))? 0 x 10"
[Fe(EDT. 1.26 x 1025

Define stability constant. Q

(1]

Deduce the number of lone pairs donated by each EDTA* ligand in a single [Fe(EDTA)]%
complex ion.



(e) Ina solution at equilibrium at 298K, [[Cu(H,0)]?*] = 3.00 x 10~"%moldm= and
[EDTA%*] = 5.00 x 10~"2moldm™3.

Use the expression for K, to calculate the concentration of [Cu(EDTA)]?" in this solution.

Show your working.

[[CU(EDTANZT = oo Mol dm=3 [2]

(f) A solution of [Cu(EDTA)]%" ions is pale blue while a solution 3)4(H20}2]2+ ions is

eep blue. i\é

""fﬁﬁabf?ﬁﬁ:ﬁ:ﬁﬁﬁ::fﬁfﬁ:ﬁ:ﬁﬁ:fﬁﬁfﬁfﬁf};i

[Total: 8]

Explain this difference in colour.




5. Nov/2023/Paper_9701/42/No.6

(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.

(iii) Explain why transition elements form complexes. E q

Q”QQ




(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 [.*‘-%.u(::lf.f.s'n}(Hzo}z(.'iI]2+ and Au(dien)CL,.

These three bonds all lie in the same plane.

The CO ligand coordinates through the carbon atom in [Rh(CO),C1,]".

Table 6.1
formula isomerism shown geo@y
[Rh(en),C1,]* yes
[Rh(CO),CL,]* yes
[Au(dien)(H,0),C 12+
Au(dien)Cl, nc@ octahedral
Ni(PH,),Cl,
[Ni(H,0),(NH,),1?* es

(i) Complete Table 6.1 to stat

either square planar, te @

or octahedral.

2
(i) Qse complexe 20)201]2" and Au(dien)Cl, to write an equation showing

ometry of the first three complexes. Each complex is

(1]

10



(ili) Draw the three-dimensional structure of Au(dien)Cl; in the box. The dien ligand can be

drawn as /‘N\ .
N N

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

Q0 Ni

e ;
4

[1]
(v) One of the complexes, [Rh(en),CL,]* or [Rh(CO),CL,]*, can exist in three isomeric forms.
Identify this complex and the types of isomerism shown.

- [

11



(vi) Draw the three-dimensional structures of the two isomers of [Ni(H2C'.')2(NH3}|4]2+ in the
boxes and identify the type of isomerism shown.

type of isomerism shown ..........c.cccccerinenee,

*\ )
‘o (2]

[Total: 10]

Q”Qlo

12



6. June/2023/Paper_9701/41/No.1(c _f)

(a) Group 2 nitrates decompose when heated.

(b) Copper(II) nitrate decomposes in a similar manner to Group 2 nitrates.

Write an equation for the decomposition of Cu(NQO,),.

(c) Cu(NO,), is added to water to form solution A.

Fig. 1.1 shows some reactions of solution A.

H,O
Cu(NO,),(s) | —————

Complete Table 1.1 to show the formula

presentin A, B, C and D.

solution A

Fig. 1.1 &
0 r of each of the copper-containing species

solution C

excess

NHjaq) — NHa@a) 0

precipitate B

L/
centrated HCI

solution D

formula

formed

r-containing | colour of copper-containing

species formed

.M

[4]

13



(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(H,0)g]?* to form a new complex,
[CaEDTAJ®, as shown.

equilibrium 1 [Ca(H,0),** + EDTA* = [CaEDTAJ?~ + ﬁo
Circle on the structure of EDTA* in Fig. 1.2 the six atoms that fq s with the metal
ion.
 /
EDTA* *\
I

NCH,CH,

-0—(|:|CH2/ o CH2(|'_|2—0‘
0 0 0
Qig. 1.2
0 (1

,0)¢]?* and [CaEDTAJ?~ have a coordination number of 6.

(iii) The calcium io
y coordination number.

14



(iv) The complex [CaEDTAJ?" can be used to remove toxic metals from the body.

(v)

Table 1.2 shows the numerical values for the stability constants, K, for some metal
ions with EDTA%".

Table 1.2
complex Keiab

[CaEDTAJ2- 5.0 x 1010

[CrEDTA]- 2.5 x 1023

[FEEDTA]™ 1.3 x 10%°

[PbEDTAJZ- 1.1 x 1018
An aqueous solution containing [CaEDTAJ?" is added to a s ontaining equal
concentrations of Cr¥*(aq), Fe**(aq) and Pb%*(aq). The res re is left to reach
a state of equilibrium. L/
State the type of reaction when [CaEDTA]*" rea ' *(aq), Fe**(aq) and Pb%*(aq).

Deduce the relative concentrations of |
the resulting mixture.

Explain your answer.

15



(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(III) sulfate, Cr,(SO,),*nH,0, is dissolved in water and

made up to 100cm?3 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(H,0)]** + EDTA* — [CrEDTA]~ + 6H,0O
Use the data to calculate the value of n in the formula of Cr,(SO,);*nH,0.

Show your working.

“ *
(f) Asolution ;?Cre' d a solution of Fe3*(aq) have different colours.

Explain why the two complexes have different colours.

16



7.

June/2023/Paper_9701/41/No.2
(a) Some transition element complexes can show stereoisomerism.

State two types of stereocisomerism shown by transition element complexes.

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

[Pt(NH5),CL)] exists as two stereoisomers whereas [Pt(en)2]2" only has one possible structure.

State the geometry around the metal ion.

17



(c) The complex [Cr(en),]** exists as two stereoisomers whereas

[Cr(OCH,CH,NH,),]" exists as four stereocisomers.

the complex

Complete the three-dimensional diagrams in Fig. 2.1 to show the four stereocisomers of

[Cr(OCH,CH,NH,),]".

Represent the ligand "OCH,CH,NH, by using / \ .
0O N

//Iffm‘ “‘\\\\\\

I

/|\

’”f"-fn \\\'\\\\ 0
"Cr.
v | N

ffff 'f-"l', “\\\\\\

Cr

/|\

Q Fig. 2.1
&2
5

(3]

18



(d) The complex [Cr(OCH,CH,NH,),]" is formed by reacting Cr?*(aq) with the conjugate base of
2-aminoethanol.

A synthesis of 2-aminoethanol is shown in Fig. 2.2.

oxirane 2-aminoethanol

C/O\C
/

OH
H

—_—
H o +NH; H,N

H H
Fig. 2.2
(i) Suggest the mechanism for step 1 of the reaction of oxirane with ammonia in Fig. 2.3.
Include all relevant curly arrows, lone pairs of electrons, charges :@ial charges.
Draw the structure of the organic intermediate. . b@
oxirane intermediate *\ 2-aminoethanol

step 1 step 2 OH
V2R N D | T
H H zo
HiN3$

Fig. 2.3

¥
A4
(i) Asmallamo

in Fig. 2.2.

(3]

of by-product E, shown in Fig. 2.4, is produced during the reaction shown

E

HO OH
\/\N/\/
H

Fig. 2.4

Suggest how the formation of by-product E can be minimised.

- [1]

19



(iii) Compound F, C,H,;NO, can be formed from the reaction of by-product E, C,H,,NO,,
with concentrated H,SO,.

Compound F is a saturated and basic organic compound.

Suggest a structure for compound F. State the type of reaction undergone by E to form F.

F

o [Total: 11]
R

20



8.

June/2023/Paper_9701/42/No.2
(a) State two typical chemical properties of a transition element.

ettt ettt ettt et e e ettt et £ ettt e e e e ae e e enes
SR
(1]
(b) Aqueous solutions of cobalt(II) salts contain the complex ion [Co(H20)6]2+.
(i) Define complex ion.
. [M1]
(ii) Samples of ['Co(Hzol)a]2+ are reacted separately with an excess o us ammonia,
with an excess of concentrated HCI and with an excess of aqu ium hydroxide,
as shown in Fig. 2.1.
L/
excess ex -
NH;(aq) )
A «——— [Co(H,0),**(aq) c

exc
n ated HCI

Complete Table

Q@ ig. 2.1
Uit the reactions shown by [Co(H,0)]**

Table 2.1
D 4
PAD -
reagent aﬁ&d t formula of cobalt colour and state of e of reaction
[Co(HZO)B]Q"(a species formed cobalt species formed typ

an excess of NH,(aq) | A=

an excess of
concentrated HC1

an excess of NaOH(aq) | C =

(4]

21




(c) The ethanedioate ion, (32042‘, can act as a bidentate ligand.

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

2]

(ii) The complex [Co(H,0),(C,0,)BrCl]” exists as stereoisomers.

Complete the three-dimensional diagrams in Fig. 2.2 to show four stereocisomers of
[Co(H,0),(C,0,)BrCl]".

The 02042‘ ligand is represented using 0/—\0 .

4 O
/,’"f # \\‘\\\\

/C|°\O>

Fig. 2.2
(3]

(iif) State the oxidation state of cobalt in this complex and a type of sterecisomerism shown.
oxidation state of cobalt

type of StereoiSomMeriSm ...

(1]

[Total: 12]

22



9. March/2023/Paper_9701/42/No.3

Vanadium is a transition element in Period 4 of the Periodic Table.

(a) Define transition element.

(b) Vanadium shows typical chemical properties of transition elements, including variable
oxidation states.

(i) State two other typical chemical properties of transition elements.

23



(c) VO," can be reduced to V2* by C,0,%" in acidic conditions.
equation 2 2V0," + 302042' +8H' = 2V%* + 6CO, + 4H,0

(i) In a titration, 25.00cm? of 0.0300 moldm™ VO,*(aq) is added to 10 cm? of dilute sulfuric
acid.

A solution of 0.0400 moldm™3 02042‘(aq} is then added from a burette until the end-point
is reached.

The titration is repeated and concordant results obtained, as shown in Table 3.1.

Table 3.1
1 2
volume of C,0,% (aq) added/cm? 28.15 QO
Show that these results are consistent with the stoichiome Qtion 2.
& E >

N\
0&
(}0 2]

(i) An excess of C,0,% reacts ," to form a mixture of two octahedral complex ions.
The complex ions are st ers of each other.

é\ﬂ* cation and three C,0,%" ions.

Each complex i

Complete th to show the three-dimensional structure of one of the complex
ions.
S 4
*
Incléde the of the complex ion
Use O O to represent a C,0,% ion.
\

[2]

24



(d) V?*(aq) can be oxidised by H,0,(aq).

Table 3.2 gives some relevant data.

Table 3.2
half-equation E® IV
1 H,0,(aq) + 2H*(aq) + 26~ == 2H,0() +1.77
2 | VO,*(aq) + 2H*(aq) + e~ = VO?*(aq) + H,O(l) +1.00
3 VO?*(aq) + 2H*(aq) + e~ = V3*(aq) + H,O() +0.34
- V3*(aq) + e~ = V2*(aq) -0.26

under standard conditions.

(i) Identify the vanadium species that forms when an excess of @% reacts with V2*(aq)

Explain your answer with reference to the data in Ta S

(ii)

[Total: 9]

25



10. March/2023/Paper_9701/42/No.4(e, f)
(e) Methylamine, CH,NH,, is another primary amine. CH,NH,, can act as a monodentate ligand.

(i) Define monodentate ligand.

(i) Cu?*(aq) reacts with CH4NH, to form [Cu(CHBNHz)z(H20)4]2+.

Draw three-dimensional diagrams to show the two geometrical isomers of
[Cu(CH4NH,),(H,0),]**.

o’b
°

er of copper in [Cu(CHSNHz)z(H20)4]2+.

(iii) State the coordi

edral complexes with CH,NH,, OH™ and CI™ ions, as shown in

(0 Cdz*(aa»'iggs

equilibria an

equilibrium 1 Cd?*(aq) + 4CH,NH,(aq) = [Cd(CH,NH,),]**(aq) K., = 3.3 x 10°
equilibrium 2 Cd?*(aq) + 40H(ag) = Cd(OH),%*(aq) K = 5.0 x 108
equilibrium 3  Cd?*(aq) + 4Cl~(aq) = CdCI42‘(aq) Kgiap = 6.3 x 102

(i) Give the units of K_,_, for equilibrium 1.

26



(i) Write an expression for K, for equilibrium 3.

Kstab =

(1]



(iii)

(iv)

(v)

A solution of Ci(aq) is added to Cd?*(aq) and allowed to reach equilibrium. The
equilibrium concentrations are given.

[Cd?*(aq)] = 0.043moldm3
[CI-(aq)] = 0.072moldm™3

Use your expression in (f)(ii) to calculate the concentration of CdCIf‘(aq) in the
equilibrium mixture.

[Cd(OH),]*(aq) forms.

Suggest how the [Cd(OH)4]2‘(aq) is form

Cd?*(aq) exists as a compl @3
Identify the most stabl
tick (v') in each,c

d(H,0)l**(aq).

least stable of the complexes in Table 4.1 by placing one

Explain your,

;

“‘ Table 4.1
X ]

con‘?plex most stable least stable

[Cd(H,0)e1**(aq)

[Cd(OH),J*"(aq)

[Cd(CHSNH2)4]2+(aq)

[CdCL,2(aq)

Loy =T F= (T ] o I OO

28



