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Answer all questions in the spaces provided.

[o]1].[2]

One of the characteristics of transition metals is that they form complexes.

A solution contains aqueous copper(ll) ions.

When an excess of chloride ions is added to this solution, a reaction occurs in which
there is a change in the co-ordination number of the copper ion.

Write an equation for the reaction.

State the type of reaction occurring.

State the name of the shape of the complex ion formed.
Give a reason for the change in co-ordination number.

[4 marks]

Equation [Cu(H,0) 0% + 4l = [CuCl,]?> + 6H,0

Type of reaction ligand substitution (ligand exchange)

Name of the shape of the complex ion tetrahedral

Reason for change in co-ordination number €I ions are larger than H,0 molecules,

so only four fit around the Cu?* jon (CI~ ions are also charged and repel).

Explain why transition metal complexes are coloured.
[3 marks]

The ligands cause the 3d orbitals to split into two different energy

levels.

When visible light of a particular frequency is absorbed, d electrons are

promoted from the ground state to an excited state (AE = hv).

The remaining wavelengths of visible light are transmitted or reflected,

and this is the colour seen.
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@ State why there is often a colour change when there is a change in ligand in a
reaction involving a complex.
[1 mark]

A different ligand changes the energy difference, AE, between the

ground and excited states, so a different frequency is absorbed.

Figure 1 shows the structure of a complex ion of copper.
Figure 1
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E State the co-ordination number of copper in the complex ion shown in Figure 1.
[1 mark]
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[o[1][5]

[o]1][e]

Name the species that acts as a bidentate ligand in the complex ion shown in
Figure 1.

State how this species can act as a bidentate ligand.
[2 marks]

Name propane-1,3-diamine (1,3-diaminopropane)

How species acts as a bidentate ligand /£ has a lone pair of electrons on

each of its two nitrogen atoms, so each nitrogen donates a pair of

electrons to the Cu®* ion, forming two co-ordinate bonds.

Identify a reagent that could be used in a test to show that [Fe(H.O)e]*" is a better
proton donor than [Fe(H,0)e**

Describe the expected result of your test.
[2 marks]

Reagent universal indicator, added to solutions of [Fe(H;0)¢]** and

[Fe(H,0)1?* of the same concentration

Observations The [Fe(H»0)s1%* solution turns the indicator redder (lower

pH, more acidic) than the [Fe(H,0):1°* solution, so [Fe(H;0)s1**

releases more H* lons.
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This question is about some Period 3 oxides and chlorides.

Iil Suggest why silicon dioxide can be described as an acidic oxide even though it is
insoluble in water.

[1 mark]

Si0; reacts with bases, e.g. with hot concentrated NaOH to form sodium

silicate, Na,Si0s, and water.

Table 1 shows the melting points of some Period 3 oxides.

Table 1

Na.O SO, SO;

Melting point/K 1548 200 290

@ Explain, in terms of structure and bonding, why sodium oxide has a high melting point.
[3 marks]

Sodium oxide has a giant ionic lattice structure of oppositely charged

ions, Na* and 0%,

There are strong electrostatic forces of attraction between the oppositely

charged ions, so a lot of energy is needed to overcome them.

. Explain why sulfur trioxide has a higher melting point than sulfur dioxide.
[2 marks]

S03 is a bigger molecule than SO, (more electrons, larger M,).

So the van der Waals' forces between SO3 molecules are stronger and

need more energy to overcome.
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A small amount of each of the Period 3 chlorides NaCl, MgCl,, AICl; and PCls is
added to separate samples of deionised water.

The pH values of the resulting solutions are measured.

E State why NaCl forms a neutral solution.

[1 mark]

NaCl does not react with water (no hydrolysis): it just dissolves to form

Na*(ag) and CI~(ag) ions.

Both ALCl; and PCl5 form acidic solutions.

E The equation for the reaction of AlCl; with water is
AlCl; + 6H,0 — [Al(H,0)¢]*" + 3Cl

Explain why the solution formed is acidic. Use an equation in your answer.
[2 marks]

The AP ion is small and highly charged (highly polarising), so it

weakens the O-H bonds in the water ligands and H* jons are released.

[AI(H20) 1P + H,0 = [AI(H,0)s(OH)]?** + H30"

@ Identify the two acids formed when PCls reacts with water.
[1 mark]

phosphoric(V) acid, H3PO., and hydrochloric acid, HCI

Turn over »
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Born—Haber cycles can be used to show the enthalpy changes involved in the
formation of an ionic compound.

Figure 2 shows an incomplete Born—Haber cycle for the formation of potassium oxide
(K20).

The Born—Haber cycle is not to scale.

Figure 2

2K7(g) + 0% (g)
A A

2K*(g) +2e~ + O(9)

A

vy 2K*(g) +e-+0=(g)

2K(9) + O(9)

2K(s) + O(9)

2Kk(s) + 150,(g)

KoO(s) v

|I| Complete Figure 2 by writing the formulae, including state symbols, of the appropriate

species on each of the two blank lines.
[2 marks]

I1B/M/Jun18/CHO03
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Table 2 shows the enthalpy changes involved in the formation of potassium oxide.

Table 2
Enthalpy change AH/KJ mol™
Enthalpy of atomisation of potassium +90
Enthalpy of formation of potassium oxide -362
Enthalpy of atomisation of oxygen +248
First electron affinity of oxygen -142
First ionisation energy of potassium +418
Second electron affinity of oxygen +844

@ Give the meaning of the term enthalpy of atomisation.
[2 marks]

The enthalpy change when one mole of gaseous atoms is formed

from the element in its standard state (under standard conditions).

E Suggest why the second electron affinity of oxygen is endothermic.
[1 mark]

The electron and the O~ ion are both negative, so they repel each other.

E Use the data in Table 2 to calculate the enthalpy of lattice dissociation of potassium

oxide.
[3 marks]
AH = AHC0) + 20,,H(K) + 21E,(K) + EA(0) + EAL(0) — AH(K,0)
AH =248 + (2 x90) + 2 x 418) + (—142) + 844 — (-362)
AH = +2328 kd mol™
enthalpy of lattice dissociation = +232% kJ mol™

Turn over »
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10

E A theoretical value for the enthalpy of lattice dissociation can be calculated using a
perfect ionic model.

The theoretical enthalpy of lattice dissociation for silver fluoride is +870 kJ mol™

Explain why the theoretical enthalpy of lattice dissociation for silver fluoride is different
from the experimental value calculated using a Born—Haber cycle.

[2 marks]

The experimental value includes covalent interaction: Ag* polarises

(distorts) the F~ ion, so AgF has some covalent character.

The theoretical value assumes perfectly ionic bonding: spherical ions /

point charges.

@ The theoretical enthalpy of lattice dissociation for silver chloride is +770 kJ mol™

Explain why this value is less than the value for silver fluoride.
[2 marks]

The chloride ion is larger than the fluoride ion (same charge, lower

charge density).

So the attraction between the Ag* and CI” ions is weaker, and less

energy is needed to separate them.

Turn over for the next question
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12

Ethyne gas (C,H,) is manufactured from methane in a reversible reaction.

2CH,(g) = CyHa(g) + 3Hax(g) AH = +377 kJ mol™

|I| What is the effect of increasing the pressure on the equilibrium yield of ethyne and on
the equilibrium constant (K;) for this reaction?

Tick (v') one box.

Yield of ethyne Value of K,
A decreases increases
B decreases stays the same
C increases decreases
D increases stays the same

@ Write an expression for K, for the manufacture of ethyne from methane.

P(Csz) X P(H2)3

K, =
p(CH4)?

[1 mark]

[1 mark]
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@ At a given temperature a sealed flask contains an equilibrium mixture of 0.10 mol of
methane, 0.18 mol of ethyne and 0.52 mol of hydrogen. The pressure in the flask at
equilibrium is 500 kPa

Calculate the value of K, under these conditions.
Give your answer to three significant figures.

State the units of K,
[4 marks]

total moles = 0.10 + 0.18 + 0.52 = 0.80 mol

mole fractions: CH, = 0.10 = 0.30 = 0.125; C,H, = 0.8 = 0.80 = 0.22S;

Hy = 052 + 0.80 = 0.650

partial pressures: p(CH,) = 025 x S00 = 62.5 kPa

p(CoH,) = 0.225 x S00 = 112.5 kPa; p(H,) = 0.650 x S00 = 325 kPa

K, = (112.5 x 328%) + 62.5?

K, = 3.862 x 107 + 3906 = 9.89 x 10°

units = (kPa x kPa?) + kPa? = kPa?

Ky 9.89 x ,05 Units kP02

Turn over for the next question
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Figure 3 represents an alkaline fuel cell.

Figure 3

Motor

Gas A Gas B

Electrolyte

Liquid C «~——

|I| Give two reasons why it is not correct to describe the cell in Figure 3 as a
rechargeable cell.

[2 marks]

1 No reactions are reversed: it is not recharged by passing a current to

reverse the cell reaction.

2 The reactants (fuel and oxygen) are supplied continuously from outside,

so no external current is needed.

@ Gas B is oxygen.

Identify Gas A and Liquid C.

Gas A hydrogen, H,

[2 marks]

Liquid C  water, H,0
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[o[5][3]

[0]5][4]

It would be cheaper to use air instead of pure oxygen. One disadvantage of using air
is that the carbon dioxide in the air would react with the electrolyte and decrease the
life of the cell.

Complete the equation for the reaction between carbon dioxide and the
electrolyte, KOH

[1 mark]
CO; + 2KOH — K2CO0; + H,0
An equation for the reaction at the positive electrode is
02 + 2H20 + 4 - 40H
Write an equation for the reaction at the negative electrode.
[1 mark]

Hy + 20H™ - 2H,0 + 2e”

E Use the two equations in Question 05.4 to deduce an overall equation for the fuel cell.

[1 mark]
ZHZ + 02 - 2H20

Do not write
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box
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[o]6].[1]

[o]6][2]

The combustion of glucose to form carbon dioxide and water can be represented by
the equation

CeH1206(s) + 602(g) — 6CO,(g) + 6H20(1)

This reaction is exothermic.

Explain why the entropy change, AS, for this reaction is positive.
[1 mark]

There is more disorder in the products: 6 mol of gas and 6 mol of liguid

water are formed from | mol of solid and 6 mol of gas.

The combustion of glucose is feasible at all temperatures.

Suggest a reason why glucose does not spontaneously combust when added to
gaseous oxygen at room temperature.
[1 mark]

The activation energy is very high, so the reaction is kinetically very

slow at room temperature.

Question 6 continues on the next page
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18

Methane reacts with steam according to the equation
CHa(g) + H,O(g) — CO(g) + 3Hx(g) AH = +206 kJ mol™
I—']

The entropy change, AS, for the reaction is +216 J K" mo

Some entropy values are shown in Table 3.

Table 3
Substance CHu(g) H.O(9g) CO(g)
Entropy/J K™ mol™ 186 189 198

[0]6].[3] calculate the entropy, S, in J K™ mol™" of hydrogen gas.

[2 marks]
AS = 3S(products) — 3S(reactants)
216 = (198 + 3S) = (186 + 139)
35 =216 + 186 + 189 — 198 = 393
S =13
Entropy 13 J K" mol™

E Calculate the Gibbs free-energy change, AG, for the reaction of methane with steam

at 150 °C
Give units for your answer.
[3 marks]

AG = AH — TAS
T =150 + 273 = 423 K; AS = 216 = 1000 = 0.216 kI K™ mol™
AG = 206 — (423 x 0.216)
AG = 206 — 91.4 = +11S kI mol™

AG +IS units k7 mol™
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El Use your answer to Question 06.4 to explain whether the reaction is feasible at
150 °C
[1 mark]
Not feasible at 150 °C, because NG is positive (AG > 0).
@ Draw a line on Figure 4 to show how AG for the reaction of methane with steam
varies with temperature.
[1 mark]
Figure 4
AG
Temperature
9
Turn over for the next question
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n Hydrated ammonium iron(lll) sulfate has the formula NH;Fe(SO4,),.xH,0

|I| Describe two simple test-tube reactions that could be used to identify the three ions
contained in a solution of ammonium iron(lll) sulfate.

Give the expected observations.
[5 marks]

Test tube reaction 1 add dilute HCl then BaCly(ag) (barium chloride)

Observation(s) A White precipitate forms (BaS0O,), showing that sulfate

lons are present.

Test tube reaction 2 add sodium hydroxide, NaOH(aq), and warm

Observation(s) # brown precipitate forms (Fe(OH)3), showing Fe**. On

warming, a pungent gas (NH3) is given off which turns damp red litmus

paper blue, showing NH,".

Question 7 continues on the next page
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A sample of hydrated ammonium iron(lll) sulfate was analysed to determine the value
of x in the formula.

Step 1

4.82 g of hydrated ammonium iron(l1l) sulfate were dissolved in 100 cm?® of water.
An excess of zinc was added to the solution.

The iron(lll) ions were reduced according to the equation

2Fe*(aq) + Zn(s) —» 2Fe**(aq) + Zn**(aq)

Step 2
The excess zinc was removed from the solution and the volume made up to 250 cm?®
with distilled water.

Step 3

25.0 cm® of the solution were acidified and titrated with

0.0151 mol dm™ potassium manganate(VIl) solution.

13.25 cm® of the potassium manganate(VIl) solution were needed to oxidise the
iron(ll) ions.

The equation for the reaction that occurred is

5Fe**(aq) + MnO, (aq) + 8H*(aq) — 5Fe**(aq) + Mn**(aq) + 4H,O(l)

Name a compound that is added to provide the H* ions in Step 3.

[1 mark]
dilute sulfuric acid, H,S0,
State the colour change that occurs at the end point of this titration.
Give a reason for the colour change.
[2 marks]

Colour change  colourless (pale green) to pale pink (permanent)

Reason Once all the Fe’* ions have been oxidised, the next drop of

Mn0Oy~ is unreacted (in excess), and its purple colour turns the solution

pink.
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E Calculate the relative formula mass of NH4Fe(SO,),.xH,0O and the value of x.
[5 marks]

n(Mn0,~) = 0.01S] x 13.25 <+ 1000 = 2.00 x 10~ mol

n(Fe®*) in 25.0 em? = S x 2.00 x 107 = 1.00 x 1072 mol

n(Fe**) = n(Fe**) in 250 em® = 1.00 x 1072 x 10 = 1.00 x 1072 mol
n(NH,Fe(50,),xH,0) = 1.00 x 1072 mol

M, = 482 +1.00 x 107% = 482

\\

M, of NH.Fe(S0,), = 14.0 + 4.0 + S5.8 + 2(32.] + 64.0) = 266

\

18.0x = 482 — 266 = 216

x =216 +18.0 =12

relative formula mass 4932

value of x 12

Turn over for the next question
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[o]8].[1]

[o]8][2]

Ozone reacts with nitrogen dioxide
Os(g) + 2NO2(g) — N20s(g) + O2(g)
The rate equation for the reaction is
rate = k[O3][NO,]

The rate of the reaction was investigated.
The data from one experiment are shown in Table 4.

Table 4
Initial [O;] Initial [NO,] Initial rate
/ mol dm™ / mol dm™ /moldm>3s™
3.0x10™ 2.0x 1073 4.0 x 107

Suggest why it is not possible to confirm the rate equation for this reaction using the

data shown in Table 4.
[1 mark]

Only one experiment has been done: no concentration has been changed,

so the order for each reactant cannot be found.

Suggest two additional experiments in this investigation needed to confirm the rate

equation.
[1 mark]

Experiment 2: change (e.g. double) [03] while keeping [NO,] the same.

Experiment 3: change (e.q. double) [NO,] while keeping [03] the same.
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E Suggest a two-step mechanism for the reaction of ozone with nitrogen dioxide in
which the first step is the rate determining step.
[2 marks]

Firststep 03 + NO, » NO3 + 0,

Second step N0z + NO, » N,05

Question 8 continues on the next page
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The effect of temperature on the value of the rate constant for a different reaction was

investigated. The data obtained are shown in Table 5.

Table 5
Experiment Tem;?relrlzture, Eﬁiﬁ?giﬁg_ﬁ 1/ TIK™ In k
1 293 1.00 x 10°° 3.41x107° -13.8
2 313 4.40x10°° 3.19x 107 -12.3
3 335 1.92 x 107 2.99 x 107 -10.9
4 350 6.20 x 107 2.86 x 107 -9.69
5 370 2.20 x 107 2.70 x 107 -8.42

E Use the units of the rate constant in Table 5 to deduce the overall order of this
reaction.
[1 mark]

rate = kl[AJ1": mol dm™3 s~ = mol=2 dm® s x (mol dm=3)3

overall order 3 C(third order)
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E Plot a graph of In k against 1/T using the axes provided.

Draw a line of best fit and determine its gradient.

[3 marks]
Figure 5
1/T K-1
5 26x10-3 28x10-3 3.0x10-3 32x10-3 34x10-3 3.6x10-3
8077
-8 ™\
St0f N
In k NC
\\
-12
N
\\‘
N
-144— T T i i N
(3.50, =14.60)
-16
gradient = (-14.60 — (-7.76)) + ((3.50 — 2.60) x 1073) = —6.84 + 0.90 x 103
gradient = =7600

Gradient = —7600 K

Question 8 continues on the next page
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E The rate constant, k, is related to the temperature, T, as shown in the equation

a

Ink= — +InA

Use the equation and the gradient of your graph in Question 08.5 to calculate the
value in kJ mol™ for the activation energy, E,, of the reaction.

The value of the gas constant, R, is 8.31 J K~ mol™

(If you were unable to answer Question 08.5 you should use the value —4500 kJ mol™
This is not the correct answer.)

[2 marks]
gradient = —E, + R, so E, = —gradient x R
E, = 7600 x 8.3] = 63 156 J mol™
E, = 63156 + 1000 = 63.2 kI mol™
Activation energy 63.2 kJ mol™
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