
1 Structur� bo tUUl 

� jYOUfP clteuti£try 

The relative molecu lar mass is also 
ca l led the relative formu la mass 
especia l ly for ion ic substances. 

Ion isation energ ies are always 
endotherm ic and relate to the 
formation  of a positive ion .  

Atom ic structure 

� Int roduct ion 

Much of chemistry depends upon Coulomb's Law which states that the 
electrostatic force of attraction, F, is given by: 

F ex: (q+.q_) + r2 
where q+ and q_ are the charges on the objects (e.g. the nucleus, an 
electron, ions etc. )  and r2 is the square of the distance between their 
centres. This means that the bigger the charge, the bigger the force, and 
the further the centres are apart, the weaker the force. 

� Things t o learn 

r 

r 

r 

Atomic number (Z) of an element is the number of protons in the 
nucleus of its atom. 

Mass number of an isotope is the number of protons plus the 
number of neutrons in the nucleus. 

Isotopes are atoms of the same element which have the same number 
of protons but different numbers of neutrons. They have the same 
atomic number but different mass numbers. 

Relative atomic mass (Ar) of an element is the average mass 
(taking into account the abundance of each isotope) of the atoms of 
that element relative to l/ 1 2th the mass of a carbon-12  atom. 

Relative isotopic mass is the mass of one atom of an isotope relative 
to l / 1 2th.the mass of a carbon- 1 2  atom. 

Relative molecular mass (Mr) of a substance is the sum of all  the 
relative atomic masses of its constituent atoms. 

Molar mass is the mass of one mole of the substance . Its units are 
grams per mole (g mor1 ) ,  and it is numerically equal to the relative 
molecular mass. 

1st ionisation energy is the amount of energy required per mole 
to remove one electron from each gaseous atom to form a singly 
positive ion 

2nd ionisation energy is the energy change per mole for the 
removal of an electron from a singly positive gaseous ion to form a 
doubly positive ion 
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A common error is to m iss out the 
+ charge on the formu la of a species 
respons ib le for a l i ne in a mass 
spectrum. 

S T R U C T U R E ,  B O N D I N G A N D  M A I N G R O U P C H E M I S T R Y  

1st electron affinity i s  the energy change per mole for the addition 
of one electron to a gaseous atom to form a singly negative ion 

E(g) + e- � r(g) 

2nd electron affinity is the energy change per mole for the addition 
of an electron to a singly negative gaseous ion to form a doubly 
negative ion 

E-(g) + e- � E2-(g) 
s block elements are those in which the h ighest occupied energy level 
is an s orbital .  They are in Groups 1 and 2. 
Similar definitions apply to p block (Groups 3 to 7 and 0) and d 
block (Sc to Zn) elements. 

:RJ Things t o  underst and 

Mass spectra 

An element is first vapourised and then bombarded by high-energy 
electrons that remove an electron from the element and form a positive 
ion . This ion is then accelerated through an electric potential, deflected 
according to its mass and finally detected. 
Metals and the noble gases form singly positively charged ions in  the 
ratio of the abundance of their isotopes. 
Non-metals also give molecular ions. For example Br21 which has two 
isotopes 79Br (SO%) and 8 1 Br (50%), will give three l ines at m/e values of 
1 58, 1 60 and 1 62 in the ratio 1 :2 : 1 .  These are caused by (9Br-79Br)+, 
(9Br-8 1 Br)+ and (8 1Br-81Br)+. 
The relative atomic mass of an element can be calculated from mass 
spectra data as fol lows: 

A, = the sum of (mass of each isotope x percentage of that isotope)/ 1 00 

Worked e--x� 
Boron was analysed in a mass spect rometer. 
Cal culate the re lative atom i c  mass of bo ro n  us i ng  the  resu lts be low. 

Peaks at m/ e of Abundance (% )  

10.0 18.7 

11.0 81.3 

Answer: A,= ( 10.0 x 18.7 + 11.0 x 81.3 ) I 100 10.8 

Electron structure 

The first shel l  only has an s orbital .  
The second shell has one  s and three p orbitals. 
The third and subsequent shells have one s, three p and five d orbitals. 
Each orbital can hold a maximum of two electrons. 
The order of fi l l ing orbitals is shown in F igure 1 . 1  below. 
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. A TO M I C  S T R U C T U R E  

Fig 1. 1 The order of filling of atomic 
orbitals 

I n  an atom ,  the outer electrons are 
sh ie lded from the pu l l  of the nuc leus 
by the e lectrons i n  she l ls nearer to 
the nuc leus ( the inner  e lectrons) . 

Fig 1.2 The first ionisation energies 
(kj mor1) of the elements up to krypton 

Electron structures can be shown in two ways: 
The s, p, d notation. For vanadium (atomic number 23) this is :  

1 s2, 2s2 2p6, 3 s2 3p6 3d3, 4s2• 

3 

The electrons in a box notation. For phosphorus (Z = 1 5) this would be: 

[ill[ill[ill[ill[ill[ill[][][] 
1s  2s 2p 

y 

Sizes of atoms and ions 

3s 3p 
y 

The atoms become smaller going across a period from left to right, 
because the nuclear charge increases, pulling the electrons in closer, 
though the number of shells is the same. 
The atoms get bigger going down a group, because there are more 
shells of electrons.  
A positive ion i s  smaller than the neutral atom from which it was made, 
because the ion has one shell fewer than the atom.  
A negative ion is bigger than the neutral atom, because the extra 
repulsion between the electrons causes them to spread out. 

1st ionisation energy 

There is a general increase going from left to right across a period (see 
F igure 1 .2) . This is caused mainly by the increased nuclear charge 
(ato1nic number) without an increase in the number of inner shielding 
electrons.  
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You shou ld  be able to sketch the 
variat ion of 1 st ion isation energ ies 
with atomic number for the fi rst 20 
e lements. 

The fi rst six ion isation energ ies/ -1 
kJ mol  of an element are: 
1 st 786 
2nd 1 580 
3rd 3230 
4th 4360 
5th 1 6000 
6th 20000 
There is a b ig jump after the fou rth ,  
so the e lement is in  Group  4. 

S T R U C T U R E ,  B O N D I N G  A N D  M A I N G R O U P  C H E M I S T R Y  

There are slight decreases after Group 2 (this is  because, for Group 3,  i t  
is  easier t o  remove an electron from the higher energy p orb ital), and 
after Group 5 (thi s  is  because, for Group 6, the repulsion of the two 
electrons in the Px orbital makes it easier to remove one of them) .  
There is  a decrease going down a Group. This i s  caused by the outer 
electron being further from the nucleus .  (The extra nuclear charge i s  
balanced by the same extra number of i nner shielding electrons.) 

Successive ionisation energies 

The 2nd ionisation energy of an element is a lways bigger than the first, 
because the second electron is removed from a positive ion . 
When there is a very big jump in the value of successive ionisation 
energies, an electron is being removed from a lower shell, e.g. i f  this 
j ump happens from the 4th to the 5th ionisation energy, four electrons 
have been removed from the outer shell during the first four 
ionisations, and so the element is  in Group 4 .  

Electron affinity 

The 1 st electron affinity values are always negative (exothermic) , as a 
negative electron is being brought towards the positive nucleus i n  a 
neutral atom. They are the most exothermic for the halogens. 
The 2nd electron affinity values are always positive (endothermic), 
because a negative electron is being added to a negative ion. 

kR:J Checklist 
Before attempting the questions on this topic, check that you can: 

Define A,, M,, and relative isotopic mass. 

Calculate the number of neutrons in  an isotope, given the atomic and 
mass numbers. 

Calculate the relative atomic mass of an element from mass spectra 
data. 

Define first and subsequent ionisation energies.  

Explain the changes i n  first ionisation energies for elements across a 
Period and down a Group .  

Deduce an element's Group from successive ionisation energies. 

Work out the electronic structure of the first 36 elements. 

Define the 1 st and 2nd electron affinities. 
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• A TO M I C  S T R U C T U R E  

An£wers 
, Mass 1 , charge + 1 
Mass 1 ,  charge 0 
Mass 1 /1 860 , charge -1 

23 (p+n) - 1 1 p  = 1 2n 

99 (p+n) - 56n = 43. 

Na(g) - Na•(g) + e-

C l (g ) - Cl. (g) + e-

Mg•(g) - Mg2•(g) + e-

1 S2,2S2,2p2 

1 S2, 2s2, 2p6, 3s2• 
1 S2, 2s2, 2p6, 3s2, 3p6, 3d6, 4s2 

� The answers to the numbered 
'-/ questions are on page 1 21 .  

Test ing your knowledge and underst andin 

For the following set of questions, cover the margin, write down your 
answer, then check to see if  you are correct. (You may refer to the Periodi 
Table on the inside back cover) 

State the masses and charges (relative to a proton) of: 
a proton (p) 
a neutron (n) 
an electron (e) . 
How many neutrons are there in an atom of UNa ? 
What is the atomic number of an element which has an atom of mass 
number 99 and contains 56 neutrons ? 
Write equations with state symbols for: 
a the 1 st ionisation energy of sodium 
b the 1 st ionisation energy of chlorine 
c the 2nd ionisation energy of magnesium. 
Using the l s, 2s 2p . .  notation, give the electronic structures of the 
elements :  
a 6c 
b 1 2Mg 
c 26Fe. 

1 Explain the difference between relative isotopic mass and relative 
atomic mass. I l lustrate your answer with reference to a specific element. 

2 Lithium has naturally occurring isotopes of mass numbers 6 and 7. 
Explain why its relative atomic mass i s  6.9 not 6 .5 .  

3 Magnesium was analysed in a mass spectrometer. 
Peaks were found at three different m/e ratios. 

m/e Abundance (%) 

24.0 78.6 

25.0 1 0 . 1  

26 .0 1 1 .3 

Calculate the relative atomic mass of magnesium. 
4 Gallium has a relative atomic mass of 69 .8 .  I ts  mass spectrum shows two 

peaks at m/e of 69.0 and 7 1 .0.  
Calculate .the percentage of each isotope in gall ium. 

5 The successive ionisation energies of an element X are given below: 

Ionisation energy 1 st 2nd 3rd 4th 5th 6th 7th 8th 

Value/kJ mor1 1 060 1 900 2920 4960 6280 21 200 25 900 30 500 

State, giving your reasons, which group the element X is  in. 

6 a Sketch the variation of 1 st ionisation energy against atomic number 
for the first 1 1  elements .  

b Explain why the ionisation energy is less for :  
i the element of atomic number (Z) of 5 than that for element of 

Z = 4  
ii the element of Z = 8 than that for element of Z = 7 
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1 mol  of NaOH has a mass of 40 g 

1 mol  of 02 has a mass of 32 g. 

S T R U C T U R E , B O N D I N G A N D  M A I N G R O U P  C H E M I S T RY 

iii the element of Z = 1 1  than that for element of Z = 3 .  
7 Using the electron in  a box notation, give the electronic structure of 

chlorine (Z = 1 7) .  
8 Explain, i n  terms of electronic structure, why the chemical properties of 

l ithium, sodium and potassium are similar but not identical . 
9 a Give the equation, with state symbols, that represents the 1 st 

electron affinity of i l ithium, ii chlorine, 111 oxygen. 
b Give the equation that represents the 2nd electron affinity of 

oxygen. 
c Why is the 2nd electron affinity of oxygen endothermic whereas 

the 1 st electron affinities of lithium, chlorine and oxygen are al l  
exothermic? 

Formulae, equat i o ns  and m oles 

® Int roduct ion 
The keys to this topic are: 

To be able to calculate the number of moles from data. 
To set out calculations clearly. 

® Things t o  learn 

[ The Avogadro Constant is the number of carbon atoms in exactly 1 2  g 
of the carbon-1 2  isotope. Its value is 6.02 x 1 023 mor1 • 

One mole of a substance is the amount of that substance that contains 
6.02 x 1 023 particles of that substance. This  means that one mole of a 
substance is i ts relative atomic or molecular mass expressed in grams. 

The molar mass of a substance is  the mass ( in grams) of one mole. 

Amount of substance is  the number of moles of that substance. 

The empirical formula i s  the simplest whole number ratio of the 
elements in  the compound. 

� Things to underst and 
Calculation of empirical formulae from percentage data 

It is best calculated using a table. 

Element Percentage of element Percentage divided by A. of element Divide each by lowest 

Carbon 48 .7  48 . 7  7 12  = 4 . 1  4 . 1 7 2 . 7  = 1 .5 

Hydrogen 8. 1 8 . 1 7 1 = 8. 1 8 . 1 72.7 = 3 

Oxygen 43.2 43.2 7 16 = 2 . 7  2. 7 7 2. 7 = 1 
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• FO R M U LA E ,  E Q U AT I O N S  A N D M O L E S  7 

I on ic  eq uations must also balance 
for charge. 

Avo id writ ing mol = 0 . 1 1 .  I nstead 
state the name or formu la of the 
substance 
e.g. amount of Na = 0 . 1 1 mol. 

As volume in dm
3 

=vo lume in  
em 

3
/1 000, the  fo l lowing formula can 

be used :  
moles = M x W1 000 
or  concentrat ion = moles x 1 000/V 
where M is the concentration and 
Vis the vol ume i n  cm

3
• 

The last column gives the empirical formula, but if any value in this 
column comes to a number ending in .5 or .25,  you must multiply al l  the 
values by 2 or 4 to get integers. So here the empi rical formula i s  C3H602• 

Equations 

These must balance. The number of atoms of an element on one side of 
the equation must be the same as the number of atoms  of that element on 
the other side. 

Ionic equations 

There are three rules: 
Write the ions separately for solutions of ionic compounds (salts, strong 
acids and bases) . 
Write ful l  'molecular' formulae for solids and all covalent substances. 
Spectator ions must be cancelled and so do not appear in the final 
equation . 

Moles 

There are three ways of calculating the amount of substance (in moles) : 
For a pure substance X 

The amount of X (in moles) = mass of X (in grams)/its molar 
mass 

Calcu late the amount of H20 in 1 . 1 g of water 

Answer: 1 . 1 g/1 8 g mol
-1 

= 0.061 mol of H20 

For solutions: 
The amount of solute = concentration (in mol dm-3) x volume 
(in dm3) 

Therefore concentration = moles I volume in dm
3 

Calcu late the amount of NaOH in 22 .2 cm
3 

of 0 . 1 00 mol dm-3 sol ution 

Answer: 0 . 1 00 x 0.0222 = 2 .22 x 1 0-3 mol  of NaOH 

For gases: 
Amount of gas (in moles) = volume (in dm3)/molar 
volume. 

The molar volume of a gas is 24 dm3 mol-1 , measured at room 
temperature and pressure (RTP) . 
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I n  Step 2, the sto ich iometric ratio is 
2/1 as there are 2NaOH molecu les 
for each 1 S i02 molecule in  the 
eq uat ion .  

S T R U C T U R E , B O N D I N G A N D M A I N G R O U P  C H E M I S T R Y  

Worked e-x� 
Calculate the amount of H2(g) i n  3.2 dm

3 
at RTP. 

Answer: 3 .2/24 = 0. 1 3  mol  of H2(g) 

Calculation of number of particles 

The number of particles can be calculated from the number of moles. 
The number of molecules = moles x Avogadro's constant. 
The number of ions = moles x Avogadro's constant x the number of 
those ions i n  the formula. 

Worked e-x� 
Calcu late the number of carbon d ioxide molecules in 3 .3  g of C02. 

Answer: Amount of C02 = 3.3/44 = 0.075 mol 
Number of molecu les = 0.075 x 6.02 x 1 023 = 4.5 x 1 022 

Calcu late the number  of sod i um ions in  5.5 g of Na2C03 

Answer: Amount of Na2C03 = 5 .5/1 06 = 0.051 9 mol 
N umber of Na· ions = 0 .051 9 x 6 .02 x 1 023 x 2 = 6 .2 x 1 022 

Calculations based on reactions 

These can only be done if a correctly balanced equation is used. 

Reacting mass questions 

First write a balanced equation for the reaction. 
Then fol low the route: 

Step 1 Step 2 Step 3 

Mass A --___:j- Moles A ------�• Moles B -------�-Mass B 

For Steps 1 and 3 use the relationship: 
amount of A or B (in moles) = mass/molar mass 

For Step 2 use the stoichiometric ratio from the equation: 
moles of B = moles of A x ratio B/ A 

Worked e-x� 
Calcu late the mass of sod i um hyd roxide requ i red to react with 1 .23 g of s i l icon 
d iox ide .  
Answer Equat ion :  S i02 + 2NaOH � NazSi03 + H20 

Step 1 amount of S i02 = 1 .23/60 mol = 0.0205 mol 
Step 2 amount of NaOH = 0.0205 mol x 2/1 = 0.041 0 mol  
Step 3 mass of NaOH = 0.041 0 x 40 = 1 .64 g 
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• FO R M U LA E ,  E Q U AT I O N S  A N D M O L E S  

I n  Step 2 the sto ich iometric ratio is 
1 /2 as there is 1 H2S04 molecu le 
for every 2NaOH molecu les in  
the equat ion . 

Titrations (this will only be examined at AS in Unit test 38) 

The route is much the same: 

Step 1 
Concentration and 

Step 2 Step 3 answer 
volume of A ___ ....._ Moles A __.. Moles B __.. about B 

For Steps 1 and 3 use the relationship: 
amount (in moles) = M x V/ 1 000 

For Step 2 use the stoichiometric ratio from the equation : 
moles of B = moles of A x ratio B/ A 

25.0 cm3 of a sol ut ion of sod i um hydroxide of concentrat ion 0 .21 2 mol dm-3 

was neutral ised by 23 .4 cm3 of a sol ution of su lphuric ac i d .  Calcu late the 
concentrat ion of the su lphuric acid solution .  
Answer Equation :  2NaOH + H2S04 - Na2S04 + 2H20 

Step 1 amount of NaOH = 0.2 1 2 x 25 .0/1 000 = 5.3 x 1 o-3 mol 
Step 2 amount of H2S04 = 5 .3  x 1 o-3 x 1 /2 = 2 .65 x 1 o-3 mol  
Step 3 concentrat ion of H2S04 = 2.65 x 1 o-3 mol/0 .0234 dm3 

= 0 . 1 1 3  mol dm-3 

Concentration of solutions 

This is either: amount of solute (in moles) 
volume of solution in dm3 

or: mass of solute (in grams) 
volume of solution in dm3 

Gas volume calculations 

units: mol dm-3 

units: g dm-3 

1 For reactions where a gas is produced from solids or solutions, 
fol low: 

Step 1 Step 2 Step 3 
Mass of A--.. Moles of A� Moles of gas B � Volume of gas B 

Step 1 use the relationship: 
moles � mass/molar mass 

Step 2 use the stoichiometric ratio from the equation : 
moles of A = moles of B x ratio of B/ A 

Step 3 use the relationship: 
volume of gas B = moles of B x molar volume 

9 
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I n  Step 2 the sto ich iometric ratio is 
1 /2 as there is 1 C02 molecu le fo r 
every 2NaHC03 molecu les in the 
eq uation. 

• You must show al l the steps in  
you r  calcu lat ions 

• Don't c ut d own to two or t h re e  
s ig n if i cant f ig u res i n  the m i d d le 
of a calc u lat io n  

• Check every calcu lat ion to ensure 
that you have entered the data 
correctly 

S T R U C T U R E , B O N D I N G A N D  M A I N G R O U P  C H E M I S T R Y 

Calcu late the vo l ume of carbon d ioxide gas evo lved ,  measured at room 
temperatu re and pressu re ,  when 7 .8 g of sodium hyd rogen carbonate is heated .  
The molar vol ume of  a gas is 24 d m3 mol-1 a t  the  temperatu re and pressu re of 
the experiment .  
Answer Equation: 

Step 1 
Step 2 
Step 3 

2NaHC03 ---7 Na2C03 + H20 + C02(g ) 
amount of NaHC03 = 7.8/84 mol  = 0 .0929 mol  
amount of C02 = 0.09286 mol  x 1 /2 = 0.0464 mol  
vol ume of C02 = 0.0464 mol x 24 d m3 mol-1 = 1 . 1 dm3 

2 For calculations involving gases only, a short cut can be used. The 
volumes of the two gases are in the same ratio as their 
stoichiometry in the equation . 

Workd�x� 
What volume of oxygen is needed to burn comp letely 15 .6 cm3 of ethane? 
Answer Equat ion :  2C2H6(g ) + 702(g ) ---7 4C02(g ) + 6H20 ( 1 ) 

Calcu lation :  volume of oxygen gas = ]_ = 3.5 
vo lume of ethane gas 2 
vo lume of oxygen gas = 3 .5  x 1 5 .6 = 54.6 cm3 

Significant figures 

You should a lways express your answer to the same number of significant 
figures as stated in the question or as there are in the data . 

If you cannot work this out in an exam, give your answer to 3 
significant figures (or 2 decimal places for pH calculations), and you are 
unlikely to be penalised. Do not round up numbers in  the middle of a 
calculation. Any intermediate answers should be given to at least 1 more 
significant figure than your final answer. 

�Checklist 
Before attempting questions on this topic, check that you can:  

Calculate the empirical formula of a substance from the 
% composition . 

Write balanced ionic equations. 

Calculate the number of moles of a pure substance from its mass, of a 
solute from the volume and concentration of its solution, and of a gas 
from its volume. 

[ Calculate reacting masses and reacting gas volumes. 

[ Use titration data to calculate the volume or the concentration of one 
solution. 
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• FO R M U LA E ,  E Q U AT I O N S  A N D  M O L E S 1 1  

a Pb2·(aq) + 2cnaq)  � PbCI2(S) 
b Mg2•(aq) + 20W(aq) � Mg(OH)2(S) 
c C l-(aq ) + Ag•(aq) � AgCI (s)  
d W(aq) + OW(aq) � H20(1) 

a 1 .23/23 = 0.0535 mol 
b 4 .56/58.5 = 0 .0779 mol 
c 0 .789/24 = 0 .0329 mol 
d 0 . 1 1 1  x 0.0321  = 3 .56 x 1 o-3 mol 

0 .0456/0 .222 = 0.205 dm3 
= 205 cm3 

( 1 . 00/1 8) X 6.02 X 1 023 = 3 .34 X 1 022 

(1 .00/106) X 6.02 X 1� X 2 = 1 . 1 4  X 1 if 

a 4.44 g/0.250 dm3 
= 1 7 .8 g dm-3 

b 4 .44/40 = 0 . 1 1 1  mol  
Therefore 0 . 1 1 1  mo l/0.250 d m3 

= 0.444 mol  dm-3 

� The answers to the numbered 
'-./ questions are on pages 1 21 -1 22. 

:-11:1 Test ing your knowledge and underst anding 
For the first set of questions, cover the margin, write down your an \\'er, 
then check to see if you are correct. 

The table below contains data which will help you . 

Substance Solubility 

Nitrates All soluble 

Chlorides All soluble except for AgCl and PbCl2 

Sodium compounds All soluble 

Hydroxides All insoluble except for Group 1 and 
barium hydroxides 

Write ionic equations for the reactions of solutions of: 
a lead nitrate and potassium chloride 
b magnesium chloride and sodium hydroxide 
c sodium chloride and si lver nitrate 
d sodium hydroxide and hydrochloric acid. 

Calculate the amount ( in moles) of: 
a Na in 1 .23 g of sodium metal 
b NaCl in 4 .56 g of solid sodium chloride 
c Cl2 in 789 cm3 of chlorine gas at room temperature and pressure 
d NaCl in 32. 1 cm3 of a 0. 1 1 1  mol dm-3 solution of sodium chloride. 

Calculate the volume of a 0 .222 mol dm-3 solution of sodium 
hydroxide, which contains 0.0456 mol of NaOH.  
Calculate the number of water molecules in  1 .00 g of H20.  

Calculate the number of sodium ions in 1 .00 g of Na2C03• 

4 .44 g of solid sodium hydroxide was dissolved i n  water and the 
solution made up to 250 cm3• Calculate the concentration in 
a g dm-3 

b mol dm-3• 

1 a An organic compound contains 82 . 76% carbon and 1 7 .24% 
hydrogen by mass. Calculate its empirical formula. 

b It was found to have a relative molecular mass of 58 .  Calculate its 
molecular formula. 

2 Balance the equations: 
a NH3 + 02 � NO + H20 
b Fe3+(aq) + Sn2+(aq) � Fe2+(aq) + Sn4+(aq) 

3 What mass of sodium hydroxide is  needed to react with 2.34 g of 
phosphoric(V) acid, H3P04, to form the salt Na3P04 and water? 

4 What volume of 0 . 107  mol dm-3 potassium hydroxide, KOH, solution is 
needed to neutralise 1 2 .5 cm3 of a 0.0747 mol dm-3 solution of 
sulphuric acid? 

5 What volume, measured at room temperature and pressure, of hydrogen 
sulphide gas, H2S, is  required to react with 25 cm3 of a 0.55 mol dm-3 
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cr-bond 

n-bond 
Fig 1. 3 CJ and n bonds. 

S T R U CT U R E , B O N D I N G A N D  M A I N G R O U P  C H E M I S T R Y  

solution o f  bismuth nitrate, Bi (N03)3? The molar volume o f  a gas is  24 
dm3 mor1 under these conditions. They react according to the equation: 

3H2S(g) + 2Bi (N03)3(aq) - Bi2S3(s) + 6HN03(aq) .  
6 What volume of hydrogen gas is  produced by the reaction of 33  dm3 of 

methane gas when it i s  reacted with steam according to the equation: 
CH4(g) + H20(g) - CO(g) + 3 H2(g) ? 

• Structure and bond i ng 

� Int roduct ion 
You should be able to distinguish between :  

Chemical bonds 
Ionic 
Covalent 

Metallic 

1 

2 

between separate ions 
which are divided into two types: 
polar covalent where the bonding pair of electrons 
is  nearer to one atom 
pure covalent where the bonding pair of electrons 
is  shared equally 
bonding caused by electrons delocalised 
throughout the solid. 

Intermolecular forces (between covalent molecules) 
Hydrogen bonds - between 8+ H in one molecule and 8- F, 0 or 

N in  another molecule 
Dispersion forces - between all molecules. Their strength 

depends upon the number of electrons in the 
molecule. 

Dipole/dipole forces - between o· atoms in one molecule and()
atoms in another molecule. 

I$iJ Things t o  learn 
An ionic bond is the electrostatic attraction that occurs between an 
atom that has lost one or several electrons - the cation - and one that 
has gained one or several electrons - the anion. 
A covalent bond occurs when two atoms share a pair of electrons. It 
results from the overlap of an orbital containing one electron belonging 
to one atom with an orbital that contains one electron that belongs to 
the other atom.  The overlap can be head on, which results in a cr bond 
or, side by side, which results in an bond (see Figure 1 .3) .  A double 
bond is a cr and a n bond, with two pairs of electrons being shared. 
A dative covalent bond is  a covalent bond formed when one of the 
overlapping orbitals contained two electrons and the other none. 
A metallic bond is  the force of attraction between the sea of 
delocal ised electrons and the positive ions which are arranged in a 
regular lattice. 
The electronegativity of an element i s  a measure of the attraction its 
atom has for a pair of electrons in a covalent bond. 
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I n  hyd rated cat ions ,  such as 
[Mg (H20)6(, the water molecules 
are bonded to the magnesi um ion by 
dative covalent bonds. Each oxygen 
atom bonds with its lone pai r i nto 
empty s and p orbitals in the Mg2+ 
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A hydrogen bond is an intermolecular force that exists between a 8+ 
hydrogen atom in one molecule and a 8- fluorine, oxygen or 
nitrogen atom i n  another molecule.  
van der Waals forces are between covalent molecules and are caused 
by dipole/dipole and induced dipole/induced dipole (dispersion) forces .  

L--
i
-
on
_
. 

______ __, :)£! Things t o underst and 

I on ic  substances wi l l  be water 
so lu ble if the energy requ i red to 
separate the ions in the latt ice 
( lattice energy) is compensated for 
by the exotherm ic  nature of 
hyd ration .  This is the energy 
released when the very polar water 
mo lecu les are attracted to the + and 
- ions. 

I n  HC I  there are no hyd rogen bonds,  
the d ispers ion forces count for 
about 80% of the tota l 
i ntermolecu lar forces, with 
d i po le/d ipo le account ing for the 
remai n i ng 20%. 

Ionic bonding 

An ionic bond is l ikely if there is a large difference (greater than about 
1 .5) in the electronegativities of the two atoms. 
Cations with a small radius and/or high charge have a large charge 
density, and so are very polarising. Anions with a large radius and/or 
high charge are very polarisable. If  either the cation is very polarising or 
the anion is very polarisable, the outer electrons in the anion will be 
pulled towards the cation and the bond will have some covalent 
character. 
Ionic bonding gives rise to an ionic lattice, which is a regular three
dimensional arrangement of ions. 
An ionic bond is ,  on average, the same strength as a covalent bond. 

Covalent bonding 

Covalent substances are either: 
i giant atomic, such as diamond, graphite and quartz (Si02) 
ii simple molecular, such as I2 and many organic substances 
iii hydrogen-bonded molecular, such as ice, and ethanol 
iv non-crystalline, such as polymers l ike poly(ethene) . 
Polar covalent bonds may result in polar molecules, but for l inear 
molecules of formula AB2, planar molecules of formula AB3, tetrahedral 
molecules of formula AB4 and octahedral molecules of formula AB6, the 
polarities of the bonds cancel out, and the molecule is  not polar. 

Intermolecular forces 

The strongest intermolecular force is hydrogen bonding. In molecules 
with many electrons, such as I21 the next strongest are induced 
dipole/induced dipole forces (sometimes called dispersion forces) and, i n  
most cases, the weakest are permanent dipole/permanent dipole (or 
dipole/dipole) forces .  
The strength of dispersion forces depends mainly upon the number of 
electrons in  the molecule .  This is  why I2 ,  with 1 06 electrons is  a solid, 
whereas Cl2 with 34 electrons is a gas. 
This explains the trend in boiling temperatures of the noble gases, as 
the dispersion forces are less in  helium than in  neon than in  argon etc. 
Likewise the boiling temperatures of the Group 4 hydrides increase in  
the Group from CH4 to  PbH4• 
The boil ing temperatures of the hydrides of Groups S ,  6 and 7 (see 
Figure 1 .  4) can also be explained. Because there is  hydrogen bonding 
between HF molecules but not between the other hydrides in the group, 
HF has the highest boiling temperature. After the drop to HCl, there is a 
steady upward trend in boiling temperatures from HCl to HI  (in spite of 
a decrease in the dipole/dipole forces) because the dispersion forces 
increase. 
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0 
NH3 PH3 AsH3 

Group 5 

Fig 1.4 Boiling temperatures of 
Groups 5, 6 and 7 hydrides 

Do not say that the particles start to 
v ibrate , as they are vi brat ing even at 
ve ry low temperatu res. 

The stronger the force between 
part ic les, the more energy needed to 
separate them and hence the h igher  
the melti ng  temperatu re .  

• I t  is the bonds not the atoms that 
repe l .  

• Don 't forget t o  count the n u mbe r  
o f  l o n e  pa i rs .  

K 

SbH3 

S T R U C T U R E , B O N D I N G A N D  M A I N G R O U P  C H E M I S T R Y  

400 400 
350 350 
300 300 
250 250 
200 K 200 
1 50 1 50 
100 100 
50 50 

0 0 
H20 H2S H2Se H2Te HF HCI HBr HI 

Group 6 Group 7 

If the number of electrons i n  two different substances is about equal 
and neither has hydrogen bonds, then dipole/dipole forces cause a 
difference in boiling temperature. This is the case between butane 
(34 electrons, non-polar, boil ing temperature - 0.5 °C) and propanone 
(32 electrons, but polar, so boi ling temperature + 56 .2 °C). 

Effect of heat (melting) 

When a solid is heated from room temperature until it  melts: 
The particles (ions, molecules or atoms) vibrate more. 
As the temperature rises the vibrations increase until they become so 
great that the forces between the particles are overcome, and the regular 
arrangement in  the lattice breaks up. The substance is  then a l iquid. 
In  an ionic solid, such as NaCl, the vibrating particles are ions which 
are held by strong forces of attraction, and so the ionic solid has a high 
melting temperature . 
In a s imple molecular solid, such as iodine ( I2) or ice, the vibrating 
particles are molecules which are held by weak van der Waals or 
hydrogen bonding forces of attraction, and so the solid has a low 
melting temperature. 
In a giant atomic solid, such as diamond, the vibrating particles are 
atoms which are held by strong covalent bonds, and so the solid has a 
very high melting temperature . 

Shapes of molecules 

These are explained by the electron pair repulsion theory which states: 
i The electron pairs arrange themselves as far apart from each other as 

possible in order to minimise repulsion . 
ii The repulsion between lone pairs is greater than that between a lone 

pair and a bond pair, which is greater than that between two bond 
pairs. 

The number of cr bond pairs of electrons and lone pairs in the molecule 
should be counted. 
Any n bond pairs should be ignored when working out the shape of a 
molecule.  
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2 bond pairs 
linear 

3 bond pairs 
triangular 
planar 

4 bond pairs 
tetrahedral 

3 bond pairs + I lone pair 
pyramidal 

2 bond pairs + 
2 lone pairs 
V-shaped 

5 bond pairs 
Trigonal 
hi pyramid 

6 bond pairs 
octahedral 

0 �� 001-<IOr 
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The total number of pairs of electrons indicates the arrangement of 
the electrons. 

2 = l inear 
3 = triangular planar 
4 = tetrahedral 
S = trigonal bipyramid 
6 = octahedral 

But the shape will differ if  any of the pairs are lone pairs (see 
Figure 1 .5 ) .  

4 pairs: 3 bond + 1 lone: 
molecular shape is pyramidal, e.g. NH3, or PCl3 
2 bond + 2 lone: 
molecular shape i s  bent or V-shaped, e.g. H20 

6 pairs: 5 bond + 1 lone: 
molecular shape is a square-based pyramid. 
4 bond + 2 lone: 
molecular shape is square planar. 

Shapes of ions 

Negative ions have gained 1 electron for each negative charge. 
2-

Thus S04 has 4 a bonds (and 2 n bonds) and no lone pairs around the 
sulphur, and so the ion is tetrahedral .  
CO/- has 3 a bonds (and 1 n bond) and no lone pairs around the carbon, 
and so it is triangular planar. 
N03- has one single covalent, one dative covalent and one double covalent 
bond (i.e. 3 a and 1 :rr) and no lone pairs around the nitrogen and so is 
also triangular planar. 
Positive ions have lost 1 electron for each positive charge. 
Thus NH4+ has 4 a bonds and no lone pairs around the nitrogen, and so is 
tetrahedral 

® Checklist 
Fig 1.5 Shapes of molecules and ions Before attempting the questions on this topic, check that you understand: 

the nature of ionic, covalent and dative covalent bonds 

r 

the effect of difference in electronegativity on type of bonding 

that polar bonds may not give rise to polar molecules 

the effect of size and charge of ions on the type of bonding 

intermolecular forces such as hydrogen bonding and van der Waals 

the different structures of solids and their properties 

the trends in boi l ing temperatures caused by intermolecular forces 

the nature of hydration of ions 

the changes in  motion and arrangement of particles on change of state 

a metall ic bond 

the shapes of molecules and ions. 
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-- -- ------ ----- ---

AJUwers 
cr and n 

Al3•, Mg2• , Na·, F, N3-, 02-

a Al3• 
b Al3• 
c Al3• 

N3-
K• 

a u· 
b u· 

a F 
b C l  

a Ca 
b Na 

a hyd rogen f luor ide 
b hydrogen f luor ide 
c water 
d a lum i n i um ch lor ide 

HCI ,  H20, N H3, IC I ,  H2S 

Xe > Kr > Ar > Ne > He 

HC I  

H20 ,  NH3, HF, CH30H ,  CH3NH2 

----

� The answers to the numbered 
� questions are on pages 1 22-1 23 .  

S T R U C T U R E , B O N D I N G A N D  M A I N G R O U P  C H E M I S T R Y  

Test ing your knowledge and understanding 
For the first set of questions, cover the margin, write your answers, then 
check to see if  you are correct. 

State which types of bond are present in a double bond as in O=C=O. 
State the value of the charge on the ions of the fol lowing elements: 
AI, Mg, Na, F, N, 0. 

State which of the cations above: 
a has the smallest radius 
b has the largest charge density 
c is the most polarising. 

State which of the anions above is the most polarisable. 
Which ion has the largest radius: Lt or Na• or K•? 
Which of these three ions, Lt, Na+ or K·, has: 
a the largest surface charge density 
b the largest polarising power? 

Which is the most electronegative element in each l ist: 
a C, 0, N, F 
b Cl, Br, I?  

Which is the least electronegative element of: 
a Be, Mg, Ca 
b Na, Mg, Al? 

Which is the molecule in  each group with the most polar bond: 
a HF, HCl, HBr 
b HF, H20, NH3 
c H20, H2S, H2Se 
d AlC13, SiC14, PC15? 

List all of the following molecules that are polar: 

Hz HCl H20 NH3 CH4 

C02 ICl H2S BH3 CF4 

Rearrange the noble gases in order of decreasing boiling temperature: 
Ar, He, Kr, Ne and Xe 

State which of the fol lowing has the lowest boiling temperature: 
HF, HCl, HBr, or H I  

Which of the fol lowing form hydrogen bonds between their molecules? 

H20 NH3 HF HCl C02 CH4 

CH30H CH3NHz CH3F CHC13 CH2=CH2 poly( ethene) 

1 Draw a diagram of two p orbitals overlapping which produce: 
a 

b 

a cr bond 
a n  bond 

2 For each pair, state which is the more covalent substance and give a 
reason: 
a AIF3 or AlC13 
b BeC12 or MgC12• 
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3 Intermolecular forces can be divided into three types: 
a hydrogen bond 
b dispersion (induced dipole/induced dipole) 
c permanent dipole/permanent dipole. 
For al l  the fol lowing substances state all the types of intermolecular 
forces a, b and/or c that are present: 
i HF ii I2 iii HBr iv PH3 v Ar 

4 Solid structures can be divided into ix type : 
a metallic, b giant atomic (network co alent), c ionic, 
d hydrogen bonded molecular, e simple molecular, f polymeric. 

17 

For each of the solids l isted below, state the tructural type in the solid. 

iodine ice, H20(s) copper 

si lica (sand), Si02 dry ice, C02(s) calcium oxide, Ca 

poly( ethene) graphite sulphur 

copper sulphate,CuS04 sucrose l ithium fluoride, LiF 

5 Explain the processes of melting and boil ing in terms of the 
arrangement and motion of the particles . 

6 State, for each of the following pairs, which has the stronger forces 
between particles and hence has the higher boiling temperature, and 
explain why in terms of the types of force present: 
a NH3 or PH3 
b HCl or HBr 
c CH3COCH3 (propanone) or C4H 10 (butane) 
d P-! or S8 
e NaCl or CC14 

7 In order to work out the shape of a molecule or ion, you should first 
evaluate the number of a bond pairs of electrons and the number of 
lone (unbonded) pairs of electrons around the central atom .  
Construct a table similar t o  that shown below, a n d  use i t  t o  deduce the 
shapes of the following species. 

SiH4, BF3, BeC12, PC13, SF6, XeF4, NH/, PC16-

Molecule/ Number of Number of Total number Shape 
ion a bond pairs lone pairs of electron pairs 

NH3 3 1 4 pyramidal 

8 Explain why sol id sodium metal conducts electricity whereas solid 
sodium chloride does not. 
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There are two except ions with the 
fi rst 40 e lements. Because of the 
extra stab i l ity of a half f i l led or  f u l l  
set o f  d orbita ls ,  ch rom ium is [Ar] 
4s\ 3d5, and copper is [Ar] 4s1 , 3d 10. 

The more e lectrons i n  the molecu le ,  
the stronger the d ispersion force 
and the h igher the me lt i ng or bo i l i ng 
temperatu re .  

S T R U C T U R E , B O N D I N G A N D  M A I N G R O U P  C H E M I S T R Y  

The melting and boiling temperatures of  the elements depend on the 
type and strength of the bond or intermolecular force between particles. 
There are trends in physical and chemical properties across a Period and 
down a Group. For instance 
1 Elements show decreasing metall ic character across a Period. 
2 Elements show increasing metall ic character down a Group.  

� Things t o  learn and underst and 
Electronic structure 

The elements in the Periodic Table are arranged in order of atomic 
number, so each element has one more proton and hence one more 
electron than the previous element. 
Elements in  the same group have the same number of electrons in  their 
outer shell s .  These are called the valence electrons. 
Elements in  the same Period have the same number of shells containing 
electrons so their outer or valence electrons are in the same shell .  
The order in which electrons fil l  the orbital types is :  
ls ;  2s ,  2p; 3s, 3p; 4s, 3d, 4p; S s, 4d, Sp; 6s (see Figure 1 . 1  on page 3)  

Melting (and boiling) temperatures of the Period 3 
elements (Na to Ar) 

The melting temperature depends upon the strength of the forces 
between particles that separate during melting (or boil ing) . 
These particles may be: 
i metal ions in a sea of electrons in metals 
ii covalently bonded atoms in  a giant atomic structure 
iii molecules with intermolecular forces between them in simple 

molecular solids. 
To u nderstand the trends in  melting temperatures, you should first 
decide what type of bonding or force is  between the particles. 
If  the solid is  metallic: the greater the charge density of the ion in the 
lattice, the stronger the force holding the lattice together and so the 
higher the melting temperature. 
If the solid is  a giant atomic lattice : the covalent bonds throughout 
the lattice are strong and so the solid has a very h igh melting 
tern perature. 
If  the solid is  a simple molecular substance: the melting (or boiling) 
temperature depends upon the strength of dispersion ( induced 
dipole/induced dipole) force between the molecules. 
In  Period 3,  sodium, magnesium and aluminium are metallic, s i licon 
forms a giant atomic lattice, and phosphorus, P4, sulphur, 58, chlorine, 
Cl2 and argon, Ar, all form simple molecular solids. 
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� The answers to the numbered 
'V quest ions are on page 1 23 .  
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Electrical conductivity 

Solids conduct electricity by the flow of delocalised electrons. 
Thus metals conduct electricity. Graphite also conducts, but only in the 
plane of the layers . This is  due to the n-electrons that are delocalised above 
and below the layers .  

® Checklist 
Before attempting the questions on this topic, check that you can:  

Write the electronic structure for elements numbers 1 to 36.  

Explain the variation of melting and boil ing temperatures for the 
elements in Period 3 .  

Explain the change in electrical conductivity of the elements in 
Period 3. 

Explain the variation in  ionisation energies of the elements in Period 3 .  

® Test ing your knowledge and understanding 
1 What, in terms of electronic structure, are the features that the 

fol lowing have in common: 
a members of the same group , e .g .  Group 2, 
b members of the same period, e.g. Period potassium to krypton? 

2 State the type of solid structure of the elements l isted . Give your 
answer as one of: 
metallic, giant atomic, ionic, hydrogen bonded molecular, simple 
molecular, polymeric: 
a hydrogen b sodium c sil icon d sulphur 
e chlorine f argon.  

3 Explain the difference in  melting temperatures of the following 
elements: 

Element Na Mg Si p� Ss Cl2 
Melting temperature/°C 98 650 1 4 1 0  44 1 1 3 -101  

4 The ionisation energies of  sodium and magnesium are l isted below: 

Element 1 st ionisation energy/kJ mor1 2nd ionisation energy/kJ mor1 

Sodium 494 4560 

Magnesium 736 1 450 

a Explain the meaning of: i nuclear charge, ii screening (or shielding) 
by inner electrons. 

b Use the concepts explained in (a) to explain why: i The 2nd 
ionisation energy of sodium is very much more than its 1 st 
ionisation energy. ii The 1 st ionisation energy of sodium is less than 
the 1 st ionisation energy of magnesium. 
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I n  an overal l  equat ion ,  the total 
i ncrease in oxidat ion number of one 
e lement ( increase x nu mber of 
atoms of that e lement) must equa l  
the total decrease i n  oxidat ion 
n umber of another e lement. 

S T R U C T U R E ,  B O N D I N G A N D  M A I N G R O U P C H E M I S T R Y  

Introduct i o n  to oxidat i o n  and 
reduct io n  

� Int roduct ion 
Redox reactions are those which involve a transfer of electrons 
Remember OIL RIG (Oxidation Is Loss, Reduction Is Gain of electrons) 

® Things t o learn 
Oxidation occurs when a substance loses one or more electrons .  
There is  an increase in the oxidation number of  the element involved. 

An oxidising agent is  a substance that oxidises another substance 
and so is  itself reduced. The half equation involving an oxidising agent 
has electrons on the left-hand side, i . e .  i t  takes electrons from the 
substance being oxidised. 

Reduction occurs when a substance gains one or more electrons. 
There i s  a decrease in  the oxidation number of the element involved. 

A reducing agent is  a substance that reduces another substance and 
so is  itself oxidised. The half equation involving a reducing agent has 
electrons on the right-hand side, i .e. it gives electrons to the substance 
being reduced. 

Ili:! Things t o  underst and 
Oxidation number 

The oxidation number is  the charge on an atom of the element in a 
compound calculated assuming that all  the atoms in the compound are 
simple monatomic ions. The more electronegative element is  given an 
oxidation number of -1 per bond.  
There are some rules used for calculating oxidation numbers. They 
should be applied in the following order: 
1 The oxidation number of an uncombined element is zero. 

2 A simpie monatomic ion has an oxidation number equal to its 
charge. 

3 The oxidation number of Group 1 metals is always + 1 ,  and of 
Group 2 metals is  +2. 

4 Fluorine a lways has an oxidation number of - 1 ,  hydrogen (except 
in metallic hydrides) of + 1 ,  and oxygen (except in F20 and 
peroxides) of -2. 

5 The sum of the oxidation numbers in a molecule adds up to 0, and 
those in  a polyatomic ion (such as sot) add up to the charge on 
the ion. 

When an element is oxidised, its oxidation number increases. 
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Remember that an oxid is ing agent 
becomes reduced (loses e l ectrons) ,  
a nd  a red uc ing agent becomes 
oxid ised . 
Half equat ions must balance for 
atoms and for charge. 
For example ,  both s ides of the ct 
equat ion add up to -5 . 

If the quest ion asks for the overal l  
eq uat ion for t h e  react ion of A with B ,  
make su re that both A and B appear 
on the left-hand side of the final 
overal l  equat ion .  

Calcu late the oxidation  number of ch lor ine i n  C l2, C l-, MgCI2 and C l03-. 

Answers: in C l2  = 0 (uncomb ined e lement: ru le 1 )  
i n  C l- = -1 (monatomic ion :  ru le  2) 
in MgC I2 = -1 (Mg is 2+; ( +2) +2CI = 0; therefore each Cl is -1 : 

ru les 3 and 5) 
in C l03- = +5 (C I + 3 x (-2) = -1 : rules 4 and 5) 

Half equations 

These are written: 
either as reduction with electrons on the left side of the half equation, 

e .g. Cl2 (g) + ze- -.= zcr (aq) 
here chlorine is being reduced and so is  acting as an oxidising agent. 
or as oxidation with electrons on the right side of the equation, 

e.g. Fe2� (aq) -.= Fe3• (aq) + e-
here iron(I I )  ions are being oxidised, and thus are acting as a reducing 
agent. 
Many oxidising agents only work in  acid solution. Their half equations 
have H+ ions on the left hand side and H20 on the right .  This is  l ikely 
with oxdising agents containing oxygen (such as Mn04-), 

+ 2+ e.g. Mn04-(aq) + 8H (aq) + Se- -.= Mn (aq) + 4H20(l) 

If  a redox system is in alkaline solution, O H- may need to be on one 
side and H20 on the other, 

e .g.  ce+(aq) + 80H-(aq) -.= CrOt + 4 H20(l)  + 3e-

Overall redox equations 

Overall redox equations are obtained by adding half equations together. 
One half equation must be written as a reduction (electrons on the left) 
and the other as an oxidation (electrons on the right) . 
When they are added the electrons must cancel .  To achieve this it may 
be necessary to multiply one or both half equations by integers, 
e.g. for the overal l  equation for the oxidation of Fe2• ions by Mn04-

ions 
add Mn04-(aq) + 8H.(aq) + Se- -.= Mn2•(aq) + 4H20(l) 
to 5 x Fe2·(aq) -.= Fe3·(aq) + e-
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Checklist 
Before attempting the questions on this topic, check that you can: 

Define oxidation and reduction. 

Define oxidising agent and reducing agent. 

Calculate oxidation numbers in neutral molecules and in ions. 

Write ionic half equations. 

Combine half equations and so deduce an overal l  redox equation . 

® Test ing your knowledge and understanding 

a i od ide ions 
b none 
c z inc 
d i ron ( l l )  ions 

+4 -2 
+6 +6 
-1 +6 2� (1 at +2 and 2 at +3; 

average 2�) 

� The answers to the numbered 
� q uestions are on pages 1 23-1 24.  

For the first set of questions, cover the margin, write your answer, then 
check to see if  you are correct. 

In the fol lowing equations, state which substance, if  any, has been 
oxidised: 
a 2Ce-l+ (aq) + zr (aq) .= 2Ce3+ (aq) + 12 (aq) 
b H+ (aq) + O H- (aq) .= H20 (l) 
c Zn (s) + 2H+ (aq) .= Zd+ (aq) + H2 (g) 
d 2Fe2+ (aq) + 2Hg2+ (aq) .= 2Fe3+ (aq) + Hg2

2
+ (aq) 

Calculate the oxidation number of the elements in bold in the 
fol lowing: 
S02, H2S, 
Cr0-�2-, 
HzOz, 

1 Construct ionic half equations for: 
a Sn

2
+ ions being oxidised to Sn4+ ions in aqueous solution 

b Fe3+ ions being reduced to Fe
2
+ ions in aqueous solution. 

c Now write the balanced equation for the reaction between Fe3+ and 
Sn2+ ions in aqueous solution. 

2 Construct ionic half equations for: 
a hydrogen peroxide being reduced to water i n  acid solution 
b sulphur being reduced to hydrogen sulphide in acid solution 
c Now write the balanced equation for the reaction between 

hydrogen peroxide and hydrogen sulphide in acid solution. 

3 Construct ionic half equations for: 
a Pb02(s) being reduced to PbSOis) in the presence of H2S04(aq) 
b PbS04(s) being reduced to Pb(s) in the presence of water 
c Now write the balanced equation for the reaction between Pb02 

and lead in the presence of dilute sulphuric acid. 
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� 
heat in l ight out 
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Fig 1.6 Emission of a spectra/ line 
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Group and Gro p 2 
Introduction 

The properties of elements and their compounds change steadily down 
a Group. 

This means that the answer to a question about which is the most/least 
reactive, easiest/hardest to decompose, most/least soluble, etc. will be 
an element, or a compound of that element, either at the top or at the 
bottom of the Group. 

Down a Group the elements become increasingly metallic in character. 
Thus: 

their oxides become stronger bases 
they form positive ions more readily 
they form covalent bonds less readily. 

� Things t o learn and underst and 

Physical properties of the elements 

Group 1 :  All are solid metals; their melting temperatures and hardness 
decrease down the group; all conduct electricity. 
Group 2: All are solid metals; their melting temperatures and hardness 
decrease down the group (except magnesium which has a lower 
melting temperature than calcium); all conduct electricity; their melting 
temperatures are higher than the Group 1 element in the same period. 

Flame colours of their compounds 

Group 1 :  l ithium 
sodium 
potassium 

Group 2: calciu m  

carmine red 
yellow 
lilac 
brick red 

strontium crimson red 
barium green. 

These colours are caused because: 
1 Heat causes the compound to vaporise and produce some atoms of 

the metal with electr<:>ns in a higher orbital than the ground state 
(e.g. in the 4th shell rather than the normal 3rd shell for sodium). 

2 The electron falls back to its normal shell  and as it  does so, energy in  
the form of visible light is  emitted. The light that is emitted is of  a 
characteristic frequency, and hence colour, dependent on the energy 
level difference between the two shells (see Figure 1 .6) . 

Ionisation energies 

The value of the 1 st ionisation energy for Group 1 and of the 1 st and 
2nd ionisation energies for Group 2 decreases down the group. This is  
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The vigour  of the reaction increases 
down the g roup .  

The  rate of  reaction i nc reases down 
the g roup .  

S T R U C T U R E , B O N D I N G  A N D  M A I N G R O U P  C H E M I S T R Y 

because as the atoms get larger, the outer electrons are further from the 
nucleus and so are held on less firmly. The increase in  nuclear charge is 
compensated for by an increase in the shielding by the inner electrons. 

Reactions of the elements with oxygen 

Group 1 :  All burn. 
Lithium forms an oxide: 4Li + 02 - 2Li20 
Sodium forms a peroxide: 2Na + 02 - Na202 
Potassium and the others form a superoxide: K + 02 - K02 

Group 2: All burn to form ionic oxides of formula MO, except that in  
excess oxygen barium forms a peroxide (Ba02) . 

2Ca + 02 - 2Ca0 

Reaction of the elements with chlorine 

Group 1 :  All react vigorously to form ionic chlorides of formula MCI. 
These dissolve in  water to produce hydrated ions, e.g.  

NaCl(s) - Na• (aq) + Cr(aq) 
Group 2: All react vigorously to produce ionic chlorides of formula 
MC12, except that BeCl2 is covalent when anhydrous .  All Group 2 
chlorides are soluble in water producing hydrated ions of formula 
[M(H20)6t. Beryll ium chloride gives an acidic solution because of 
deprotonation: 

[Be(H20)6]
2
• + H20 � [Be(H20)s(OH)r + H3o• 

Reaction of the elements with water 

Group 1 :  All react vigorously with cold water to give an alkaline 
solution of metal hydroxide and hydrogen gas, e .g .  

2Na(s) + 2H20(l) - 2NaOH(aq) + H2(g) 
Group 2: Beryllium does not react but magnesium burns in steam to 
produce an oxide and hydrogen: 

Mg + H20 - MgO + H2 
the others react rapidly with cold water to form an alkaline suspension 
of metal hydroxide and hydrogen gas: 

Ca + 2H20 - Ca(OH)2 + H2 

Reactions of Group 2 oxides with water 

BeO is amphoteric and does not react with water. 
MgO is basic and reacts slowly with water to form a hydroxide. 
All the others react rapidly and exothermically to form alkaline 
suspensions of the hydroxide, which have a pH of about 1 3 .  

CaO + H20 - Ca(OH)2 

Solubilities of Group 2 sulphates and hydroxides 

Sulphates: their solubilities decrease down the group. BeS04 and MgS04 
are soluble; CaS04 is sl ightly soluble, SrS04 and BaS04 are insoluble. 
Hydroxides: their solubilities increase down the group.  Be(OH)2 and 
Mg(OH)2 are insoluble, Ca(OH)2 and Sr(OH)2 are slightly soluble, and 
Ba(OH)2 is  fairly soluble. 
Addition of aqueous sodium hydroxide to solutions of Group 2 salts 
produces a white precipitate of metal hydroxide. (Barium produces a 
faint precipitate) : 
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The compound is more l i ke ly to be 
decomposed on heat ing if the cat ion 
polar ises the an ion .  Thus 
G roup 2 compounds (cation  2+) 
decompose more read i ly than G roup  
1 compounds (cat ion on ly 1 + ) .  
Compounds o f  metals h igher i n  a 
g roup  (smal ler  ion ic  rad ius) 
decompose more eas i ly than 
compounds of metals lower in the 
G roup .  

Lith i um 

K is + 1 ,  Ca  is +2  

I t  i s  extremely i nso lu b le .  

Addition of aqueous sulphate ions to a solution of Sr2+ or Ba2+ ions 
produces a white precipitate of metal sulphate: 

Ba2+(aq) + SO/-(aq) � BaS04(s) 

Thermal stability of nitrates and carbonates 

Thermal stability increases down both groups: 

25 

Group 2 nitrates all decompose to give a metal oxide, brown fumes of 
nitrogen dioxide, and oxygen : 

2Ca(N03)2 � 2Ca0 + 4N02 + 02 
Group 1 nitrates, except lithium nitrate, decompose to give a metal 
nitrite and oxygen :  

2NaN03 --+ 2NaN02 + 02 
but 4LiN03 � 2Li20 + 4N02 + 02 

Group 2 carbonates all decompose (except barium carbonate which is 
stable to heat) to give a metal oxide and carbon dioxide: 

CaC03 --+ CaO + CO:! 
Group 1 carbonates are stable to heat except for lithium carbonate: 

Li2CO --+ Li20 + C 

� ...... t � � Ch ec klist 
Before attempting the questions on this topic, check that you know: 

the physical properties of the Group 1 and Group 2 elements 

the flame colours caused by their compounds 

the trends in ionisation energies within a group 

the reactions of the elements with oxygen, chlorine and water 

the reactions of their oxides with water 

the oxidation states of the elements in Group 1 and in Group 2 

the trends in solubilities of Group 2 sulphates and hydroxides 

the reason for the trend in thermal stability of Group 1 and Group 2 
nitrates and carbonates. 

!S$! Test ing your knowledge and understanding 
For the first set of questions, cover the margin, write your answer, then 
check to see if you are correct. 

Which Group 1 metal has the h ighest melting temperature? 

What is the oxidation number of: 
i potassium in K2Cr207 and 
ii calcium in CaC03? 

Barium compounds normally are poisonous, but barium sulphate i s  
given to people in  order to outline their gut in radiography (X-ray 
imaging) . Why is barium sulphate not poisonous? 
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� The answers to the numbered 
� questions are on page 1 24 .  

S T R U C T U R E , B O N D I N G A N D  M A I N G R O U P  C H E M I S T R Y  

1 You are given solid samples o f  three chlorides. One is lithium chloride, 
one i s  potassium chloride and the other is  barium chloride. Describe the 
tests that you would do to find out which was which . 

2 Explain why sodium compounds give a yellow colour in a flame. 

3 Explain why the 1 st ionisation energy of sodium is larger than the 1 st 
ionisation energy of potassium. 

4 Write balanced equations for the reactions of: 
a calcium with oxygen 
b calcium with water 
c potassium with water 
d magnesium with steam. 

5 Explain why the addition of dilute sodium hydroxide to a solution of 
magnesium chloride produces a white precipitate, but little or no 
precipitate when dilute sodium hydroxide is added to a solution of 
barium chloride. 

6 State and explain which Group 2 element forms the least thermally 
stable carbonate. 

7 Write balanced equations for the thermal decomposition of the 
following, but if  there is  no reaction at laboratory temperatures, say so: 
a l ithium nitrate, sodium nitrate and magnesium nitrate 
b sodium carbonate, magnesium carbonate and barium carbonate. 
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G roup 7 (ch l o r i ne to i od i ne )  

® Int roduct ion 
Group 7 characteristics are that: 

The halogens are oxidising agents with their strength decreasing down 
the group .  
1 Chlorine is  the  strongest oxidising agent and iodine is  the weakest. 
2 Chloride ions are the weakest reducing agents, and so are the hardest 

to oxidise, whereas iodide ions are the strongest reducing agents, and 
so are the easiest to oxidise. 

They form halide ions, such as cr, and oxoanions, such as Cl03-. 
Solutions of the hydrogen halides are strong acids. 

� Things t o  learn and underst and 

Disproportionation 

This occurs when an element is simultaneously oxidised and reduced. It 
follows that there must be at least two atoms of that element, with the 
same oxidation number, on the left of the equation, and that the element 
must be able to exist in  at least three different oxidation states. 
Chlorine disproportionates in  alkali :  

Cl2 + zoH- --?  cr + ocr + H20 

(0) (-1 )  (+ 1 )  

Physical properties (at room temperature) 

Chlorine is a greenish gas .  
Bromine a brown liquid. 
Iodine is a dark grey lustrous solid which gives a violet vapour on 
heating. 
A solution of iodine in aqueous potassium iodide is  red/brown, and in 
non-oxygen-containing organic solvents it  i s  violet. 

Tests for the elements (only examined at AS in Unit 
Test 3B) 

First observe the colour of the halogen or its solution. 
Chlorine rapidly bleaches damp litmus paper. It  will displace bromine 
from a solution of potassium bromide (then test for bromine by adding 
a suitable organic solvent such as hexane, which will show the brown 
bromine colour) . 
Bromine is brown and will (slowly) bleach litmus. It will displace iodine 
from a solution of potassium iodide (then test for iodine with starch or 
hexane as below) . 
Iodine turns a solution of starch blue-black, and it forms a violet 
solution when dissolved in suitable organic solvents such as hexane. 
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Ch lor ine is a stronger oxid is ing 
agent than bromine,  which is 
stronger than iod i ne .  

S T R U C T U R E , B O N D I N G A N D  M A I N G R O U P  C H E M I S T R Y  

Halides 

All hydrogen halides are covalent gases, but are soluble in water because 
they react with water to form ions. Their solutions are strongly acidic: 

HCl + H20 -t H30• (aq) + Cr(aq) 
Hydrogen fluoride is  a weak acid and is only partially ionised. 
All metal halides are soluble in  water, except for silver and lead halides. 

Test for halides (only examined at AS in Unit Test 3B) 

To a solution of the halide add dilute nitric acid to prevent carbonates 
from interfering with the test. Then add silver n itrate solution followed by 
ammonia solution. 

Chloride Bromide Iodide 
Addition of Ag•(aq) white precipitate cream preci pita te yellow precipitate 
Addition of 

dilute NH3 precipitate dissolves no change no change 
Addition of 

concentrated NH3 precipitate dissolves precipitate dissolves no change 

Addition of concentrated sulphuric acid to the solid 
halide 

Chlorides produce steamy acid fumes of HCl. 
Bromides produce steamy acid fumes of HBr with some brown bromine 
and some so2 gas.  
Iodides give clouds of violet iodine vapour. 

This is due to the fact that HBr is j ust powerful enough as a reducing agent 
to reduce some of the concentrated sulphuric acid to sulphur dioxide and 
itself be oxidised to bromine. 
The HI  initially produced is a very powerful reducing agent. It  reduces the 
concentrated sulphuric acid and is itself oxidised to iodine. 

Oxidation numbers 

Chlorine is 0 in Cl2. 
Chlorine is  -1  in  chlorides. 
Chlorine is  + 1 in Clo- ions. 
Chlorine is  +5 in  ClO� ions. 

Redox 

Chlorine is a powerful oxidising agent and is reduced to the -1 state. 
The half equation is :  

Cl2(aq) + 2e- � 2Cr(aq) 
and is similar for the other halogens. 
Chlorine disproportionates in  alkali at room temperature : 

Cl2(aq) + 20H-(aq) -t Cr(aq) + OCr(aq) + H20(1) 
(0) (-1 )  (+ 1 )  

Chlorate(!) compounds disproportionate when heated: 
3ocr -t zcr + Clo3-
3x(+1 )  2x(-1 )  (+5) 

Bromine is extracted from seawater by bubbling in chlorine gas which 
oxidises the Br- ions. 
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AIUweYf • 
_ .... 

B romine  

Add starch .  The sol ut ion goes b l ue-
black. 

Ch lor ine 

Hyd rogen iod ide 

� The answers to the numbered 
I..../ quest ions are on pages 1 24-1 25. 

�Checklist 
Before attempting questions on this topic, check that you can recall :  

the physical properties of the elements 

the tests for the elements and for the halides 

the reactions of concentrated sulphuric acid with the halides 

examples of -1 ,  0, + 1 and +5 oxidation states of chlorine and the 
disproportionation of chlorine and chlorate(!) ions 

the relative strengths of the halogens as oxidising agents. 

� Test ing your knowledge and understanding 
For the first set of questions, cover the margin, write your answer, then 
check to see if you are correct . 

arne the halogen that is a liquid at room temperature . 

Describe the test for iodine. 

Which of Cl2, Br2 and 12 is  the strongest oxidising agent? 

Which of HCl, HBr and HI is the strongest reducing agent? 

1 Why is hydrogen chloride gas very soluble in water? 
2 It  is  thought that a sample of solid sodium carbonate has been 

contaminated by some sodium chloride. How would you test for the 
presence of chloride ions in this sample? 

3 Explain why hydrogen chloride gas is  produced but chlorine i s  not 
when concentrated sulphuric acid i s  added to solid sodium chloride, 
whereas iodine and almost no hydrogen iodide is  produced when 
concentrated sulphuric acid is  added to solid sodium iodide. 

4 Define disproportionation and give an example of a disproportionation 
reaction of chlorine or a chlorine compound. 

http://www.studyguide.pk
http://www.studyguide.pk


30 S T R U CT U R E , B O N D I N G  A N D  M A I N G R O U P  C H E M I S T RY 

Practice Test: Unit 1 
Time allowed 1hr 

All questions are taken from parts of previous Edexcel Advanced GCE questions.  

The answers are on pages 1 25-1 26.  

1 a Complete and balance the fol lowing equations. 
i Ca + Oz ---+ 
ii Na20 + H20 ---+ 
iii Na20 + HCl ---+ 

[1] 
[1] 
[2] 

b State and explain the trend in thermal stability of of the carbonates of the Group 2 elements as the 
group is descended. [3] 

(Total 7 marks) 
[May 2002 Unit Test 1 question 2] 

2 a State the structure of, and the type of bonding i n, the following substances . Draw labelled 
diagrams to i l lustrate your answers. 
i Graphite 
ii Sodium chloride 

b Explain why both graphite and sodium chloride have h igh melting temperatures. 
c i Explain why graphite is able to conduct electricity in the solid state. 

ii Explain why sodium chloride conducts electricity in the liquid state . 

[4] 
[3] 
[3] 
[2] 
[1] 

(Total 13 marks) 
[May 2002 Unit Test 1 question 6] 

3 a i Define the terms atomic number and mass number [2] 
ii Identify the particle that contains 35 protons, 44 neutrons and 34 electrons.  [1] 

Bromine consists of two i sotopes of mass numbers 79 and 8 1 .  A sample of bromine gas, Br21 was 
examined in a mass spectrometer. The mass spectrum showing the molecular ions is  given below. 

Relative intensity 

1 00 

so 

1 58 1 60 1 62 
b i Explain how the molecules in the sample are ionised. 

ii State how the resulting ions are accelerated. 
iii Identify the species responsible for the peak at m/e = 1 60. 

[2] 
[1] 
[1] 

(Total 7 marks) 
[January 2001 CH1 question 1 & June 2001 Unit Test 1 question 3] 

4 Hydrogen forms compounds with most non-metallic elements and with some metals .  
a Calculate the empirical formula of the compound used in the manufacture of artificial rubber, which 

has the following composition by mass: 
hydrogen 1 1 . 1 %  carbon 88.9% [3] 

b The boiling temperatures of hydrogen chloride and hydrogen iodide are: 
hydrogen chloride -85 oc Hydrogen iodide -35 oc 
Explain why hydrogen iodide has a higher boil ing temperature than hydrogen chloride [2] 

c Draw and explain the shapes of: 
i the PH3 molecule [2] 
ii the AlH4- ion. [2] 
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d Calculate the number of molecules in 8 .0 cm3 of gaseous phosphine, PH3 at room temperature 
and pressure . 

(The molar volume of a gas at room temperature and pressure should be taken as 2 .4 x 1 0� cm3 mor 1 •  
The Avogadro constant is  6 .0  x 1 023 mor1 .) [2] 
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(Total 11  marks) 
rfanuary 200I CHI question 2] 

5 a Hydrogen sulphide is produced when concentrated sulphuric acid is added to solid sodium iodide, but 
sulphur dioxide is  produced when concentrated sulphuric acid is added to solid sodium bromide. 
i Complete the fol lowing table: 

Compound Formula 

Sulphuric acid 

Hydrogen sulphide 

Sulphur dioxide 

Oxidation state of sulphur in  the compound 

[3] 
ii Use your answers to a part i to suggest which of the ions, iodide or bromide, ha the greater reducing 

poweL [� 
b i Write an ionic half-equation to show the oxidation of chloride ions, cr, to chlorine, Cl2• [ 1] 

ii Write an ionic half-equation to show the reduction of chlorate(!) ions, OCr, to chloride ions, in 
acidic solution. [2] 

iii Bleach is a solution of chlorate(!) ions and chloride ions. Combine the two ionic half-equations 
above to produce an equation which shows the effect of adding acid to bleach. [1] 

6 a Complete the following for the element sulphur 
Number of electrons in  the 1 st shell = 

Number of electrons in the 2nd shell = 
Number of electrons in the 3rd shell 

(Total 9 marks) 
[May 2002 Unit Test I question 7] 

[1] 
b Write one equation i n  each case to represent the change occurring when the fol lowing quantities are 

measured. 
i The first electron affinity of sulphur [2] 
ii The first ionisation of sulphur. [1] 

c The graph below shows the logarithm of the successive ionisation energies of sulphur plotted against the 
number of the electron removed. Account for the form of the graph in terms of the electronic structure 
of sulphur. 

6.00-� 5.50-
� 5 .00 -� 4.50 
._g 4.00-

«l 

.2 3.50-
g 3.00-_Q 2.50-

2'00 0 2 4 6 8 110 112 114 116 1 8  
Number o f  electron removed 

d One of the chlorides of sulphur is sulphur dichloride, SC12 • It is a l iquid at room temperature; the 
electronegativity of S is  2.5 and that of chlorine is  3 .0  

[3] 

i Draw a dot and cross diagram to show the bonding in SC12• [2] 
ii The shape of the molecule is bent (V-shaped) . Explain why the molecule has this shape. [2] 
iii State, with reasons, whether SC12 is a polar molecule overall . [2] 

(Total 13 marks) 
rfanuary 2002 CHI question 2 & May 2002 Unit Test I question 4] 
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mr Int roduct ion 

It fo l l ows from th is def in it ion that 
the enthalpy of format ion of an 
e lement, in its standard state, is 
zero. 

You shou ld always g ive an equat ion 
as an example for th is and other 
entha lpy def i n it ions.  

State symbols should always be used in  equations in  this topic. 
In definitions in  this topic, there are three points to note: 
1 the chemical change that is taking place 
2 the conditions 
3 the amount of substance (reactant or product) . 
It always helps to add an equation with state symbols as an example, 
because this may gain marks lost by omission in  the word definition. 
It is assumed for simplicity that the value of �H is  an indicator of the 
direction of a chemical reaction. The more exothermic the reaction, the 
more l ikely it i s  to take place, but other factors, such as activation 
energy (see page 44), also determine whether the reaction happens. 

� Things t o  learn 
r Standard conditions are : 

gases at a pressure of 1 atmosphere 
a stated temperature (usually 298 K) 
solutions, if  any, at a concentration of 1 .00 mol dm-3 

substances in their most stable states, e.g. carbon as graphite not 
diamond. 

Standard enthalpy of formation, Mf1 6 is  the enthalpy change, under 
standard conditions, when one mole of a compound i s  formed from 
its elements in their standard states, e.g. M-!1 -e for ethanol is the 
enthalpy change for the reaction: 

2C(graphite) + 3 H2(g) + '1202(g) ---+ C2H50H(l) 
Standard enthalpy of combustion, M-Ic-e i s  the enthalpy change, under 
standard conditions, when one mole of a substance i s  completely 
burned in oxygen, e .g. Mic-e for ethanol is the enthalpy change for the 
reaction: 

C2H50H(l) + 302(g) ---+ 2C02(g) + 3 H20(l) 
Standard enthalpy of neutralisation �eut of an acid is  the enthalpy 
change, under standard conditions, when the acid is neutralised by 
base and one mole of water is produced, e.g. �eut of sulphuric acid, 
by sodium hydroxide solution, is  the enthalpy change for the reaction: 

'12H2S04(aq) + NaOH(aq) ---+ '12Na2S04(aq) + H20(l) 
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Route 1 

A' Mf '-4. 
B 

./ \Mil 

� 
I 

Miz c D 

Route 2 

Fig 2. 3 A reaction cycle 

for hydrochloric acid the enthalpy change is for the reaction: 
HCl(aq) + NaOH(aq) � NaCl(aq) + H20(1) 

for any strong acid being neutralised by any strong base, the 
enthalpy change is for the reaction: 

H•(aq) + O H-(aq) � H20(1) L1W = -5 7 kJ mor1 
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Average bond enthalpy. This is the average quantity of energy 
required to break one mole of covalent bonds in a gaseous species 
(at one atmosphere pressure) .  It is always endothermic, e.g.  the 
C-H bond enthalpy in  a gaseous compound is the enthalpy change for 
the reaction: 

C-H(in compound)(g) � C(g) + H(g) 
An exothermic reaction gets hot, o that heat is then given out to the 
surroundings. For all exothermic reactions !lH is negative (see 
Figure 2. 1 ) .  This  means that chemi al n r ' i being converted into 
thermal (heat) energy. 
An endothermic reaction gets cold, o that heat i then taken in from 
the surroundings. For all endothermi c  react ions ill is positive 
(see Figure 2.2) .  

1 Reactants 

Enthalp� . �- 1 Products --'--------

Fig 2. 1 Enthalpy diagram for an 
exothermic reaction 

Products 

Enthalpy Mf 
Reactants 

Fig 2.2 Enthalpy diagram for an 
endothermic reaction 

Hess's Law. The enthalpy change for a given reaction is independent 
of the route by which the reaction is achieved (see Figure 2 .3) . 
Thus the enthalpy change proceeding directly from reactants to 
products is the same as the sum of the enthalpy changes of all  the 
reactions when the change is carried out in  two or more steps.  

!lH = !lHI + tlHz + !lH3 

� Things t o underst and 

Calculation of !lllreaction from flllt data 
You can use the expression: 

/J.�eaction = the sum of t:Jlrorrnation of products - the sum of �J.Hrormation of reactants 

Remember that if you have two moles of a substance, you must double 
the value of its !J.Hc. 
The enthalpy of formation of an element (in its standard state) is  zero . 
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fl.H2 = - fl.Hc because fl.H2 represents 
the reverse of combustion .  
I f  an equat ion is reve rsed ,  the  s ign 
of i ts  fl.H must be changed .  

The mass i n  this expression is the 
total mass of the system ( usua l ly 
water) not the mass of the reactants. 

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S A N D  E Q U I L I B R I U M  

Worked e-x� 
Calcu late the standard enthalpy change for the reaction :  

4NH3(g) + 502(g) - 4NO(g) + 6H20(g) 
g iven the fo l l owing fl.f(/kJ mol-1 : 

NH3(g) = -46.2 ,  NO(g) = t90.4, H20(g) = -242. 

Answer. fl.H!ctian = sum 11!( of products - sum fl.fite- of reactants 
= 4 X (+90.4) t 6 X (-242) -4 X (-46 .2) -5 X (0) = -906 kJ mol-1 

Calculation of illlf from illlc data 

To do this you use the alternative route: 

Elements ______ 
fl._Jlr...;....._ ___ �� 1 mol of substance 

MI,\ 
combustion products of the elements 

where fl.� = the sum of the enthalpies of combustion of the elements 
taking into account the number of moles of each element, 
and fl./fz = - the enthalpy of combustion of 1 mol of the substance. 

Therefore: fl.Jlrormauon = fl.� + fl./fz 

Worked e-x� 
Calcu late the standard entha lpy of formation of propan-1 -o l ,  C2H5CH20H ,  g iven 
the fol lowing fl.H-e-cambustian /kJ mor1 : 
p ropan-1 -ol ( l) = -201 0 ,  C (g raph ite) = -394, H2(g) = -286 

Answer. 3C(s) + 4H2(g) + � 02(g) - C2H5CH20H ( I) 

3 x fl.Hc (g raph ite) \ � 4 x fl.Hc( H2) '+ -fl.Hc(C2HsCH20H) 
3C02(g) + 4H20 ( 1) 

fl.�1 =fl.�c of e lements - fl.�c of compound 
= 3 x (-394) + 4 x (-286) - (-201 O) = - 31 6 kJ mor1 

Calculation of tJl values from laboratory data (only 
examined at AS in unit test 3B) 

Calculation of heat change from temperature change: 
heat produced = mass x specific heat capacity x rise in  temperature 

Then heat produced per mole = heat produced in experiment 
the number of moles reacted 

Then enthalpy change, fl.H, is  minus the heat produced per mole (for an 
exothermic reaction fl.H is  a negative number) . 
For an endothermic reaction, calculate the heat lost per mole. This 
equals fl.H, a positive number. 
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Worked�x� 
A 0. 1 20 g samp le  of ethanol was bu rnt and the heat produced warmed 250 g 
of water from 1 7 .30 oc to 20.72 °C.The specif ic heat capacity of water is 4 . 1 8 
J Q-1 oc-1 • Calcu late D.Hcombustion of ethano l .  

Answer. Heat produced = 250 g X 4 . 1 8 J g-1 oc-t X 3 .42  oc = 357 4 J .  
Amount of ethanol = 0 . 1 20 g/46 g mo l-1 = 2 . 6 1  x 1 o-3 mol 
Heat produced per mole = 357 4 J/2 .61  x 1 o-3 mol  = 1 370 x 1 03 J mo l-1 .  
D.Hcombustion = -1 370 k J  mor1 
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Calculation of !3.H values from average bond enthalpies 

Draw the structural formulae for all the reactants and all the products. 
Decide what bonds are broken in  the reaction and calculate the energy 
required to break the bonds (endothermic) . 
Decide what bonds are made in the reaction and calculate the energy 
released by making the bonds (exothermic) .  
Add the positive bond breaking enthalpy t o  the negative bond making 
enthalpy. 

Worked�x� 
Calcu late the enthalpy of the reaction :  

H H H H 
\ I I I 

C = C  + H - H - H - C - C - H  
I \ I I 

H H H H 

G iven the fo l l owing average bond entha lp ies/kJ mo l-1 : 
c-c is +348, C=C is +61 2 ,  H-H is +436, and C-H is +41 2 .  

Answer. break (endo) make (exo) 
C=C +61 2 C-C -348 
H-H +436 2 X C-H -824 

+1 048 -1 1 72 
D.Hreaction = + 1 048 - 1 1 72 = -1 24 kJ mor1 

kB:l Checklist 
Before attempting questions on this topic, check that you :  

Know the standard conditions for enthalpy changes. 
U Know the signs of 6.H for exothermic and endothermic reactions. 

Can define the standard enthalpies of formation, combustion and 
neutralisation. 
Understand an energy level diagram. 
Can define and use Hess's Law. 
Know how to calculate values of 6.H from laboratory data. 
Can use bond enthalpies to calculate enthalpies of reaction. 
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� The answers to the numbered � questions are on pages 1 26-1 27. 

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S A N D  E Q U I L I B R I U M  

Test ing your know ledge and understanding 
1 State the conditions used when measuring standard enthalpy changes . 
2 Give equations, with state symbols, which represent the following 

enthalpy changes : 
i the enthalpy of formation of ethanoic acid, CH3COOH(l) 
ii the enthalpy of combustion of ethanoic acid 
iii the enthalpy of neutralisation of an aqueous solution of ethanoic 

acid with aqueous sodium hydroxide. 

3 Draw an enthalpy level diagram for the following sequence of reactions: 
112N2(g) + Oz(g) � NO(g) + 1/202 11H = +90.3  kJ mor1 
NO(g) + 1/202(g) � N02(g) 11H = -5 7 . 1  kJ mor1 
and hence calculate the enthalpy change for the reaction: 

1/2N2(g) + 02(g) � NOz(g) 
4 Given that the standard enthalpies of formation of N02(g) and N204(g) 

are +33.9 kJ mol -1 and +9. 7  kJ mor1 respectively, calculate the enthalpy 
change for the reaction : 

2N02(g) � Nz04(g) 
5 The standard enthalpy of combustion of lauric acid, 

CH3(CH2) 10COOH(s), which is found in some animal fats, is  -73 77  kJ 
mor1 • The standard enthalpies of combustion of C(s) and Hz(g) are -394 
kJ mor1 and -286 kJ mor1 • 
Calculate the standard enthalpy of formation of lauric acid .  

6 1 00 cm3 of 1 .00 mol dm-3 HCl was added to 1 00 cm3 of 1 .00 mol dm-3 

NaOH i n  a polystyrene cup, both solutions being initially at 2 1 . 10 °C. 
On mixing the temperature rose to 27 .90 °C. Determine the enthalpy of 
neutralisation and state whether the reaction i s  exothermic or 
endothermic. You may assume that the polystyrene cup has a negligible 
heat capacity, the solution has a density of 1 .00 g cm-3 and that the final 
solution has a specific heat capacity of 4 . 1 8  J g-l oc-1 • 

7 Calculate the enthalpy change for the reaction: 
C2H4(g) + H20(g) � CH3CH20H(g) 

given the following average bond enthalpies in kJ mot1 : 
C-C +348; C=C +61 2; C-H +4 1 2; H-0 +463; C-0 +360. 
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Substance Alcohol Aldehyde 

I �C=O Group - C - OH 
I R/ 
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Organ i c  chem istry I 

I£1 

Int roduct ion 
Organic compounds consist of a chain of one or more carbon atoms  
and contain functional group ee  Table 2. 1 ) .  The functional group 
gives the compound certain chemical properties. For instance the C=C 
group (except in benzene ring react in a imilar way in all 
compounds. Thu kno" ledge of th chemi tr of ethene, H2C=CH21 
enables you to predict the reaction of al l  compound containing the 
C=C group. 

* * 

Ketone Acid Ester 
Acid 

Amide Nitrile Amine 
chloride 

R � 0  � 0  � 0  �0 I 
"C=O - C R- C - C - c  - c = N - C -NHz 

R' / " o H  " O-R' " Cl " NHz I 

Table 2. 1 Functional groups. *These will only be met at A2. R is a carbon-containing group. 

When you write structu ra l  formu lae, 
check that: 

every carbon atom has fou r  bonds 
every oxygen has two bonds and 
every hydrogen and every halogen 
have on ly one bond. 

You must learn the equations and conditions for the reactions in  the 
specification .  

tR:: Things t o  learn 
F------e 

Homologous series: a series of compounds with the same functional 
group, the same general formula, and where one member differs from 
the next by CH2• 
Empirical formula: shows the simplest whole number ratio of the 
atoms present in  one molecule.  
Molecular formula: shows the actual number of atoms present in 
one molecule, e.g. propane is C3H8• 
Structural formula: shows each atom in the molecule separately and 
how it is  bonded. A more condensed way is to show the groupings 
around each carbon atom, e.g. propane can be written as CH3CH2CH3 
and propan-2-ol as CH3CH(OH)CH3• 
Isomers: two or more compounds with the same molecular formula. 
Homolytic fission: when a bond breaks with one electron going to 
each atom (forming radicals) . 
Heterolytic fission: when a bond breaks with the two electrons going 
to one atom. 
Substitution: a reaction in  which an atom or group of atoms in one 
molecule is  replaced by another atom or group of atoms .  
Addition: a reaction in  which two molecules react together to  form a 
single product. 
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There are three structu ra l  isomers of 
formu la C3Hs0 :  

p ropan-1 -o l  CH3CH2CH20H 
propan-2-ol CH3CH (OH)CH3 

• methoxyethane CH30CH2CH3 

cis 

trans 

CH3 CH3 
\ I 

C = C  
I \ 

H H 

CH3 H 
\ I 

C = C  
I \ 

H CH3 
Fig 2.4 Geometric isomers of 
but-2-ene 

The decolou risat ion of a brown 
solut ion of bromine is a test for a 
C=C g roup  in a molecu le .  

With unsymmetrical a lkenes, the 
hyd rogen goes to the carbon that 
a lready has more hyd rogen atoms 
d i rectly bonded to it . Th is is 
Markovnikov's ru le .  

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S  A N D  E Q U I L I B R I U M  

Elimination: a reaction in  which the elements of a simple molecule 
such as HBr, H20 etc. are removed from the organic molecule and not 
replaced by any other atom or group of atoms. 
Hydrolysis: a reaction i n  which water (often catalysed by aqueous acid 
or aqueous alkali) splits an organic molecule into two compounds. 
Free radical: a species which has a single unpaired electron, e.g. Cl · 
Nucleophile: a species which seeks out positive centres, and must 
have a lone pair of electrons which it  donates to form a new covalent 
bond. 
Electrophile: a species which seeks out negative centres, and accepts a 
lone pair of electrons to form a new covalent bond. 

� Things t o  understand 

Isomerism 

Structural isomers may have: 
i different carbon chains (straight or branched) 
ii the functional group in different places in the carbon chain 
iii different functional groups. 

Geometric isomerism 

i Geometric i somerism occurs when there is a C=C i n  the molecule, 
and both carbon atoms have two different atoms or groups attached. 

ii Geometric isomers are not easily interconverted because of the 
difficulty of rotating about the 1t bond. 

Alkanes (e.g. methane, CH4) 

Alkanes burn in excess oxygen to form carbon dioxide and water: 
CH4 + 202 � C02 + 2H20 

Alkanes react with chlorine (or bromine) in the presence of UV light in  
a stepwise substitution reaction: 

CH4 + Cl2 � CH3Cl + HCl 
CH3Cl + Cl2 � CH2Cl2 + HCl 

Alkenes (e.g. propene, CH3CH=CH2) 

Alkenes add hydrogen: 

CH3CH=CH2 + H2 � CH3CH2CH3 
conditions: pass gases over a heated nickel catalyst 
Alkenes add bromine (or chlorine): 

CH3CH=CH2 + Br2 � CH3CHBrCH2Br 
conditions: at room temperature with the halogen dissolved in hexane. 

• Alkenes add hydrogen halides, e.g. H I  
CH3CH=CH2 + HI � CH3CHICH3 

conditions: mix gases at room temperature. 
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t H Ht t H Ht I I I I 
c - c  c - c  

� � n lH3 � n 

Fig 2.5 
Poly( ethene) 

Fig 2. 6 
Poly( propene) 

The rate of a l l  these reactions 
increases C-C I to C-Br to C-1 , 
because the bond entha lpy and 
hence the bond strength decreases 
C-C I to C-Br  to C-1 . The weaker the 
bond the lower the activation  energy 
and hence the faster the react ion .  

H 
I 

- C - OH 
I 

H - c -
1 I 

- C - C - OH 
I I 

H 
- c -

1 I zo 
- C - C - OH 

I I 
- c -

1 
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Alkenes are oxidised by potassium manganate(VII)  solution :  
CH3CH=CH2 + [0] + H20 � CH3CH(OH)CH20H 

conditions: at room temperature, when m ixed with sodium hydroxide 
solution it  produces a brown precipitate. 
Alkenes can be polymerised. Ethene forms poly(ethene) (Figure 2.5)  
and propene forms poly(propene) (Figure 2.6) :  

n-CH2=CH2 � -(CH2-CH2)-" 
conditions either: a very h igh pressure (about 2000 atm) 
and a temperature of about 250 oc 
or: a catalyst of titanium(IV) chloride and triethyl aluminium 
at SO oc and pressure of about 1 0  atm. 

Halogenoalkanes (e.g. 2-iodopropane, CH3CHICH3) 

They substitute with aqueous sodium (or potassium) hydroxide 
to give an alcohol : 

CH3CHICH3 + NaOH � CH3CH(OH)CH3 + Nal 
conditions: boil under reflux with aqueous sodium hydroxide. 
They eliminate with ethanolic potassium hydroxide to give an 
alkene: 

CH3CHICH3 + KOH � CH3CH=CH2 + KI + H20 
conditions: boil u nder reflux with a concentrated solution of potassium 
hydroxide in  ethanol, and collect the gaseous propene over water. 
They substitute with potassium cyanide: 

CH3CHICH3 + KCN � CH3CH(CN)CH3 + KI 
conditions: boil under reflux with a solution of potassium cyanide in a 
mixture of water and ethanol. 
With ammonia they form amines: 

CH3CHICH3 + 2NH3 � CH3CH(NH2)CH3 + NH4I 
conditions: heat excess of a concentrated solution of ammonia 
in  ethanol with the halogenoalkane in  a sealed tube. 
The test for halogeno compounds: 
1 Warm the substance with aqueous sodium hydroxide. 
2 Add dilute nitric acid until the solution is j ust acidic. 
3 Add silver n itrate solution. 

Result: 
white precipitate, soluble in  dilute ammonia i ndicates chloro
compound 

• cream precipitate, soluble in concentrated ammonia i ndicates bromo
compound 

• yellow precipitate, insoluble in concentrated ammonia indicates iodo
compound. 

Alcohols 

Primary ( 1  °) alcohols contain the CH20H group.  
Secondary (2°) alcohols have two C atoms attached to the CHOH group.  
Tertiary (3°) alcohols have three C atoms attached to the COH group (see 
Figure 2.  7) . 
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I n  equations i n  organ ic chemistry, 
an oxid i s i ng agent can be written as 
[0] and a reduc ing agent as [H ] ,  but 
the equat ion must sti l l  balance. 

Note that this react ion works for a l l  
a lcohols , and isomers of the a lkene 
may be produced.  

Th is is a test for an OH g roup .  
Steamy ac id ic  fumes are g iven off 
when phosphorus pentach loride is 
added to the d ry organic su bstance. 

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S A N D  E Q U I L I B R I U M  

Oxidation reaction with aqueous orange potassium 
dichromate(VI), K2Cr2071 acidified with dilute sulphuric acid. 
a 1 o alcohols are oxidised via an aldehyde to a carboxylic acid. The 

solution turns green ( [Cr(H20)6J 3+ ions formed) . 
CH3CH20H + [OJ --t CH3CHO + H20 
then CH3CHO + [OJ --t CH3COOH 

conditions: to stop at the aldehyde: add potassium dichromate(VI) 
in dilute sulphuric acid to the hot alcohol and allow the aldehyde to 
distil off. 
to prepare the acid: boil the alcohol with excess acidified oxidising 
agent under reflux. 

b zo alcohols are oxidised to a ketone. The solution turns green. 
CH3CH(OH)CH3 + [OJ - CH3COCH3 + H20 

conditions: boil the alcohol and the acidified oxidising agent under 
reflux. 

c 3° alcohols are not oxidised and so do not turn the solution green . 
Dehydration of an alcohol to an alkene: 

C2H50H --t H2C=CH2 + H20 
conditions: add excess concentrated sulphuric acid (or concentrated 
phosphoric acid) to the alcohol and heat to 1 70 °C. 
Halogenation 1 °, zo and 3° alcohols react with: 
1 Phosphorus pentachloride, PCl5, to form a chloroalkane: 

C2H50H + PCl5 --t C2H5Cl + HCl + POC13 
conditions: at room temperature and the alcohol must be dry. 

2 Solid sodium bromide and SO% sulphuric acid to give a 
bromoalkane: 

NaBr + H2S04 --t HBr + NaHS04 
then HBr + C2H50H --t C2H5Br + H20 

conditions: add the sulphuric acid mixed with the alcohol to solid 
sodium bromide at room temperature . 

3 Phosphorus and iodine to give the iodoalkane: 
2P + 312 --t 2PI3 

then 3C2H50H + PI3 --t 3C2H5l + H3P03 
conditions: add the alcohol to a mixture of moist red phosphorus 
and iodine at room temperature. 
A summary of reactions is  shown in Figure 2 .8 .  
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02 
Spark 

cone H2S04 
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Boil under reflux 
K2Cr207/ H2S04(aq) 

at 1 00 oc at 1 70 oc 

Fig 2.8 Summary of 
organic reactions 

The percent yie ld is less than 1 00% 
because of competi ng  react ions and 
hand l i ng losses. 

Bonding and reactivity 

Bond strength is the dominant factor that determines reactivity. 
a A n-bond between two carbon atoms is weaker than a a bond 

between two carbon atoms. Thus alkenes are more reactive than 
alkanes and react by addition, whereas alkanes react by substitution. 

b A C-I bond is weaker than a C-Cl bond, and so iodoalkanes are 
rapidly hydrolysed by aqueous sodium hydroxide, unlike 
chloroalkanes which react very s lowly. 

Quantitative organic chemistry 

This involves calculation of empirical formulae from percent data (see 
page 6) . 
This involves calculation of percentage yield. 
First calculate the theoretical yield from the equation (see page 8), 
then the % yield = actual yield in  grams X 1 00% 

theoretical yield in grams 

Applied o�ganic chemistry 

Liquid versus gaseous fuels. You should consider the following 
points: 
1 the ease with which gaseous fuels can be piped into the home 
2 the easier handling of liquid fuels at a fil l ing station for cars 
3 the extent and type of pollution produced: 

a the quantity of carbon dioxide and any other greenhouse gases 
produced per kilojoule of energy 

b the emission of oxides of nitrogen and sulphur, and the way in  
which these can be l imited 

c the emission of particulates 
4 the energy produced per unit mass of fuel for aeroplanes 
5 the extent to which the world's supply of fossil fuels is l imited. 
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DDT is a ch lor ine-conta in ing 
pest ic ide and it has erad icated 
malaria from some countries, but its 
overuse has led to the destruction of 
wi l d l ife . It is a ve ry i ne rt chemica l  
(owing to the strength of the C-CI 
bond) and so pers ists i n  an 
organ ism,  bei ng stored i n  fatty 
tissue.  

ethene and but- 1 -ene 

2-ch loro-3-methylpentan-1 -ol 

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S A N D  E Q U I L I B R I U M  

Polymers. You should real ise that simple polyalkenes are resistant to 
breaking down under environmental conditions.  This is  because of the 
strength of the C-C and the C-H bonds . 
Organic halogen compounds. There are three main uses of these: 
1 As polymers . PVC is used as a waterproofing material, as an 

electrical insulator and as a stable and maintenance free material for 
window frames. When burnt it produces harmful fumes of 
hydrogen chloride. PTFE is used as a non-stick coating for saucepans 
etc. These polymers are very stable owing to the strength of 
carbon-halogen and C-C bonds. 

2 As herbicides. Complicated chlorine compounds, such as 2,4-D and 
2,4,5-T are used as selective weedki l lers. They are stable and so 
persist in the environment. 

3 Chlorofluorocarbons (CFCs) make excellent refrigerants, but they 
are so stable in air and water that they diffuse to the stratosphere 
v here they are broken down by l ight energy and form chlorine 
radicals .  The e catalyse the destruction of ozone. New substances 
ha e been de eloped which contain hydrogen as well as chlori ne, 
fluorine and carbon, and these are less stable and are broken down 
by atmospheric oxidation. 

�Checklist 
Before attempting the questions on this topic, check that you : 

Can name simple organic molecules. 
Can write structural formulae of structural and geometric isomers . 
Know the reactions of alkanes with air and halogens. 
Know the reactions of alkenes with hydrogen, halogens, hydrogen 
halides, potassium manganate(VI I )  and in polymerisation. 

[ Know the reactions of halogenoalkanes with potassium hydroxide (both 
aqueous and ethanolic), potassium cyanide and ammonia. 
Know the oxidation, dehydration and halogenation reactions of 
alcohols. 
Can relate reactivity to bond strength and polarity and to the stability 
of intermediates . 
Can calculate the empirical formula of a compound. 
Understand the advantages and disadvantages of the use of organic 
compounds. 

� Test ing your knowledge and understanding 

For the first set of questions, cover the margin, write your answer, then 
check to see if  you are correct. 

Which of the fol lowing compounds are members of the same 
homologous series: 

ethene C2H4, cyclopropane C3H6, but- 1 -ene CH3CH2CH=CH21 
but- 1 ,3 -diene CH2=CHCH=CH2, cyclohexene C6H10? 

Name CH3CH2CH(CH3)CHCICH20H 
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tetrach lo romethane,  CC I4 

� The answers to the numbered 
'V quest ions are on pages 1 27-1 28 .  

What product is  obtained i f  a large excess of chlorine is  mixed with 
methane and exposed to diffused l ight? 
A compound X contained 54 .5% carbon, 36 .4% oxygen and 9. 1 %  
hydrogen b y  mass. Calculate its empirical formula. 

1 Write the structural formulae of: 
a 1 , 1 -dibromo-1 ,2-dichloro-2,3-difluoropropane 
b 1 -chlorobutan-2-ol .  

2 Write out the structural formulae o f  the isomers of: 
a C3H80 (alcohols only) 
b C5H12 
c C,H8 (no cyclic compounds) . 

3 Define: 
a free radical 
b homolytic fission . 

4 Define: 
a an electrophile 
b heterolytic fission. 

5 Write equations and give conditions for the reaction of: 
a ethane + chlorine 
b ethane + oxygen. 

43 

6 Write equations and give conditions for the reaction of propene with: 
a hydrogen 
b bromine * 
c hydrogen iodide 
d potassium manganate(VI I) solution * 
For reactions marked *, state what you would see. 

7 Write equations and name the products obtained when 2-iodopropane 
is :  
a shaken with aqueous dilute sodium hydroxide 
b heated under reflux with a concentrated solution of potassium 

hydroxide in  ethanol 
c heated in a sealed tube with a concentrated solution of ammonia in  

ethanol. 
8 Write the equation and give the conditions for the reaction of 

propan-2-ol with sulphuric acid.  
9 Write the structural formula of the organic product formed, if  any, give 

its name and say what you would see when: 
a propan- 1 -ol is heated under reflux with dilute sulphuric acid and 

excess aqueous potassium dichromate(VI) 
b 2-methylpropan-2-ol is  heated under reflux with dilute sulphuric 

acid and aqueous potassium dichromate(VI) 
c phosphorus pentachloride is added to propan-2-ol .  

10 Why does bromine react rapidly with ethene at room temperature but 
only slowly with ethane? 
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An increase in tem peratu re also 
causes an i ncrease i n  the rate of 
co l l i s ion ,  but this is un important 
compared with the i ncrease in the 
fract ion of molecu les with the 
necessary activat ion energy. 

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S  A N D E Q U I L I B R I U M  

1 1  Why does 1 -bromopropane react more slowly than 1 -iodopropane with 
water? 

12 When 5 .67 g of cyclohexene, C6H10, reacted with excess bromine, 1 5 .4  g 
of C6H10Br2 was obtained. Calculate the theoretical yield of C6H 10Br2 and 
hence the percentage yield of the reaction. 

1 3  Explain why compounds such as CC12F2 are harmful  to the 
environment. 

Ki net ics I 
The rate of a reaction is determined by: 
1 the rate at which the molecules coll ide 
2 the fraction of the coll iding molecules that possess enough kinetic 

ener / 'to get over the activation energy barrier' 
3 the orientation of the molecules on collision. 

� Things t o learn 
Activation energy is the minimum energy that the reactant 
molecules must have when they collide in order for them to form 
product molecules. 
Factors which control the rate of a reaction are: 
1 the concentration of a reactant in a solution 
2 the pressure, if  the reactants are gases 
3 the temperature 
4 the presence of a catalyst 
5 the surface area of any solids 
6 l ight for photochemical reactions. 

tH:1 Things t o underst and 

Collision theory 

The effect of an i ncrease in concentration of a solution, or the 
increase in pressure of a gas, is  to increase the frequency of collision 
of the molecules, and hence the rate of reaction. 
The effect of heating a gas or a solution is to make the molecules or 
ions: 
1 move faster and so have a greater average kinetic energy 
2 which increases the fraction of col liding molecules with a combined 

energy greater than or equal to the activation energy 
3 which results in  a greater proportion of successfu l  coll isions. 
The effect of heating can be shown by the Maxwel l-Boltzmann 
distribution (see Figure 2 .9)  of molecular energies at two temperatures T1 
and T2 where T2 is > T1 • 
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Note that the peak has moved to the 
r ight for 7;, and that the total areas 
under the curves are the same,  but 
the area under the cu rve to the right 
of fa equals the fract ion of the 
mo lecu les with energy � fa, which is 
g reater for 7; than for G ·  

Fig 2.9 Maxwell-Boltzmann distribution 

Vl Q) 
'5 u Q) 
0 
8 

Energy 
Fig 2. 10 Effect of a catalyst 

Fig 2. 1 1  Energy profile diagrams 

Vl Q) 
'5 u Q) 
0 
8 
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Ener ' 

Catalysts work by pro iding an alternati e route with a lower 
activation energy. Thus, at a gi en temperature, a greater proportion of 
the colliding molecules wil l  possess this lower activation energy by 
fol lowing the route with the catalyst, and so the reaction will be faster. 
This is shown on a Maxwell-Boltzmann diagram (see F igure 2. 1 0) .  
The enthalpy profile  diagrams for a n  uncatalysed and a catalysed 
reaction are shown in Figure 2. 1 1 .  
Do not say that a catalyst lowers the activation energy. 
Note that the t:.H values are the same for both paths .  

- - - - - - - - Transition 
state 

Intermediate I 
Uncatalysed Catalysed 

Thermodynamic stability 

This is when the enthalpy level of the products is much higher than the 
enthalpy level of the reactants. 
Thus the substances on the left-hand side of a very endothermic 
reaction are said to be thermodynamically stable relative to those on the 
right.  
The substances on the left-hand side of a very exothermic reaction are 
said to be thermodynamically unstable relative to those on the right .  
Whether a reaction wil l  then take p lace depends upon its kinetic 
stability. 

Kinetic stability 

If a reaction has such a h igh value of activation energy that no molecules 
possess sufficient energy on collision to react, the system is said to be 
kinetically stable. An example is  a mixture of petrol and air, which i s  

http://www.studyguide.pk
http://www.studyguide.pk


46 

An£werr 
Pressu re ,  temperatu re ,  and catalyst 

Concentrat ion ,  temperatu re and 
catalyst 

The su rface area of the so l id 

Fe (Haber) ,  o r  V205 (Contact) , o r  N i  
o r  Pt (add it ion of hydrogen to C=C) 

� The answers to the numbered 
� q uest ions are on page 1 28 .  

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S A N D E Q U I L I B R I U M  

thermodynamical ly unstable but kinetically stable. No reaction occurs 
unless the m ixture is ignited. 

®Checklist 
Before attempting the questions on this topic, check that you :  
-.1 Can recal l  the factors which effect the rate of reaction. 

Can explain these rate changes in  terms of collision theory. 
Can draw the Maxwel l-Boltzmann distribution of molecular energies at 
two different temperatures. 
Can use this to explain the effect of a change of temperature and the 
addition of catalyst. 

0 Understand the concepts of thermodynamic and kinetic stabil ity. 

® Test ing your knowledge and understanding 
For the following questions, cover the margin, write your answer, then 
check to see if you are correct. 

For a reaction i nvolving gases, state three factors that control the rate of 
the reaction. 
For a reaction carried out in  solution, state three factors that control the 
rate of the reaction. 
For the reaction of a solid with a gas or with a solution, state one other 
factor that controls the rate of reaction. 
Give an example of a solid catalyst used in a gas phase reaction. 

1 Define 
i activation energy 
ii catalyst. 

2 Explain, in terms of coll is ion theory, why changes in temperature and 
in pressure and the addition of a catalyst alter the rate of a gas phase 
reaction. 

3 Draw the Maxwell-Boltzmann distribution of energy curve for a gas: 
i at room temperature (mark this T1) and 
ii at 50 oc (mark this T2) .  
Now mark in a typical value for the activation energy of  a reaction that 
proceeds steadily at room temperature. 

4 Explain, in terms of activation energy, why animal products such as 
meat and milk stay fresher when refrigerated. 

5 Draw energy profile diagrams of: 
i an exothermic reaction occurring in a s ingle step 
ii the same reaction in the presence of a suitable catalyst 
iii a reaction where the reactants are thermodynamical ly stable 
iv a reaction where the reactants are both thermodynamically and 

kinetically unstable. 

http://www.studyguide.pk
http://www.studyguide.pk


• C H E M I C A L  E Q U I L I B R I A  I 47 

• 
Chem ica l  equi l i b r ia  I 

Le Chate l ier's pr inc ip le  states that 
when one of the factors govern ing  
the posit ion of  equ i l i b ri um  is  
changed, the  posit ion w i l l  a lter i n  
s u ch  a way as  i f  t o  restore the 
or ig i nal cond it ions.  

Do not say 'the s ide with a smal ler 
vo l ume' ,  as a gas wi l l  always f i l l  its 
conta iner. 

� Int roduct ion 
Many reactions do not go to completion because the reaction is reversible .  
As the rate of a reaction is dependent on the concentration of the 
reactants, the reaction will proceed up to the point at which the rate of the 
forward reaction equals the rate of the reYer e reaction, when there is  no 
further change in concentrations.  The y tern i then said to be at 
equilibrium. 

tR:! Things t o  learn and und erst and 

Dynamic equilibrium 

At equilibrium, the rate of the forward reaction equals the rate of the 
reverse reaction. 
Both products and reactants are constantly being made and used up, 
but their concentrations do not change. 
This can be demonstrated by using isotopes. For the reaction : 

CH3COOH(l) + C2H50H(l) � CH3COOC2H5(l) + H20(l) 
M ix the four substances in their equilibrium concentrations, but 
have the water made from the isotope 1 80. After some time the 1 80 
isotope will be found (by means of a mass spectrometer) in both the 
ethanoic acid and the water, but the concentrations of the four 
substances will not have changed. 

Effect of changes in conditions on position of 
equilibrium 

Le Chatelier's principle may help you to predict the direction of the 
change in the position of equilibrium, but it does not explain it .  
Temperature. An increase in temperature will move the position of 
equilibrium in the endothermic direction. Likewise a decrease in 
temperature will move the equilibrium in the exothermic direction : 

N2(g) + 3 H2(g) � 2NH3(g) !:!.H = -92.4 k] mol-1 

As this reaction is exothermic left to right, an increase in temperature 
will cause less ammonia to be made, thus lowering the yield. 
Pressure. This applies only to reactions involving gases. An increase in 
pressure will drive the equilibrium to the side with fewer gas molecules. 
Thus, for the reaction above, an increase in  pressure will result in more 
ammonia in the equilibrium m ixture, i .e .  an increased yield. This is 
because there are only two gas molecules on the right of the equation 
and four on the left . 
Concentration. This applies to equilibrium reactions in solution. I f  a 
substance is physically or chemically removed from an equilibrium 
system, the equi l ibrium will shift to make more of that substance : 
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Al l  i nd ustria l  processes that i nvolve 
pass ing gases through a bed of 
catalyst must work above 
1 atmosphere pressure in order to 
force the gases through the system .  

� The answers to the numbered 
'¥ questions are on page 1 29 .  

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S  A N D  E Q U I L I B R I U M  

2Cr0/-(aq) + 2H+(aq) � Cr20t(aq) + H20(1) 
Addition of alkali wil l  remove the H. ions, causing the equilibrium to 
move to the left.  
Catalyst . This has no effect on the position of equilibrium. What it 
does is  to increase the rate of reaching equilibrium, thus a catalyst 
allows a reaction to be carried out at a reasonable rate at a lower 
temperature. 

Optimum industrial conditions 

Temperature 

Many industrial reactions, such as the Haber process for manufacturing 
ammonia, are reversible and exothermic. For such reactions: 

If  a high temperature is  used, the yield at equilibrium is small, but the 
rate of reaction i s  fast.  

If  a low temperature is  used, the theoretical yield is  higher, but the rate 
of reaction is slow. 

I n  systems such as this, a catalyst is used to allow the reaction to 
proceed rapidly at a temperature at which the yield is reasonably good. 
This  i s  often called a compromise temperature, balancing yield with 
rate. Any unreacted gases are then separated from the products and 
recycled back through the catalyst chamber. 

Pressure 

High pressures are extremely expensive, and are only used if the yield at 
lower pressures i s  too small to be economic. 
Two examples of manufacturing processes that use very high pressures 
are the Haber process and the polymerisation of ethene. 

�Checklist 
Before attempting the questions on this topic, check that you: 

Understand that equilibria are dynamic. 
Can deduce the effect of changes in  temperature, pressure and 
concentration on the position of equi l ibrium. 
Can predict the economic conditions for an industrial process. 

® Test ing your knowledge and understanding 
1 Consider the reversible reaction at equi librium: 

A(g) � B(g) 
Which statements are/is true about this system? 
i There is no further change i n  the amounts of A or B .  
ii No reactions occur, now that it has reached equil ibrium. 
iii The rate of formation of B is  equal to the rate of formation of A .  

2 Consider the equi librium reaction: 
N204(g) � 2N02(g) tJI = +58. 1 k] mot1 

State and explain the effect on the position of equilibrium of: 
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i 

ii 

iii 

decreasing the temperature 
halving the volume of the container 
adding a catalyst . 

3 Ethanoic acid and ethanol react reversibly: 
CH3COOH + C2H50H .= CH3COOC2H5 + H20 tJf = 0 k) mot1 

i Explain the effect of adding an alkali . 
ii What will happen to the position of equil ibrium if the 

temperature is  increased from 25 oc to 35 oc? 

49 

4 White insoluble lead( I I) chloride reacts reversibly with aqueous chloride 
ions to form a colourless solution:  

PbC12(s) + 2Cr{aq) .= PbClt(aq) 
State and explain what you would ee when concentrated hydrochloric 
acid is  added to the equilibrium mixture. 

5 In  the manufacture of ulphuric acid, the critical reaction is: 
2S02(g) + 02 g) .= 2 (g) Mf = -1 96 k] mot1 

The reaction is very slow at room temperature . Wh are conditions of 
725 K and a catalyst of vanadium( ) oxide u ed? 

Industrial i norgan i c  chem istry 

;.� Int roduct ion 
Industrial chemists always need to keep manufacturing costs down. They 
do this by: 

1 making the reaction as fast as possible 
2 ensuring a high yield 
3 keeping the temperature and pressure as low as possible. 

� � 

Things t o learn and underst and 

The Haber process for the manufacture of ammonia 

Nz(g) + 3H2(g) .= 2NH3(g) tJf = -92.4 k) mot1 

Because this reaction, left to right, is exothermic and the number of gas 
molecules decreases, the yield and kinetics are affected according to the 
table below: 

Reaction conditions Effect on yield Effect on rate 

Increase in temperature Decrease Increase 
Increase in pressure Increase Very slight increase 
Addition of catalyst None Very large increase 

Thus the fol lowing conditions are found to be the most economic: 
Temperature: 400 °C. A higher temperature would reduce the yield, 

and a lower one would make the reaction 
uneconomically slow. 
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Uses of ammonia: 
manufactu re of n itric acid 

• manufacture of fe rt i l isers such as 
ammon ium n itrate and u rea 

• manufacture of po lyamides such 
as nylon .  

Uses of su l phu ric acid :  
• the manufacture of fe rt i l isers 

such as ammon ium su lphate 
• the manufacture of phosphate 

fert i l iser 

the manufactu re of paints and 
detergents. 

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S A N D  E Q U I L I B R I U M  

Pressure: 200 atm. The yield at 1 atm is too low, and so a high 
pressure is  necessary even though it is  very expens ive. 

Catalyst: Iron . This allows the reaction to proceed at a fast, and 
hence economic, rate at a moderate temperature. 

Yield per cycle: 1 5%.  The gases from the catalyst chamber are cooled in  
order to  l iquefy the ammonia, and then the unreacted 
nitrogen and hydrogen are recycled, giving a final 
conversion of nearly 1 00%. 

The oxidation of ammonia to nitric acid 

This  happens in three stages: 
1 The ammonia and air are passed over a platinum/rhodium catalyst at 

900 °C: 
4NH3(g) + 502(g) -.= 4NO(g) + 6H20(g) 

2 On cooling, the n itrogen(II)  oxide reacts with more air :  
4NO(g) + 202(g) -.= 4N02(g) 

3 The nitrogen(IV) oxide and air are then absorbed into water: 
4NOz(g) + 02(g) + 2H20(l)  -.= 4HN03(aq) 

The contact process for the manufacture of sulphuric 
acid 

This takes place in three stages :  
1 The combustion of sulphur: 

S(l) + 02(g) -? S02(g) 
2 The reversible oxidation of the sulphur dioxide: 

S02(g) + 1/zOz(g) -.= SOlg) 
3 Absorption by the water in 98% sulphuric acid. 
The conditions for stage two, which is exothermic and has fewer gas 
molecules on the right, are: 
Temperature: 425 °C. A h igher temperature would reduce the yield, 

Pressure: 

Catalyst: 
Yield: 

and a lower one would make the reaction 
uneconomically s low. 
2 atm.  This is enough to force the gases through the 
plant. A higher pressure is  not necessary because the 
yield i s  high under these conditions. 
Vanadium(v) oxide. 
96% per cycle. The gases from the catalyst chamber are 
passed into the absorber containing the 98% sulphuric 
acid, and all the S03 is  removed. The gases then go 
back through another bed of catalyst, giving a final 
conversion of 99 .8%. 

Manufacture of aluminium 

Aluminium is too reactive for its oxide to be reduced by carbon 
monoxide or other cheap reducing agents, so the expensive method of 
electrolysis of a molten ionic compound has to be used. 
The ore contains aluminium oxide (amphoteric) with large impurities of 
iron oxide (basic) and si l icon dioxide (weakly acidic) . The ore is treated 
with a hot 10% solution of sodium hydroxide, which reacts with the 
amphoteric aluminium oxide to form a solution of sodium aluminate. 
Iron oxide does not react as it  i s  a base, and si l icon dioxide does not 
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Al um i n i um is protected from 
corrod ing by its layer of oxide which 
reforms when it is scratched.  I t  is 
a lso less dense than i ron .  These 
properties make it i deal as a material 
for aerop lane wings and fuselage 
and for d ri n k  cans (even though  it is 
more expensive than i ron) .  It is a lso 
an exce l lent conductor of e lectric i ty, 
and so is used in overhead power 
cables because of these th ree 
propert ies .  
As the e lectro lyt ic method of 
manufacture is very expensive, it is 
economical ly sens ib le to recycle 
a l um in i um objects . 

Ch lor ine is used for: 
water ste r i l isat ion 

i i  the manufactu re of organ ic 
ch lor ine compounds,  such as the 
p lastic PVC and the herb ic ide 
2,4-0 

i i i  the manufacture of HCI .  

Sod i um  ch lorate(!) is used:  
i as a domestic b leach 
i i as a d is i nfectant. 

react because of its giant atomic structure. These solids are filtered off, 
and carbon dioxide is blown through the solution precipitating 
aluminium hydroxide. This i s  obtained by filtration and heated to 
produce pure aluminium oxide. 
The purified aluminium oxide is  dissolved in molten cryolite, Na3AlF6, 
at 900 °C. 
The solution is electrolysed using carbon anodes dipping into a steel 
cell l ined with carbon, which i s  the cathode. 
At the cathode, aluminium ions are reduced: 

Al3+ + 3e- ---+ Al (l) 
The molten aluminium sinks to the bottom of the cell and is siphoned 
off. 
At the carbon anode, oxygen ions are oxidised and react with the 
anode: 

2 2- + C s ---+ C02(g) + 4e-

Because of the expen e of thi method of manufacture, it is economic to 
recycle aluminium drink cans .  

The production of chlorine 

This is  done by the electrolysis of an aqueous solution of odium 
chloride (brine) . 
At the titanium anode (+) : NaCl contains cr ions and these are 
oxidised to C l2: 

2Cr(aq) ---+ Cl2(g) + ze
chlorine gas is produced. 
At the steel cathode (-) : water is  ionised in an equilibrium reaction: 

H20(l) .= H+(aq) + O H- (aq) 
Na+ ions are very hard to reduce, and so H+ ions are preferentially 
reduced: 

2H+(aq) + ze- ---+ H2(g) . 
The removal of the H+ ions drives the water equilibrium to the right, 
producing OH- ions. The overall equation for the reaction at the 
cathode is :  

2H20 + ze- ---+ 20H-(aq) + H2(g) 
Thus sodium hydroxide and hydrogen are produced. 
The anode and cathode compartments are separated by an ion-exchange 
membrane which allows Na+ ions to pass through but keeps the 
chlorine separated from the hydroxide ions that are produced at 
the cathode. 

Manufacture of sodium chlorate(l) 

If  the electrolysis of sodium chloride solution is carried out with the 
solution being stirred, sodium chlorate(!) and hydrogen are obtained. The 
chlorine produced at the anode disproportionates when in contact with 
the alkali from the cathode: 

Cl2(aq) + 20H-(aq) ---+ OCr(aq) + Cr(aq) + H20( l) 
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AMwers 
A temperatu re of 350 to 450 °C , a 
pressu re of 200 to 250 atm and an 
i ron catalyst 

To make ferti l isers ,  and to make 
nylon (or n itr ic acid) 

A temperatu re of 900 oc and a 
p lat i num/rhod i um  catalyst 

A temperatu re of 400 to 450°C , a 
vanad i um(V) oxide catalyst and a 
pressu re of 2 atm 

To make ferti l isers ,  and paints (or 
detergents) 

I t  is amphoter ic .  

Molten e lectro lyte 

Cathode Al3• t 3e- - AI 

Anode :  202- + C - C02 + 4e-

� The answers to the numbered � quest ions are on page 1 29 .  

O R G A N I C  C H E M I S T R Y, E N E R G E T I C S ,  K I N E T I C S A N D  E Q U I L I B R I U M  

r:El Checklist 
Before attempting questions on this topic, check that you : 

Know the conditions for the manufacture of ammonia. 
Know the conditions for the manufacture of nitric acid .  
Know the conditions for the manufacture of sulphuric acid. 
Can justify the conditions in  terms of the economics and the chemistry 
of these processes . 
Know some of the uses of ammonia, nitric acid and sulphuric acid .  
Know the conditions and electrode reactions used in  the manufacture 
of aluminium. 
Can recal l  the details of the production of chlorine and sodium 
chlorate(I) and their uses. 

Test in g  you r knowledge and understanding 
For the fol lowing que tions, cover the margin, write your answer, then 
check to see if  you are correct . 

State the condition used in the manufacture of ammonia. 

State two uses of ammonia. 

State the conditions used for the oxidation of ammonia in the 
manufacture of nitric acid. 

State the conditions used for the oxidation of sulphur dioxide in the 
Contact process .  

State two uses of sulphuric acid. 

What property of aluminium oxide is the basis of its purification from 
bauxite? 
What is  the essential condition used in the manufacture of aluminium? 

Write the equations for the reactions at the cathode and at the anode in 
the manufacture of aluminium. 

1 Explain the economic reasons for the choice of the conditions used in 
the Haber process .  

2 In the Haber process why is the gas mixture cooled after it has left the 
catalyst chamber? 

3 Write the equations for the reactions at the anode and at the cathode in 
the manufacture of chlorine. 
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Practice Test: Unit 2 
Time allowed 1hr 

All questions are taken from parts of previous Edexcel Advanced GCE questions. 

The answers are on pages 1 29- 1 30. 

1 a  Propene, C3H6, and but-2-ene, CH3CH=CHCH3, are in  the same homologou 
homologous series. 

b Draw a representative length of the polymer chain of poly(propene) 
c i Draw the geometric isomers of but-2-ene. 

ii Explain how geometric isomerism arises. 

eries . Explain the term 
[3] 
[2] 
[2] 
[1] 

(Total S marks) 
[June 2001 Unit Test 2 question 2 & May 20 2 [;nit Te t 2 question 5] 

2 The rate of any chemical reaction is increased if the temperature is  increased . 
a Draw a diagram to represent the Maxwell-Boltzmann distribution of molecular ener ie at a 

temperature T1 and at a higher temperature T2 • [3] 
b Use your diagram and the idea of activation energy to explain why the rate of a chemical reaction 

increases with increasing temperature . [ 4] 

3 Consider the fol lowing reaction scheme: 

step 1 
----------------�� C3H7Br (major product) 

KMn04 
i n  alkali 

s 
l aqueous NaOH 

C3H80 
p � step 3 (oxidation) 

CH3COCH3 

a i Give the reagent and the conditions needed for step 1 .  
ii Give the structural formula of S. 

b i Give the structural formula of P. 
ii State the type of reaction in :  

step 1 
the conversion of S to P. 

c i Give the reagent and the conditions needed for step 2 .  
ii  Give the reagent and the conditions needed for step 3 .  

d Give the structural formula of  compound Q. 

4a State Hess's Law. 
b Define the term standard enthalpy change of combustion. 
c The equation for the combustion of ethanol in air is  

C2H50H(l) + 302(g) � 2C02(g) + 3 H20(1) 

Total 7 m arks) 

[June 2001 Unit 7J t 2 que tion 3] 

[2] 
[1] 
[1] 

[2] 
[2] 
[2] 
[3] 
[1] 

(Total 14 marks) 
[May 2002 Unit Test 2 question 4] 

[2] 
[3] 
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And the structural representation of this is :  

H H 
I I H - C - C - 0 - H + 30=0 -----+ 20=C=O + 3H- 0 - H 
I I 

H H 

i Calculate the enthalpy change for this reaction using the average bond enthalpy values given below. 
[3] 

Bond Average bond energy/kJ mor1 Bond Average bond energy/kJ mol-1 
C-H + 4 1 2  c-c + 348 
c-o + 360 O-H + 463 
0=0 + 496 C=O + 743 

ii Draw and label an enthalpy level diagram to represent this reaction . [2] 
(Total tO marks) 

f!une 2001 Unit Test 2 question 5] 

5a The reaction in the Haber Process that is  used to  produce ammonia is :  
N2(g) + 3 H2(g) == 2NH3(g) !1H = -92 k] mor' 

i What temperature is used in the Haber Process? [1] 
ii Justify the use of this temperature . [3] 
iii Name the catalyst used in the Haber process .  [1] 
iv How does a catalyst enable a reaction to occur more quickly? [2] 

b Another industrial process is the one which recovers chlorine from HCl, which often is a by-product i n  
organic preparations 

4HCl(g) + 02(g) == 2Cl2(g) + 2H20(g) 
This is a homogeneous dynamic equilibrium reaction. 
State the meaning of the terms 
i homogeneous 
ii dynamic equilibrium 

!1H = -1 1 5  kJ mor1 

[1] 
[2] 

c State and explain the effect on the position of equil ibrium of the reaction in b of: 
i decreasing the temperature. 
ii decreasing the volume of the reaction vessel 

[2] 
[2] 

(Total 14 marks) 
[May 2002 question 3 Unit Test 2 & January 2001 question 4 Module Test 2] 

6 Aluminium metal is manufactured by a process in which purified bauxite, dissolved in molten cryolite, 
i s  electrolysed at 800 °C. Graphite electrodes and a current of about 1 20 000 amperes are used. 

a Give the ionic equation for the reaction taking place at the anode. [1] 
b Give the ionic equation for the reaction taking place at the cathode. [1] 
c State which of these reactions is an oxidation process . [1] 
d Explain why the anodes need to be replaced frequently. [2] 
e Explain why an electrolyte of pure molten bauxite is not used. [2] 

(Total 7 marks) 
f!une 2001 Unit Test 2 question 7] 

[Paper total 60 marks] 
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Ion Flame colour 
Lt camine red 
Na+ yel low 
K+ l i lac 

Ca2+ brick red 
Sr2+ crimson red 
Ba2+ pale green 

Laboratory chem istry I 
The specification for these tests includes all of Units 1 and 2 .  
Unit  Test 3B  wi l l  contain many of  the calculations for AS level, and so 
Topic 1 .2 (pages 6 to 1 2) must be thoroughly revised. 

� Unit Test 3A: A ssessm ent of p ra ct ica l  
� sk ills I 

This is either internally assessed or a practical exam. 

Notes and textbooks are al lowed in the tests. 

The practical exam wil l  contain orne quantitati e work, probably a 
titration or an enthalpy change experiment. 

You should know the following gas tests: 

H2 burns with a squeaky pop 
02 rel ights a glowing spill 
C02 turns l ime water milky 
NH3 turns red litmus blue 
Cl2 bleaches damp litmus; turns KBr solution brown 
N02 brown gas which turns starch/iodide paper blue-black 
S02 turns acidified potassium dichromate(VI) solution green. 

You should know the tests for the fol lowing ions: 

Add acid. Test for C02• 
Add to almost boiling water. Test for C02• 
Gives white precipitate when dil  HCl and BaC12(aq) are 
added to the solution. 

HS04- Solution is acidic to l itmus, then test as for sot above. 
S03 

z- Add dil acid to solid and warm. Test for S02• 
Halide ion: To solution add di l  HN03 then AgN03(aq). White 

precipitate soluble in  dil  ammonia indicates chloride; 
· cream precipitate insoluble in  dil  but soluble in cone 

ammonia indicates bromide; pale yellow precipitate 
insoluble in cone ammonia indicates iodide. 

N03- Heat solid. All nitrates give off 02• All but sodium and 
potassium nitrates also give off N02• Alternatively add 
aluminium powder and sodium hydroxide solution .  
Nitrates give off ammonia gas .  

NH4• Add dil  NaOH and warm. Test for ammonia. 
Mg2+ Gives white precipitate when dil  ammonia is added 

to a solution. 
You must know how to carry out a flame test and the colours obtained. 
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C=C group 

C-OH group 

Organic halides 

LA B O R ATO R Y  C H E M I S T R Y  

I$J Unit Test 3B: L ab orat ory chem ist ry I 

Decolourises 
brown bromine 
in hexane 
Steamy fumes 
with PC15 
Warm with 
sodium 
hydroxide 
solution .  Acidify 
with dilute nitric 
acid and then 
test as for ionic 
halides as on 
page 55 

This is  a written paper, taken by all candidates. 

It is designed to assess a candidate's ability (related to the topics in  
Units 1 and 2)  to: 

i evaluate information generated from experiments 
ii describe and plan techniques used in  the laboratory. 

Tests 

You should know the tests l isted in Unit 3A above. 
You should also know the tests for alkenes, the OH group and the 
halogen in halogenoalkanes. 
You should be able to deduce the identity of a compound from the 
re ult of a erie of tests. 

Tech niques 

You should be able to describe techniques used in :  
titration and enthalpy change measurements 
simple organic procedures such as distillation and heating under 
reflux. 

Planning 

You should be able to: 
Plan a series of tests to determine the identity of an inorganic or 
organic compound. 
Describe how to make up a solution of known concentration for 
titrations. 
Plan an experiment to determine the enthalpy of a reaction such as 
the combustion of a liquid, or the neutral isation of an acid .  
P lan an experiment to follow the progress of  a reaction in which 
there is a change in physical state, such as the production of a gas .  

Calculations 

You should be able to calculate: 
empirical formulae 
reacting masses 
results from titration data 
enthalpy changes from experimental data. 

Evaluation 

You should be able to criticise: 
an experimental plan or apparatus 
the results of an experiment in  terms of s ignificant figures, accuracy 
or experimental error etc. 

Safety 

You should be able to suggest specific safety precautions when a substance 
is flammable, toxic or irritating. 
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Practice Test: Unit 3B 
Time allowed 1 hr 

All questions, except 5, are taken from parts of previous Edexcel Advanced GCE questions. 

The answers are on pages 1 30-1 32.  

1 Complete the table below. 

Gas Reagents or test 

Hydrogen Burning splint 

Oxygen Glowing splint 

Carbon dioxide 

Sulphur dioxide Potassium dichromate I) 
solution acidified with dilute 
sulphuric acid. 

Moist blue litmus paper 

Observation expected for a positive result 

Solution turn from. orange to . . . . .  

Turn red and i then bleached white 

[6] 
(Total 6 marks) 

[June 2002 Unit Test 3B question 2] 

2 In a series of experiments to investigate the factors that control the rate of a reaction, aqueous 
hydrochloric acid was added to calcium carbonate in a conical flask placed on an electronic balance. 
The loss in mass of the flask and its contents was recorded for 15 minutes. 

CaC03(s) + 2HCl(aq) � CaC12(aq) + H20(1) + C02(g) 
Four experiments were carried out. 
• Experiments 1, 3 and 4 were carried out at room temperature (20°C) .  
• The same mass of calcium carbonate (a large excess) was used in  each experiment. 
• The pieces of calcium carbonate were the same size in experiments 1, 2 and 4. 

Experiment Calcium carbonate Hydrochloric acid 
1 Small pieces 50.0 cm3 1 .00 mol dm-3 

2 Small pieces 50.0 cm3 1 .00 mol dm-3 heated to 80 oc 
3 One large piece 50.0 cm3 1 .00 mol dm-3 

4 Small pieces 50.0 cm3 2 .00 mol dm-3 

a The results of experiment 1 give the curve shown on the graph below. 

Mass loss/g 

2.00 -

1 .50 -

5 10 1 5  Time/min 
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i Explain why there is a loss in mass as the reaction proceeds.  
ii Explain the shape of the curve drawn for experiment 1 .  

b Draw curves o n  the graph above to represent the results you would expect for experiments 2, 3 
and 4. 

c i Calculate the mass of calcium carbonate that exactly reacts with 50.0 cm3 of 1 .00 mol dm-3 

aqueous hydrochloric acid. (Molar mass of CaC03 = 1 00 g mor1 ) 

[2] 
[2] 

[3] 
[3] 

ii Based on your answer to c part (i), suggest a suitable mass of calcium carbonate to use in the 
experiments. Explain your answer. [2] 

(Total 12 marks) 
ffanuary 2002 Unit Test 3B question 2] 

3 A student was required to determine the enthalpy change for the reaction between i ron and copper 
sulphate solution. The student produced the fol lowing account of their experiment. 

A piece of i ron,  mass about 3 g, was placed in  a g lass beaker. Then 50 cm3 of 0.5 mol dm-3 aqueous 
copper su lphate solution was measured using a measu ring cyl inder and added to the beaker. The 
temperatu re of the mixtu re was measu red im mediately before the addition and every m i n ute afterwards 
u nti l  no further change took place 

Fe + CuS04 � FeS04 + Cu 

Ti ming Before 1 min 2 m ins 3 mins 4 mins 5 mins 
addition 

Tem peratu re/°C 1 6  27 29 26 24 22 

a Suggest two improvements you would make to this experiment. Give a reason for each of the 
improvements suggested. [4] 

b In an improved version of the same experiment a maximum temperature rise of 1 5 .2 oc occurred 
when reacting excess iron with 50.0 cm3 of 0.500 mol dm-3 aqueous copper sulphate solution. 
i Using this data and taking the specific heat capacity of al l  aqueous solutions as 4 . 1 8  J g_, deg-1 ,  

calculate the heat change. 
ii Calculate the number of moles of copper sulphate used. 
iii Calculate the enthalpy change for this reaction in  kJ mor1 • 

[I] 
[2] 

(Total S marks) 
ffune 2002 Unit Test 3B question 4] 

4 A student carried out an experiment to find the percentage of calcium carbonate, CaC03, in a sample 
of l imestone fol lowing his own plan . The student's account of the experiment, results and calculations 
of the mean titre are given below. 

Accou nt 
I Mass of piece of l i mestone = 5.24 g 
II A pipette was used to transfer 50 cm3 of 2 .00 mol dm-3 aqeous hydrochloric acid (an excess) to a 

1 00 cm3 beaker. The piece of l i mestone was placed in the beaker and left u nti l  there was no more 
effervescence. 

Equation 

I l l  The acidic sol ution in  the beaker was fi ltered i nto a 250 c m 3  volu metric flask. A small  amount o f  the 
sol id i mpu rity remained in  the fi lter paper. The sol ution i n  the volumetric f lask was careful ly made up 
to 250 cm3 with disti l led water. 

IV A pipette was used to tranfer 25.0 cm3 portions of the acidic sol ution to conical flasks. The solution 
was then titrated with 0 . 1  00 mol dm-3 aqueous sodium hydroxide. 

HCI(aq) + NaOH (aq) � NaCI(aq) + H20(1)  
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Resu lts 

2 3 

Bu rette reading (fi nal) 1 4.90 1 5 .40 30.25 

Bu rette reading (at start) 0.00 0.05 1 5.40 

Titre/cm3 1 4 .90 1 5 .35 1 4.85 

Mean titre = 1 4·90 + 1 5 ·;5 + 1 4·85 = 1 5 .033 cm3 

a The accuracy of the student's method was judged to be poor by his teacher. The teacher suggested that 
the procedure in  II could be improved, and that the titres used to calculate the mean were incorrectly 
chosen. 
i Suggest, with a reason, one improvement to the student's procedure in I I .  [2] 
ii Recalculate a value of the mean making clear which titres you choose. [2] 

b i Using your answer to a part (ii), calculate the amount in moles of sodium hydroxide in the mean 
titre. [1] 

ii Hence state the amount in moles of hydrochloric acid in  a 25.0 cm3 portion of the acidic solution 
transferred in  IV. [1] 

iii Hence calculate the amount in moles of hydroch loric acid remaining after the reaction in I I .  [1] 
iv Calculate the amount i n  moles of hydroch loric acid transferred to the beaker in I I .  [1] 
v Hence calculate the amount in moles of hydrochloric acid used in the reaction. [1] 
vi Hence calculate the amount i n  moles of calcium carbonate and the mass of calcium carbonate i n  

the sample o f  l imestone {M, (CaC03) = 1 00} [2] 
vii Hence calculate the percentage of calcium carbonate by mass in the sample of l imestone. [1] 

c The burette used i n  the titrations had an uncertainty for each reading of ±0.05 cm3 • 
i Which of the fol lowing should be regarded as the actual value of the titre in titration 3?  

A between 1 4 .80 and 1 4 .90 cm3 : 
B between 1 4 .825 and 1 4 .875 cm3 : 
C between 1 4. 75 and 1 4 .95 cm3 • [1] 

ii Suggest one reason why a student may obtain volumes outside the uncertainty of the burette when 
carrying out a titration. [1] 

(Total 14 marks) 
[June 2001 Unit Test 3B question 4] 

5 Propan-2-ol (molar mass 60 g mol - l  and boiling temperature 82 °C) can be prepared by the reaction 
between 6 . 1 5  g of 2-bromopropane (molar mass 1 23 g mor1 and boiling temperature 59 °C) and excess 
aqueous 2.0 mol dm-3 sodium hydroxide. This reaction is slow at room temperature. 

a Describe the procedure, identifying the apparatus that you would use, to prepare a pure sample of 
propan-2-ol from 6. 1 5  g of 2-bromopropane. [5] 

b Calculate the minimum volume of sodium hydroxide solution that must be taken to ensure complete 
reaction of the 2-brompropane. [2] 

c Your teacher suggested that an 80% yield would be an excellent result .  Calculate the mass of pure 
propan-2-ol that you would need to prepare to obtain this yield. [2] 

d Suggest one reason why your yield will be below 1 00%. [1] 
(Total 10 marks) 

. 
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t:.Ha for ch lor ine is the enthalpy 
change for: 
1/2C I2(g) � C l (g) 
t:.Hhyd for the Na• ion is the enthal py 
change for: 
Na•(g) + aq � Na•(aq) 
11�att for sod i um ch lor ide is the 
enthalpy change for: 
Na•(g) + Cr(g) � NaC I (s) 

e e i cs I I  

Int rodu ct ion 
This topic extend the use of Hess's Law to reactions involving ions .  

You must be able to construct a Born Haber cycle. 

Lattice energy is crucial to the understanding of ionic bonding, because 
it is  this release of energy that makes the formation of an ionic 
substance thermodynamically favourable. 

Definitions of enthalpy changes must include: 
i the chemical change taking place 
ii the conditions 
iii the amount of substance (reactant or product) 
iv an example of an equation with state symbols, as this may gai n  

marks lost through omission in your word definition . 

.:-�, � Things t o  learn 
The sign of the value of t:.H tells you the direction of the movement of 
heat energy: 

positive (endothermic) for heat flowing into the system 
negative (exothermic) for heat flowing out of the system. 

Enthalpy of atomisation, tJia, is  the enthalpy change for the 
production of one mole of atoms in the gas phase from the 
element in its standard state . It  is  always endothermic.  

Enthalpy of hydration, tJihyd' is the enthalpy change when one 
mole of gaseous ions is added to excess water. It is always exothermic. 

Lattice energy, tJI,au' is  the energy change when one mole of 
ionic solid is  made from its separate gaseous ions. It  is  always 
exothermic. 

Born-Haber cycle 

This relates the enthalpy of formation of an ionic solid to the 
enthalpies of atomisation of the elements concerned, the ionisation 
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Mgz+(g) 
zcr(g) 

� 
Mg+(g) 2Cl (g) 

J
w, 

Mg(g) Mf4 

J
w� 

Mfc Mg(s) + Cl2(g) 

Fig 4. 1 Born-Haber cycle 

energies for the formation of the cation, the electron affin ity for the 
formation of the anion and the lattice energy of the ionic substance. 

61  

This can either be  drawn as  a Hess' Law cycle, o r  as an  enthalpy l evel 
diagram (see Figures 4 . 1  and 4 .2) .  

Mi+(g) + 2Cl(g) 

r
Mi
· Mg
2+(g) + Cl2(a) 

Mf3 Mfs 
Mg+(g) + Cl2( ) rMfz 

. ti+ + zcr (g) 
Mf6 _ Mg(g) + Cl2(g) 

Mf] 
Mg(s) + Cl2(g) 

Mff 
MgC12(s) ' 

Fig 4.2 Enthalpy level diagram 

tlllr of MgC12 = m. of Mg (tllf1 ) + 1 st ionisation energy of Mg (tllf2) + 2nd ionisation ener . o f iJ Mf ... 2 x 
m. of Cl (tllf4) + 2 X electron affin ity of Cl (tllfs) + tllflatt of MgClz (tllf6) = ml + m:!. + jJf T Ml - M-1 + MI6 

If a bond is part ial ly covalent, the 
exper imental latt ice energy (from 
Born Haber) w i l l  be b igger (more 
exotherm ic) than the value  
calcu lated from a purely ion i c  
mode l .  
The g reater the d iffe rence between 
the experimental and theoretical 
va l ues ,  the greater the extent of 
cova lency. Th is w i l l  happen if the 
cat ion is very polaris ing (smal l  or 
h ig h ly charged) or  the an ion is very 
po larisable (large) . See page 1 3 . 

Any one value can be calculated when al l  the other ar ·n \\  n .  

Lattice energy 

Lattice energy is always exothermic. 
Its value depends upon the strength of the fore of attraction 
(sometimes cal led the ionic bond) between the ion . 
The strength of this force depends upon the Yalue of the charges and 
the sum of the radi i  of the ions: 
i the larger the charge on either or both of the ions, the larger (more 

exothermic) the lattice energy 
ii the larger the sum of the ionic radii ,  the smaller (less exothermic) 

the lattice energy. 
Theoretical values of lattice energy can be calculated assuming that the 
substance is  100% ionic. 

Variation of lattice energies in a Group 

Group 2 sulphates. As the radius of the cation increases down the 
Group, the lattice energy decreases. But because the radius of the 
sulphate ion is much larger than the radi i  of any of the Group 2 
cations, the sum of the radii of the cation and the anion alters only 
slightly, and so the lattice energy only decreases slightly. 
Group 2 hydroxides. As the radius of the cation increases down the 
Group, the lattice energy decreases. But because the anion is small ,  and 
matches the size of the cation (the ionic radi i  of Ba2+ and OH- are about 
the same), the sum of the radi i  alters significantly, and so the lattice 
energy decreases by a large amount. 
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You must not use !1Hhyd when 
refe rri ng to a compound .  It refers to 
separate ions .  The enthalpy change 
for NaCI(s) + aq � Na+(aq) + C l-(aq ) 
is cal led the enthal py of solution .  

Note that both lattice and hyd ration 
enthalp ies are negative numbers, so 
-11Kan is positive 

Enthalpy of hydration 

Enthalpy of hydration is always exothermic. 
For a cation it is  the result of the force of attraction between the ion 
and the �r oxygen in  the water. 
For an anion it  is  the result of the force attraction between the ion and 
the 8• hydrogen in  the water. 
The value of enthalpy of hydration will depend upon the value of the 
charge on the ion and its radius: 
i the larger the charge, the larger (more exothermic) the enthalpy of 

hydration, 
ii the larger the ionic radius, the smaller (less exothermic) the 

enthalpy of hydration. 

Variation of enthalpies of hydration in a Group 

The value will become less exothermic as the radius of the cation increases 
down the Group. 

Solubility 

The direction of a chemical reaction is partial ly determined by the value of 
the enthalpy change. When discussing solubil ities, it  is assumed that the 
more exothermic the enthalpy of solution, the more soluble the substance 
is l ikely to be. The enthalpy of solution can be estimated from a 
consideration of lattice energies and enthalpies of hydration of the two 
ions as can be seen from a Hess's law diagram. 

M+(g) + x-(g) 

-Llli,! m,:::-d Lllih�d 

MX(s) + aq M+(aq) + x-(aq) 

!1 Hsoln = - ( lattice energy) + (hydration enthalpy of each cation + hydration enthalpy of each anion) 

Solubility of Group 2 sulphates 
i The enthalpy of hydration becomes much less as the cations 

become bigger. 
ii Because the radius of the sulphate ion is much bigger than the 

radius of any of the cations, the lattice energy only decreases 
slightly - see above. 

iii (i) and (i i )  together mean that the enthalpy of solution becomes 
considerably less exothermic and causes the solubility of the 
sulphates to decrease down the Group. 

Solubility of Group 2 hydroxides 
i The enthalpy of hydration becomes less as the cations become 

bigger. 
ii Because the radius of the hydroxide ion is a similar size to that of 

the cations, the lattice energy decreases considerably. 

iii (i) and (ii) together mean that the enthalpy of solution becomes 
considerably more exothermic and causes the solubil ity of the 
hydroxides to increase down the Group. 
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a MgC03 
b MgC03 
c NaF 

Ba(OH)2 

AMwefrt" .�: �, c.,; �· � ,. 

� The answers to the numbered 'V questions are on page 1 32 .  

ISi:l Checklist 
Before attempting questions on this topic, check that you: 

Can define enthalpy of atomisation. 

Can define enthalpy of hydration. 

Can define lattice energy. 

Can construct a Born-Haber cycle. 

Can use a Born-Haber cycle to calculate lattice energy or electron 
affinity. 

Understand why the value of Mf1au from Born-Haber might be more 
exothermic than the theoretical value. 

Can state and explain the change in solubilities of the Group 2 
sulphates and hydroxides. 

63 

rlt! Test ing your knowledge and understanding 
� 

For the fol lowing questions, cover the margin, write your answer, then 
check to see if you are correct. 

In each of the fol lowing state which compound has the larger (more 
exothermic) lattice energy: 
a MgC03 or BaC03 
b Na2C03 or MgC03 
c NaF or NaCl.  

Arrange the fol lowing ions in  order of decreasing ( less exothermic) 
enthalpy of hydration: Na+, Mg2+, Ba2+ and Ae+ 

State the formula of the most soluble Group 2 hydroxide. 

1 The fol lowing data, in kJ mor1 , should be used in  this question. 
Enthalpies of atomisation :  calcium + 1 93; chlorine + 1 2 1 . 
Ionisation energies for calcium: 1 st +590; 2nd + 1 1 50 
Electron affinity for Cl(g):  -364 
Lattice energies: for CaC12(s) -2237; for CaCl (s) -650 (estimated) .  
a Construct a Born-Haber cycle for :  

i the formation of CaCl(s) 
ii the formation of CaC12(s) . 

b Calculate the standard enthalpy of formation of: 
i CaClz(s) 
ii CaCl(s) 
iii hence calculate the enthalpy of the reaction: 

2CaCl(s) � Ca(s) + CaC12(s) 
and comment on the fact that CaCl(s) does not exist. 

2 Comment on the values of the lattice energies, in  k] mor1 , given 
below: 

Experimental Theoretical 
NaF -9 1 8  -9 12  
Mgl2 -2327 -1 944 
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• 
The Peri od i c  Table I I  

® Int roduct ion 
You will need to look again at Topic 1 .4 .  

The elements become more metallic down a Group. This means that 
their compounds, such as their chlorides, become more ionic and their 
oxides become more basic. 

The elements become less metallic from left to right across a Period . 
This means that their chlorides become more covalent and their oxides 
become more acidic. 

There are many formulae and equations that must be learnt in 
this Topic. 

The properties of elements and their compounds change steadily from 
the top to the bottom of a Group and from left to right across a Period. 

® Things t o learn and underst and 
Variation of properties across Period 3 

A table is given below showing the formulae of the products of the 
reactions of the elements with oxygen, chlorine and water: 

Oxygen 

Chlorine 

Water 

Na 
Na20 or 
Na202 t n  

NaCl 

NaOH + 
Hz 

Mg 
MgO 

MgC12 

MgO + 
H <4l 2 

Al 
Al203 

A1Cl3 <
21 

No 
reaction 

Si 
Si02 

SiC14 

No 
reaction 

p s Cl Ar 
P4010 soz No No 

reaction reaction 
PC13 S2Cl2 No 
PC15 <31 reaction 

No No HCl + No 
reaction reaction HOCl reaction 

Notes: ( I )  with excess oxygen sodium peroxide is  formed, c z >  aluminium chloride i s  covalent, cJ> with excess 
chlorine, c4> with steam.  

The hyd roxides become less basic and 
more acid ic  as the su rface charge 
density of the cation increases. 

S i l icon d ioxide is such a weak acid that 
molten sod i um hyd roxide is req u i red .  
The oxides of  the non-metals form 
increas ing ly strong acids as the 
number of oxygen atoms i n  the acid 
increases. 

Metal hydroxides and oxides 
NaOH alkaline:  NaOH(s) + aq ---+ Na+(aq) + OH-(aq) 
Mg(OH)2 basic: Mg(OH)2(s) + 2H+(aq) ---+ Mg2+(aq) + 2H20(l) 
MgO basic: MgO(s) + 2H+(aq) ---+ Mg2+(aq) + H20(1) 
Al(OH)3 amphoteric: Al (OH)3(s) + 3 H+(aq) - Ae+(aq) + 3 H20(l) 

Al (OH)3(s) + 30H-(aq) ---+ Al(OH)t(aq) 
Al203 amphoteric: A l203(s) + 6H+(aq) - zAe+(aq) + 3 H20(1) 

Al203(s) + 60H-(aq) + 3 H20(1) ---+ 2Al(OH)t(aq) 

Non-metal oxides 
Si02 weakly acidic: Si02(s) + 2NaOH (l )  ---+ Na2Si03(l) + H20(g) 
P406 weakly acidic: P406 + 6H20 ---+ 4 H3P03 � 4H+(aq) + 4H2P03-
P4010 strongly acidic: P4010 + 6H20 ---+ 4H3P04 -+ 4H.(aq) + 4H2P04-
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I on i c  ch lorides d isso lve i n  water to 
form hyd rated ions. 
These hyd rated ions may 
deprotonate , if the su rface charge 
dens ity of the metal ion is h igh .  
Covalent ch lorides (of  Period 3) 
react with water to form HCI and 
either the oxide or the oxoac id .  

The trend i n  meta l l i c  character is 
caused by the decrease in  ion isat ion 
energy as the rad ius of the atom 
increases, mak ing i t  energetica l ly 
favou rable for the formation of ion ic  
bonds .  

Chlorides 

weakly acidic: S02 + H20 - H2S03 � H•(aq) + HS03-
strongly acidic: S03 + H20 - H2S04 - H•(aq) + HS04-

NaCl ionic solid, dissolves in water :  
NaCl(s) + aq - Na·(aq) + Cr(aq) 

MgC12 ionic solid, dissolves in water: 
MgC12(s) + aq - Mg

2
•(aq) + 2Cr(aq) 

• Hydrated A1Cl3 ionic sol id, deprotonated by water: 
[Al (H20)b]

3
.(aq) + H20 - [Al (H20)5(0H)]

2
•(aq) + H30.(aq) 

Anhydrous A1Cl3 co alent solid, reacts with water: 
A1Cl3(s) + 3 H20(l) - Al(OH)ls) + 3 HCl(aq) 

SiCl� covalent l iquid, reacts with water: 
SiClJl) + 2H20(l) - Si02(s) + 4HCl(aq) 

PCll covalent l iquid, react '\.\'ith water: 
PCl l )  + 3 H: (l) - H P03(aq) + 3HCl(aq) 

PCl5 co alent olid, reacts with water: 
PCls( ) + -1H20(1) - H PO-tCaq) + S HCl(aq) 

Variation of properties down Group 4 

The metallic character i ncreases down the Group: 
carbon and silicon are non-metallic (not malleable; only graphite 
conducts electricity) 
germanium is semi-metallic (semi-conductor) . 
t in and lead are metallic (malleable and electrical conductors) . 
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The +2 oxidation state becomes more stable relative to the +4 
state. Lead( IV) is oxidising and is itself reduced to lead( I I) ,  whereas 
t in( I I) is  reducing and is itself oxidised to t in(IV) . This is i l lustrated by: 

lead( IV) oxide oxidises concentrated hydrochloric acid to chlorine: 
Pb02 + 4HCl - PbC12 + Cl2 + H20 

tin( I I) ions are oxidised to t in(IV) ions by chlorine: 
Sn2• + Cl2 - Sn-l• + zcr 

Tetrachlorides. Both CC14 and SiCl4 are covalent and are tetrahedral 
molecules owing to the repulsion of the four bond pairs of electrons. 
SiCl4 is  rap idly hydrolysed by water. A lone pair of electrons from the 
oxygen in  the water forms a dative bond into an empty 3d orbital in 
the si licon atom .  The energy released is enough to overcome the 
activation energy barrier involved in the breaking of the Si-Cl bond. 
Carbon's bonding e lectrons are in the 2nd shell  and there are no 2d 
orbitals .  The empty orbitals in the 3rd shell are of too high an energy to 
be used in bonding, and equal ly important is  that carbon is such a 
small atom that water molecules are prevented from reaching it by the 
four much larger chlorine atoms arranged tetrahedrally around it. 

Acidity of the oxides. This  decreases down the Group: 

Carbon dioxide i s  weakly acidic, and reacts with metal oxides and 
alkalis: 

C02(g) + 20H-(aq) - C032-(aq) + H20(1) 
Silicon dioxide i s  very weakly acidic, and reacts with molten sodium 
hydroxide: 

Si02(s) + 2Na0H(l) - Na2Si03(1) + H20(g) 
Lead oxides (and hydroxide) are amphoteric, and react with aqueous 
acids and alkalis, but lead(I I )  oxide is the strongest base of the Group 
4 oxides : 

PbO(s) + 2H.(aq) - Pb2\aq) + H20(1) 
PbO(s) + 20H-(aq) + H20 - Pb(OH)t(aq) 
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PbO  a n d  Pb02 

PbO 

� The answers to the numbered 
� q uestions are on pages 

1 32-1 33 .  

®Checklist 
Before attempting the questions on this topic, check that, for the Period 3 
elements, you: 

Can write equations for the reactions of the elements with oxygen and 
with chlorine. 

Can write equations for the reaction of the elements with water. 

Can state and explain the acid/base nature of the metal hydroxides. 

Can state and explain the acid/base nature of the non-metal oxides. 

Know the formula of their chlorides and their reactions with water, and 
can relate the reactions to their bonding. 

Before attempting the questions on this topic, check that, for the Group 4 
elements, you :  

u Know why the elements become more metallic down the Group. 

Know that the +2 oxidation state becomes more stable down the 
Group. 

Know why SiC14 i s  rapidly hydrolysed by water, whereas CCl4 is  
unreactive with water. 

Can write equations to show the acid/base character of the oxides of 
carbon, si licon and lead. 

:;g:l Test ing your knowledge and understanding 
For the following questions, cover the margin, write your answer, then 
check to see if you are correct. 

State the formulae of lead( I I) oxide and lead(IV) oxide. 

State the formula of the most basic Group 4 oxide. 

1 a Write equations for the changes caused by the addition of water to: 
i sodium chloride 
ii silicon tetrachloride 
111 phosphorus pentachloride. 

b Relate these reactions to the bonding in the chlorides. 
c Explain why si licon tetrachloride, SiCl4, reacts rapidly with water, 

but tetrachloromethane, CCl4, does not react even when heated with 
water to 1 00 °C.  

2 Write two ionic equations to show that aluminium hydroxide is  
amphoteric. 

3 Write ionic equations for the reactions, if any, of: 
a aqueous acid with: 

i magnesium hydroxide 
ii lead monoxide 
111 sulphur dioxide 

b aqueous alkali  with :  
i magnesium hydroxide 
ii lead monoxide 
111 sulphur dioxide. 

4 a Write an equation to show lead(IV) oxide acting as oxidising agent. 
b Write an equation to show aqueous t in(I I )  ions acting as a reducing 

agent. 
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The val ue of I( is specif ic to a 
react ion - and to the eq uat ion used 
to represent that reaction  - and can 
on ly be altered by chang ing the 
temperatu re .  

Chem ical equil i bri a  I I  

Concentration, in  the context of equilibrium, is  always measured in 
mol dm-3, and the concentration of a substance A i s  written as [A] . 
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The common errors in  this topic are to use moles not concentrations 
and initial values not equilibrium values when substituted i n  
expressions for Kc. 

Calculations of K must be set out clearly, showing each step. 

A homogeneous equilibrium is one in which all the substances are in  
the same phase, v�herea in a heterogeneou equilibrium there are two 
or more pha e . 

� : I Things t o  learn and underst and 

The equilibrium constant Kc 

The equilibrium constant, measured in  terms of concentrations, is found 
from the chemical equation .  

For  a reaction: 
rnA + nB ? xC + yD 

where m, n, x and y are the stoichiometric numbers in the equation: 
Kc = [creq [DY eq 

[A]"'eq [BJ"eq 

All  the concentrations are equi librium values. 

In  a heterogeneous equilibrium a solid substance does not appear in the 
expression for Kc 

Kc is  only equal to the quotient [CY [DY 

[A], [B]" 
when the system is at equi l ibrium. 

If the quotient does not equal Kc , the system is not in equilibrium and 
will  react until i t  reaches equilibrium when there will be no further 
change in any of the concentrations .  

Kc has units. For the reaction: 

the units of Kc are 

N2 + 3 H2 ? 2NH3 
Kc = [NH3] 

2eq 
[Nz]eq [Hz]

3
eq 

(mol dm-3)2 1 
----- = mor2 dm

6 
(mol dm-3) (mol dm-3)3 = (mol dm-3) 2 
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• C (s) does not appear in  the Kc 
expression because it is a so l id .  

• The amount of CO made is twice 
the amount of C02 reacted .  

Calculation o f  Kc 

This  must be done using equilibrium concentration values, not initial 
concentration values. The calculation is done in  5 steps: 

i Draw up a table and fil l  in the initial number of moles, the change 
for each substance and the equi librium number of moles of each 
substance. 

ii Convert equilibrium moles to concentration in mol dm-3• 
iii State the expression for Kc. 
iv Substitute equilibrium concentrations into the expression for Kc. 
v Work out the units for Kc and add them to your answer. 

Worked�x� 
An important react ion in the b last fu rnace is the formation of carbon monoxide 
from carbon and carbon d ioxide .  Th is reaction  is  an example of a 
heterogeneous equ i l i b ri um .  
When 1 .0 mo l  o f  carbon d ioxide was heated with excess carbon t o  a 
temperatu re of 700 oc in a vessel of vol ume 20 dm3, 95% of the carbon 
d ioxide reacted fo form carbon monoxide .  Calcu late Kc for 

C(s) + C02(g) � 2CO(g) 

Answer: 

C02( g )  CO(  g )  

I n itial amount 1 .0 0 

Change -0 .95 +0.95 X 2 

Equ i l i b ri um amount 1 .0 - 0.95 = 0 .05 1 .9 

Un its 

mol 

mol  

mol 

Equ i l i b ri um concentration 0 .05/20 = 0.0025 1 .9/20 = 0.095 mol  dm-3 

Kc [C0]2eq = (0 .095)2 (mol  dm-3)2 = 3 .6  mol dm-3 

[C02Jeq 0 .0025 mol dm 3 

Partial pressure 

The partial pressure of a gas A, pA, in a m ixture is the pressure that the 
gas would exert i f  it alone fil led the container. It  is  calculated from the 
expression: 

partial pressure of a gas = mole fraction of that gas x total pressure 
where the mole fraction = the number of moles of that gas 

the total number of moles of gas 

The total pressure, P, is  equal to the sum of the partial pressures of each 
gas in the mixture. 

The equilibrium constant Kv 

The equilibrium constant, measured in  terms of partial pressure, only 
applies to reactions i nvolving gases . Solids or liquids do not appear i n  
the expression for KP. 
For a reaction: 

mA(g) � xB(g) + yC(g) 

where m, x and y are the stoichiometric numbers in the equation: 
Kp = (psYeg X (p Yeq 
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As carbon is a so l id it is ignored i n  
t he  expression .  

All partial pressures are equi l ibrium values. 

So for the reaction:  
C02(g) + C(s)  � 2CO(g) 

KP = p(CO/eq and its units are atm2= atm 

p(C02)eq atm 

Calculations involving KP 

69 

The calculation of KP from equil ibrium data is  done in  a similar way to 
those involving Kc: 
i Draw up a table and fil l  in the initial number of moles, the change 

for each substance, the equilibrium number of moles of each 
substance and the total number of moles at equilibrium. 

ii Convert equi l ibrium moles to mole fraction.  
iii  Multiply the mole fraction of each by the total pressure. 
iv State the expression for KP. 
v Substitute equilibrium concentration into the expression for KP. 
vi Work out the units for KP and add th m to your an wer. 

0 .080 mol  of PCI5 was p laced in a vessel and heated to 1 75 °C. When 
equ i l i b r ium had been reached, it was found that the total p ressu re was 2 .0 atm 
and that 40% of the PCI5 had d issoctated .  Calcu late Kp for the react ion :  

PCI5 (g) � PCI3(g )  + C l2(g ) 
Answer. As 40% had d issociated ,  60% was left . Thus at equ i l i b r i um :  
0 .60 x 0 .080 = 0 .048 mol o f  PCI5 was present and therefore 
0 .080 - 0.048 = 0.032 mol of PCI5 had reacted .  

PCI5 PCI3 Cl2 
I n itial amount/mol  0 .080 0 0 
Change/mol  -0.032 +0.032 +0 .032 
Equ i l i b ri um amount 0 . 60 X 0 .080 
/mol = 0.048 0.032 0 .032 

Mol fract ion 0.048/0. 1 1 2  0. 032/0. 1 1 2  0.032/0. 1 1 2  
= 0.429 = 0.286 = 0.286 

Partial pressu re 0 .429 X 2 0 .286 X 2 0 .286 X 2 
/atm = 0.857 = 0.571 = 0.571 

Kc = p(PC13)eq p(CI2)eq = 0.571 atm X 0 .571 atm = 0.38 atm 
p(PCis)eq 0 .857 atm 

Total 

0 . 1 1 2  

Variation of K with conditions 

K on ly eq uals the quotient when the 
system is at equ i l i b ri um .  If the 
quotient is g reater than K, the 
reaction wil l move to the left unti l _  
the two are equa l .  I f  the quotient is 
less than K, the react ion wi l l  move 
to the r ight unt i l  the two are eq ual .  
Temperatu re changes alter the value  
of  K (un less !J.H = 0) . Concentrat ion 
and pressure changes alte r the val ue 
of the q uotient. 

Temperature. This is  the only factor that alters the value of K. 
i If a reaction is exothermic left to right, an increase in temperature 

will lower the value of K. This means that the position of 
equilibrium will shift to the left (the endothermic direction) .  

ii If  a reaction is endothermic left to right, an increase in temperature 
will increase the value of K. This means that the position of 
equil ibrium will shift to the right .  

Catalyst. This  neither alters the value of K nor the position of 
equi l ibrium.  It  speeds up the forward and the reverse reactions equally. 
Thus it causes equilibrium to be reached more quickly. 
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p(N2) = 0.781 x 1 04 = 81 .2 k N  m-2 

p(02) = 0 .21 0 X 1 04 = 21 . 8  kN m-2 

p(Ar) = 0 .009 x 1 04 = 0 .9  kN m-2 

a l<c = [S03]
2 

= mol-1 dm3 

[S02]
2 [02] 

b J<c = [ H20]  [C I2] = mor112 dm312 

[ H C !f [02f12 

a Kp = p(CH30H) atm-2 

p(CO) X p(H2))
2 

b � = p(C02) no un its 
-- -

p(CO) 

Concentration. A change in  the concentration of one of the 
substances in  the equilibrium mixture will not alter the value of K, but 
it  will alter the value of the quotient. Therefore the reaction will no 
longer be at equil ibrium. It will react until the value of the quotient 
once again equals K. I f  the concentration of a reactant on the left hand 
side of the equation i s  increased, the position of equilibrium will move 
to the right. 

Pressure. A change in pressure does not alter K. I f  there are more gas 
molecules on one side than the other, the value of the quotient will be 
altered by a change in  pressure. Therefore the reaction will no longer be 
at equilibrium, and will react until the value of the quotient once again 
equals K. If there are more gas molecules on the right of the equation 
and the pressure is  increased, the position of equilibrium will move to 
the left .  For example, if  the pressure is  increased on the equilibrium 
N204(g) -.= 2N02(g), the position of equilibrium will shift to the left as 
there are fewer gas molecules on the left side of the equation. 

®Checklist 
Before attempting questions on this topic, check that you :  

Can define the partial pressure of a gas. 

Can deduce the expression for Kc and its units given the equation. 

Can deduce the expression for KP and its units given the equation. 

Can calculate the value of Kc given suitable data. 

Can calculate the value of KP given suitable data. 

Know not to include values for solids and liquids in the expression 
for KP. 

Know that only temperature can alter the value of K, and how it will 
affect the position of equilibrium.  

® Test ing your knowledge and understanding 
For the following questions, cover the margin, write your answer, then 
check to see if  you are correct. 

Dry air at a pressure of 1 04 kN m-2 contains 78 . 1 %  nitrogen 2 1 .0% 
oxygen and 0.9% argon by moles. Calculate the partial pressures of 
each gas. 

Write the expression for KCI stating its units, for the following reactions: 
a 2S02(g) + 02(g) -.= 2S03(g) 

b 2HCl(g) + 1/202(g) -.= H20(g) + Cl2(g) 

Write the expression for KP, stating its u nits, for the fol lowing reactions: 
a CO(g) + 2H2(g) -.= CH30H(g) 

b Fe203(s) + CO(g) -.= 2Fe0(s) + C02(g) 

1 When a 0.0200 mol sample of sulphur trioxide was introduced i nto a 
vessel of volume 1 .52  dm3 at 1000 °C, 0.0 1 42 mol of sulphur trioxide 
was found to be present after equilibrium had been reached. 
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� The answers to the numbered 'V quest ions are on page 1 33 .  

Calculate the value of Kc for the reaction: 
2S03(g) � 2S02(g) + 02(g) 

2 1 .0 mol of nitrogen( I I) oxide, 0, and 1 .0 mol of oxygen were mixed in 
a container and heated to 450 °C. At equilibrium the number of moles 
of oxygen was found to be 0 . 70 mol. The total pressure in  the vessel was 
4.0 atm. Calculate the alue of KP for the reaction: 

2 0 g + 02(g) � 2N02(g) 
3 This question concern the equilibrium reaction: 

2S02(g) + 2 ) = 2 Mi = -196 kJ mor1 

Kc = 3 X 104 mor1 dm3 at 450 °C 
a 2 mol of sulphur dioxid , 1 mol of oxy en and 2 mol of sulphur 

trioxide were mixed in a \  e I of volume 10  dm3 at 450 oc in  the 
presence of a cataly t .  tat ' h th r th e ub tances are initially in 
equilibrium. If  not, explain ' hi h ' a! th · tern ' auld react. 

b State and explain the ff t on th \ alu of K n on the po ition of 
equilibrium of: 

i decreasing the temperature 
ii decreasing the pressure 
iii adding more catalyst. 

Ac id-base equil i bria  

® Int roduct ion 
It is essential that you can write the expression for Ka of a weak acid. 

Make sure that you know how to use your calculator to evaluate 
logarithms, and how to turn pH and pKa values into [H+] and Ka values. 

This means using the lg key for log10 and lOx key for inverse log10• 

Give pH values to 2 decimal places. 

Buffer solutions do not have a constant pH.  They resist changes in pH.  

You may use H+, H+(aq) or H30+ as the formula of the hydrogen ion.  

ti1:l Things t o  learn 
A Bronsted-Lowry acid is a substance that donates an H+ ion (a 
proton) to another species . 

A monobasic (monoprotic) acid contains, per molecule, one hydrogen 
atom which can be donated as an H+ ion. A dibasic acid contains two. 

A Bronsted-Lowry base is a substance that accepts an H+ ion from 
another species. 

Kw = [H+(aq)] [OH-(aq)] = 1 .0 X 10-1 4 moe dm-6 at 25 °C. 
r A neutral solution is one where [H+(aq)] = [OH-(aq)] . 

pH = -log10 [H+(aq)] ,  or more accurately = -log10( [H30+(aq)] /mol dm-3) .  
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I f  the ac id ity o f  a solution increases, 
[W] increases but the pH decreases. 

The 2nd ion isation of a d ibasic acid 
such as H2S04 is weak. So [W] for 
0 .321 mol dm-3 H2S04 is not 0.642 
mol dm-3, but is on ly 0.356 mol dm-3 • 

For an a lkal i  with 2 OH per formu la, 
the [OW] is 2 x the [a lkal i ] .  
T he  pH o f  a 0 . 1  09 mo l  dm-3 solut ion 
of Ba(OH)2 is 
pOH = -log10(2 x 0.1 09) = 0.66 
Therefore pH = 1 4  - 0.66 = 1 3 .34 
Remember that acids have a pH < 7 
and a lkal is a pH > 7. 

U pOH = -log10 [0H-(aq)] . 

pH + pOH = 1 4  at 25 °C. 

A strong acid is total ly ionised in aqueous solution, and a weak acid 
is  only partially ionised in  aqueous solution .  

Ka for a weak acid, HA,  = [H+] [A-] I [HA] . 

pKa = -log10 K • .  

A buffer solution is a solution of known pH which has the ability to 
resist changing pH when small amounts of acid or base are added. 

ttl Things t o underst and 
Conjugate acid/base pairs 

� These are linked by an H+ ion: 

Acid - H+ � its conjugate base: 
CH3COOH (acid) - H+ ---7 CH3COo- (conjugate base) 

Base + H+ � its conjugate acid: 
NH3 (base) + H+ ---7 NH/ (conjugate acid) 

When sulphuric acid i s  added to water, it acts as an acid and the water 
acts as a base: 

H2S04 + H20 � 
acid base 

H30+ 
conjugate acid of H20 

+ HS04-
conjugate base of H2S04 

Hydrogen chloride gas acts as an acid when added to ammonia gas :  

HCl + NH3 � NH4+ + cr 
acid base conjugate acid of NH3 conjugate base of HCl 

pH scale 

Water partially ionises 

H20 � H+(aq) + O H-(aq) 

As the [H20] is  very large and so is effectively constant, its value can be 
incorporated into the K for the reaction: 

Kw = [H+] [OH-] = 1 .0 x 10- l + 1nol2 dm-6 at 25 °C 
or pH + pOH = 14 at 25 oc 

So at 25 oC: 
A neutral solution is one where [H+] = (OH-] , and the pH = 7 .  
An acidic solution is one  where [H+] > [OH-] , and the  pH < 7 .  
A n  alkaline solution is where [H+]< [OH-] , and the pH > 7 .  

pH of strong acids and bases 

For a strong monobasic acid: 
pH = -log10 [ acid] 

Therefore the pH of a 0.32 1 mol dm-3 solution of 
HCl = -log10 (0.32 1 )  = 0.49 
For a strong alkali with one OH- ion in  the formula: 

pOH = -log10[alkali] and 
pH = 1 4 - pOH 
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At half way to the end po int ( 1 2 .5  
cm3 if the  end po in t  is a t  25 cm3) ,  
the curve for a weak acid and a 
strong base wi l l  be a lmost horizontal 
at a pH of about 5 .  Th is is when the 
solut ion i s  buffered and [HA] = [AT 
Thus at the half way pH ,  pJ<a = pH 
for  the weak ac i d .  

Fig 4 .  3 Titration curves 
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Therefore the pH of a 0 . 1 09 mol dm-3 solution of NaOH is calculated: 
pOH = -log10(0. 109) = 0.96 

Therefore pH = 1 4 - 0.96 = 1 3 .04 

pH of weak acids 

Weak acids are partiall ioni ed. A general equation for this is :  
HA(aq � H·(aq) + A-(aq) 

The acid produces equal amount of H. and A-, so that: 

[H.(aq) ]  = [A-(aq)] 

This enables either the pH of a w ak acid olution or the value of Ka of a 
weak acid to be calculated. 

Calcu late the pH of a 0. 23 mol d m  solu ion o an acid 
K = 4 .56 x 1 o-s mol d m-3: 

HA(aq ) � H · (aq) A-{aq ) 

Answer: K3 = [W(aq) ]  [A-(aq ) ]  = [W(aq )r  
[HA(aq ) ]  [ HA(aq)] 

[W(aq) ]  (J<a . [ HA(aq ) ] )  

( 4 . 56  x 1 0-5 x 0 . 1 23) 2 . 37  x 1 0-3 mol  dm-3 

pH = - log10(2 .37 x 1 o-3) = 2.63 

Titration curves 

h ie has 

These are drawn either for the addition of base to 25 cm3 of a 0. 1 mol 
dm-3 solution of acid until the base is  in excess, or for addition of acid 
to a base (see Figure 4 .3) .  

If  the acid and base are of the same concentration, the end point is  at  
25 cm3 • 

There are several pH values to remember. 

Starting End point Vertical pH Final 
pH pH range pH 

Strong acid/strong base 1 7 3 . 5  to 10.5 1 3  
Weak acid/strong base 3 9 7 to 10.5  1 3  
Strong acid/weak base 1 5 3 .5  to 7 1 1  

1 3  1 3  1 3  
1 1  1 1  1 1  

9 9 9 

pH 7 7 7 

5 5 5 

3 3 3 

0 25 0 25 0 25 
Volume of alkali /  cm3 Volume of alkal i /  cm3 Volume of alkali/ cm3 
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Indicators 

For use in a titration, an indicator must change colour within the pH of 
the vertical part of the titration curve. 

Vertical range of pH Suitable indicator 
Strong acid and base 3 .5  to 10. 5  Methyl orange o r  phenolphthalein 
Weak acid/strong base 7 to 1 0. 5  Phenolphthalein 
Strong acid/weak base 3 .5  to 7 Methyl orange 

Buffer solutions 

These consist of an acid/base conjugate pair, e.g. a weak acid and its salt 
such as CH3COOH/CH3C00Na, or a weak base and its salt, e.g. 
NH3/NH4Cl .  

To be able to resist pH changes, the concentration of both the acid and 
its conjugate base must be similar. 

Consider a buffer of ethanoic acid and sodium ethanoate. The salt i s  
fully ionised: 

CH3C00Na(aq) - CH3COO-(aq) + Na\aq) 

The weak acid is  partially ionised : 
CH3COOH(aq) � H+(aq) + C H3COO-(aq) 

The CH3COo- ions from the salt suppress most of the ionisation of the 
acid, and so both [CH3COOH(aq)] and [CH3COO-(aq)] are large. 

If H+ ions are added to the solution, almost all  of them are removed by 
reaction with the large reservoir of CH3COO- ions from the salt: 

H+(aq) + CH3COO-(aq) - CH3COOH(aq) 

If OH- ions are added, almost all of them are removed by reaction with 
the large reservoir of CH3COOH molecules of the weak acid: 

oH-(aq) + CH3COOH - CH3Coo-(aq) + H20(1) 

Calculation of the pH of a buffer solution 

Consider a buffer made from a weak acid, HA, and its salt NaA. 
The acid is  partially ionised: 

HA(aq) � H+(aq) + A-(aq) 
Thus Ka = [H+(aq)] [A-(aq)] 

[HA(aq)] 

The salt is  totally ionised, and suppresses the ionisation of the acid, 
Therefore [A-(aq)] = [salt] 

and [HA(aq)] = [weak acid] 

If the concentrat ions of the weak 
acid and its salt are the same, then :  

[W (aq ) ]  = J<a , and 

Thus Ka = [H+(aq)] [salt] 
[weak acid] 

or [H+(aq)] = Ka [weak acid] 
pH = pJ<a. [salt] 

pH = -log[H+(aq)] 
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Worked�x� 
Calcu late the pH of 500 cm3 of a so lut ion conta in i ng  0 . 1 21 mo l  of ethanoic acid 
and 0 . 1 00 mol  of sod i um  ethanoate. 
pJ<a for ethanoic acid = 4.76 
Answer pJ<a = 4 .76 ,  

Therefore J<a = i nverse log(-pK) = 1 .74 x 1 0-5 mol d m-3 

[weak ac id ]  = 0 . 1 21  + 0.500 = 0 .242 mol dm-3 
[salt] = 0 . 1 00 + 0 .500 = 0.200 mol dm-3 • 
[W(aq ) ]  = J<a .  [weak ac id ] = 1 .74 x 1 0-5 x 0.242 = 2 . 1 0  x 1 0-5 mo l  dm-3 [salt] 0 .200 
pH = -log,0 [W(aq ) )  = 4 .68 

Enthalpy of neutralisation 

When a strong acid is neutralised by a solution of a tron ba e, LV/neut = 
-5 7 k] mor1, because the reaction for stron a id WI h tron ba es is :  

H•(aq) + OH-(aq) = H_ I 
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The value for the neutral isation of a weak acid i l b au n r : ha to 
be used to ionise the molecule to form H. ions. 

®Checklist 
Before attempting the questions on this topic, che k that � u: 

Can identify acid/base conjugate pair . 

Can define pH and Kw. 

Can define Ka and pKa for weak acids. 

Understand what is  meant by the term tr ncr and weak as applied to 
acids and bases . 

Can calculate the pH of solutions of tron acids, strong bases and weak 
acids. 

Can recall the titration curves for the neutral isation of strong and weak 
acids. 

Can use the curve to calculate the alue of Ka for a weak acid. 

Understand the reasons for the choice of indicator in  an acid/base 
titrations. 

Can define a buffer solution, explain its mode of action and calculate its pH. 

® Test ing your knowledge and understanding 

Acid H2S04: its conjugate base HS04-
Base CH3COOH:  its conjugate acid 
CH3COOH2• 

a 0.96 
b 1 3 . 04 
c 1 3 . 34 

For the following questions, cover the margin, write your answer, then check 
to see if  you are correct. 

Identify the acid/base conjugate pairs in the reaction: 
H2S04 + CH3COOH -.± CH3COOH/ + HS04-

Calculate the pH of: 
a 0. 1 1  mol dm-3 HCl 
b 0. 1 1  mol dm-3 LiOH 
c 0. 1 1  mol dm-3 Ba(OH)2 
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� The answers to the numbered � quest ions are on pages 1 33-1 34. 

The two isomers are not 
i nte rconvert ib le at ord i nary 
temperatu res because there is no 
rotat ion about a doub le bond. 

1 Calculate the pH of 0.22 mol dm-3 C2H5COOH which has pKa = 4 .87 .  
2 25 cm3 of  a weak acid HX of  concentration 0. 10  mol  dm-3 was titrated 

with 0. 10  mol dm-3 sodium hydroxide solution, and the pH measured at 
intervals .  The results are set out below: 

Volume Na0H/cm3 5 1 0  1 2  20 23 24 25 26 30 

pH 4.5 4 .8  4 .9  5 . 5  6 . 5  7 .0  9 .0  1 2.0 1 2.5  

a Draw the titration curve and use it to calculate pKa for the acid HX.  
b Suggest a suitable indicator for the titration. 

3 a Define a buffer solution and give the name of two substances that 
act as a buffer when in  solution. 

b Explain how this buffer would resist changes in pH, if small 
amounts of H+ or OH- ions were added. 

4 Calculate the pH of a solution made by adding 4 .4 g of sodium 
ethanoate, CH3C00Na, to 100 cm3 of a 0.44 mol dm-3 solution of 
ethanoic acid. Ka for ethanoic acid = 1 . 74 x 10-s mol dm-3• 

Organ i c  chem istry I I  

� Things t o  learn and underst and 
� 

Isomerism 

Structural There are three types: 

a Carbon chain .  Here the isomers have different arrangements of 
carbon atoms in a molecule, 
e.g. butane, CH3CH2CH2CH3, and methyl propane, CH3CH(CH3)CH3• 

b Positional .  Here a functional group is on one of two or more 
different places in a given carbon chain, 
e.g. propan-1 -ol, CH3CH2CH20H, and propan-2-ol, CH3CH(OH)CH3• 

c Functional group. Here the i somers have different functional groups, 
e.g. ethanoic acid, CH3COOH and methyl methanoate, HCOOCH3• 

Stereoisomerism. There are two types: 

a Geometric. This is caused by having two different groups on each 
carbon atom of a >C=C< group (see F igure 4 .4) .  

H H 

cis-but-2-ene trans-but-2-ene 
Fig 4.4 cis and tra ns isomers of but-2-ene 
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Havi ng fou r  d ifferent g roups 
attached to one carbon atom wi l l  
cause th is .  Th is carbon atom is 
cal led a ch iral centre . 

A 50/50 mixtu re of the two isomers 
wi l l  have no effect on plane 
po larised l ight. This type of m ixtu re 
is cal led a racemic m ixtu re and is 
often the resu lt when ch i ral 
su bstances are produced by a 
chemical react ion .  

Methanal p roduces a primary 
alcoho l .  

77 

b Optical . Optical isomers are defined as isomers of which one is the 
non-superimposable mirror image of the other. 
Thus lactic acid (2-hydroxypropanoic acid), CH3CH(OH)COOH, 
exists as two optical isomers. These must be drawn three 
dimensionally so as to show that one is the mirror image of the 
other (see Figure 4 .5) .  

COOH 
I / c .. 

HO � ·· ... CH3 
H 

Fig 4.5 Optical isomers of lactic acid 

One i somer will rotate th pl n of p lari ation of plane polarised 
monochromatic li ht clo .,, i n h � ther ,,.i ll rotate it anti
clockwi e. 

Further reaction 

Grignard reagents 

These ha e the formula R-Mg-halogen uch a 2H5� f  I .  Th ) ar u d to 
increase the carbon chain length, because the are n ucleop h i l e  an 
contain a 8- carbon atom which will attack a 8+ carbon atom in other 
compounds. 

Preparation 
Halogenoalkane + magnesium 
Conditions: dry ether solvent (flammable, therefore no flames), under 
reflux with a trace of iodine as catalyst : e.g. 

C2H51 + Mg ---+ C2H5Mgl 

Reactions 
+ aldehydes to produce (after hydrolysis with dilute hydrochloric acid) a 
secondary alcohol : 

C2H5Mgl + CH3CHO ---+ CH3CH(OH)C2H5 
butan-2-ol 

+ ketones to produce (after hydrolysis) a tertiary alcohol: 
C2H5Mgl + CH3COCH3 ---+ CH3C(CH3) (0H)C2H5 

2-methyl butan-2-ol 

+ solid carbon dioxide (dry ice) to form (after hydrolysis) a carboxylic 
acid: 

C2H5Mgl + C02(s) ---+ C2H5COOH 
propanoic acid 

Grignard reagents react with water to form alkanes: 
C2H5Mgl + H20 ---+ C2H6 

which is why they must be prepared and used in dry conditions. 

Carboxylic acids 

These have the functional group: 
0 

II 
- c  

\ 
0 - H  
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Test for a carboxyl ic ac id .  When 
added to aqueous sod i um  
hyd rogencarbonate ( o r  sod i um 
carbonate) ,  it g ives a gas, C02, 
which tu rns l ime water m i l ky. 

The acid is a catalyst. This reaction  
has a low y ie ld  because i t  is  a 
revers ib le react ion .  

Th is react ion has a h igh  y ie ld 
because it is not revers ib le .  

Preparation 
They can be made by the oxidation of a primary alcohol . The alcohol i s  
heated under reflux with dilute sulphuric acid and excess potassium 
dichromate(VI) . 

Reactions 
+ alcohols to produce esters: 

CH3COOH + C2H50H � CH3COOC2H5 + H20 
ethyl ethanoate 

conditions :  heat under reflux with a few drops of concentrated 
sulphuric acid. 

+ lithium tetrahydridoaluminate(I I I )  to produce a primary alcohol: 
CH3COOH + 4 [H] ---+ CH3CH20H + H20 

ethanol 
conditions: dissolve in dry ether, followed by hydrolysis with H\aq) . 

+ phosphorus pentachloride to produce an acid chloride: 
CH3COOH + PC15 ---+ CH3COC1 + HCl + POC13 

ethanoyl chloride 
conditions: dry; observation : steamy fumes given off. 

Esters 

These have the general formula RCOOR' where R and R1 are alkyl or aryl 
groups, and which may or may not be different. 

0 
I! 

R - C  
\ 

0 - R' 
Reactions of ethyl ethanoate 

Hydrolysis with aqueous acid to produce the organic acid and the 
alcohol: 

CH3COOC2H5 + H20 � CH3COOH + C2H50H 
ethanoic acid 

conditions: heat under reflux with dilute sulphuric acid. 

Hydrolysi s  with aqueous alkali to produce the salt of the acid and the 
alcohol : 

CH3COOC2H5 + NaOH ---+ CH3C00Na + C2H50H 
sodium ethanoate 

conditions :  heat under reflux with aqueous sodium hydroxide. 

Carbonyl compounds (aldehydes and ketones) 

These contain the C=O functional group. Aldehydes have the general 
formula RCHO, and ketones the general formula RCOR' where R and R' are 
alkyl or aryl groups, and may or may not be different. 

0 0 
I! I! 

R - C  R - C  
\ \ 

H R' 
Aldehyde Ketone 
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The formation of an orange or red 
prec ip itate with 2,4-DN P  is a test for 
carbonyl compounds ,  i .e .  fo r both 
aldehydes and ketones. 

CH3 \ 

Reactions in common 
Addition of hydrocyanic acid, HCN, to produce a hydroxynitrile: 

CH3CHO + HCN � CH3CH(OH)CN 
2-hydroxypropanenitrile 

conditions: there must be both HCN and CN- present, 
e.g. HCN + a trace of KOH, or KCN(s) + some dilute sulphuric acid.  
Reduction with lithium tetrahydridoaluminate( I I I) to produce an 
alcohol: 

CH3CHO + 2 [H] � CH3CH20H 

CH3COCH3 + 2 [H] � CH3CH(OH)CH3 
conditions: dissolve in dry ether, followed by hydrolysis with H+(aq) .  
Or reduction with sodium tetrahydridoborate(I I I) ,  a lso to produce an 
alcohol : 

CH3CHO + 2[H]  � CH3CH20H 

CH3COCH3 + 2 [H] � CH3CH(OH)CH3 
conditions: aqueous solution, followed by hydrolysis with H+(aq). 
Reaction with 2,4-dinitrophenylhydrazine (2,4-DNP) to give an 
orange/red precipitate: 

NO? 

79 

C=O  + H,N -�--©--NO, CH3 -©-Oz \C=N-N 0 NO, + H,O I H 
The formation of the s i lve r m i rror 
with ammoniacal s i lver n itrate is the 
test which d isti ngu ishes aldehydes, 
which g ive a positive resu lt, from 
ketones, which have no react ion .  
Aldehydes are a lso oxid ised by 
potassi um  manganate(VI I ) o r  
acid ified potassi um d i ch romate (V I ) .  

The  on ly a ldehyde to  do this i s  
ethanal , CH3CHO .  

Th is  react ion is often used  i n  
organ ic 'prob lem' q uest ions. The 
pale yel low prec ip itate produced on 
add it ion of sod i um hyd roxide and 
iod ine is the c lue .  The organic 
compound that produces this 
prec ip itate wi l l  either be a carbonyl 
with a CH3C=O g roup  or  an alcohol 
with a CH3CH(OH ) g roup .  It is not a 
general test for ketones. 

H I I H H 
2,4-DNP 

Specific reaction of aldehydes 
Aldehydes are oxidised to carboxylic acids by a solution of si lver nitrate in 
dilute ammonia.  On warming the silver ions are reduced to a mirror of 
metallic silver. 
Aldehydes are also oxidised by warming with Fehl ing's solution, which is 
reduced from a blue solution to a red precipitate of copper(!) oxide: 

CH3CHO + [0] � CH3COOH 

Iodoform reaction 

This is a reaction which produces a pale yellow precipitate of iodoform, 
CHI3, when an organic compound is added to a mixture of iodine and 
dilute sodium hydroxide (or a mixture of KI and NaOCl). 
The group responsible for this reaction is the CH3C=0 group, and the 
reaction involves breaking the C-C bond between the CH3 group and 
the C=O group. 

CH3COC2H5 produces C2H5C00Na + CH13(s) 
All ketones containing the CH3C=0 group will give this precipitate. 
This reaction is also undergone by alcohols containing the CH3CH(OH) 
group. They are oxidised under the reaction conditions to the CH3C=0 
group, which then reacts to give iodoform. 

Acid chlorides 

These have the general formula RCOCl, and the functional group is :  

0 
I! 

- c  
\ Cl e.g. ethanoyl chloride, CH3C0Cl, and propanoyl 

chloride, C2H5COCl. 
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The  amine can be regenerated from 
the salt by adding a strong alka l i .  

N itri les can be prepared by the 
react ion of a halogenoalkane with 
KCN in  aqueous ethano l .  
Hyd roxyn itri les can  be prepared by  
the  add ition  o f  HCN to  carbonyl 
compounds in  the presence of base. 

Reactions of ethanoyl chloride 
+ water to produce the carboxylic acid, ethanoic acid :  

CH3C0Cl + H20 � CH3COOH + HCl(g) 
observation: steamy fumes of HCl .  
+ alcohols to produce an ester: 

CH3C0Cl + C2H50H � CH3COOC2H5 + HCl 
observation: characteristic smell  of the ester, ethyl ethanoate . 
+ ammonia to produce the amide, ethanamide: 

CH3COC1 + 2NH3 � CH3CONH2 + NH4Cl 
+ primary amines to produce a substituted amide: 

CH3COC1 + C2H5NH2 � CH3CONH(C2H5) + HCl 

Nitrogen compounds 

Primary amines 

They contain the -NH2 group, e.g. ethylamine C2H5N H2•  
They are soluble in  water (if the carbon chain i s  fairly short) because 
they form hydrogen bonds with water molecules. 
They are weak bases . 

Reactions of ethylamine 
+ acids, to form an ionic salt that is soluble in water: 

C2H5NH2 + H+(aq) -.= C2H5NH/(aq) 
+ acid chlorides, to form a substituted amide:  

C2H5NH2 + CH3C0Cl � CH3CONHC2H5 + HCl 

Nitri/es 

They contain the C=N group, e.g.  propanenitrile C2H5CN. 

Reations of propanenitrile 
Hydrolysis either with acid: 

C2H5CN + H+ + 2H20 � C2H5COOH + NH/ 
conditions: heat under reflux with dilute sulphuric acid 
or with alkali .  

C2H5CN + OH- + H20 � C2H5COO- + NH3 
conditions: heat under reflux with dilute sodium hydroxide 
Reduction by lithium tetrahydridoaluminate( I I I ) :  

C2H5CN + 4 [H]  � C2H5CH2NH2 
conditions: dry ether, followed by addition of dilute acid 

Amides 

They contain the CONH2 group, e.g. ethanamide CH3CONH2• 

0 
II 

CH - C  
3 \ 

NHz 

Reactions of ethanamide 
Dehydration with phosphorus(V) oxide: 

CH3CONH2 - H20 � CH3CN 
conditions: warm and distil off the ethanenitrile. 
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Hofmann degradation reaction: 
CH3CONH2 + Br2 + 2NaOH _. CH3NH2 + C02 + 2NaBr + 2H20 

Amides can be prepared from acid 
ch lorides + ammonia. 
Amides can be converted i nto an 
amine e ither with the same number  
of  carbon atoms (red uction) or  with 
one less (Hofmann degradation) . 

conditions: add liquid bromine to the amide at room temperature, and 
then add concentrated aqueous sodium hydroxide solution and warm. 
The amine distils off. 

Amino acids 

These contain an NH2 and a COOH group (usually bonded to the same 
carbon atom). They react both a acids and bases. 
They are water-soluble ionic solid because they form a zwitterion. 

NHzCH zC H -;=0 H3+CH2COO-

Reactions 
With acids: 

NH2CH2CO H + H (aq) -+ . 'H -cH2COOH(aq) 
Amino acids can be prepared from 
ch loroacids by heati ng them i n  a 
sealed tube with an ethano l ic 
solut ion of ammon ia. 

With bases : 
H2CH2 

Figure 4 .6  ummari e the react ion of or ani ub tan e . 

Grignard 
C2H5MgBr 

Esters 
CH3COOC2H5 

C02 ----• C2H5COOH 
HCHO C2H5CH20H 

CH3CHO C2H5CH(OH)CH3 
CH3COCH3 - C2H5C(CH 3)z0H 

E 
C2H50H 

LiAlH4 ---• CH3CH20H 

PC15 --------. CH3COC1 

[ H' ____ ___. CH3COOH + C2H50H 

OH- ----• CH3Coo- + C2H50H 

t HCN -----. > C(OH)CN 
Aldehydes and 
ketones 2 4-DNP > C=O , __ ____.. red precipitate 

[H] --------. > CH (OH) 

Aldehydes only [ Ag+/NH3 --____. CH3COO- + silver mirror 

CH3CHO 
Fehling's __ ____.. CH3Coo- + red precipitate 

Fig 4.6 Summary of organic reactions 

Acid 
chlorides 
CH3COC1 

� H20 CH3COOH 
C2H50H - CH3COOC2H5 

NH3 CH3CONH2 
CH3NH2 - CH3CONHCH3 

� H+ ___ __. CH3COOH 

L ow CH3coo-

LiAIH4 --• CH3CH2NH2 
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c 

a 

b 
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AYUwers 
CH3CH2CH(OH)CH3 

CH3CH2C (OH) (CH3)CH3 

CH3CH20H 

Heat u nder refl ux with d i l ute 
sod i um  hyd rox ide ,  then add 
d i l ute su lphuric ac id .  
Add l ith i um 
tetrahyd ridoalum inate ( l l l ) i n  d ry 
ether, fo l lowed by d i l ute 
su l phu ric ac i d .  

water 

methanol 

ammon ia 

CH3CHzNH3• Cr 

CH3CONHCH2CH3 

�Checklist 
Before attempting questions on this topic, check that you: 

r 

r 

Can recognise stereoisomerism (geometric and optical) in organic 
compounds. 

Know the effect of an optical isomer on plane polari sed light. 

Understand the nature of a racemic mixture .  

Can recal l  the preparation and reactions of Grignard reagents. 

Can recall the reactions of carboxylic acids. 

Can recall the reactions of esters. 

Can recal l  the reactions of carbonyl compounds (aldehydes and 
ketones) . 

Can recall the reactions of ethanoyl chloride. 

Can recal l  the reactions of amines with acids and with acid chlorides. 

Can recal l  the hydrolysis and the reduction of nitriles. 

Can recal l  the reactions of amides with P4010 and with Br2/Na0H.  

Know that amino acids are both acids and bases. 

� Test ing your knowledge and understanding 
For the fol lowing questions, cover the margin, write your answer, then 
check to see if  you are correct. 

Write the formulae of the products of the reaction of CH3Mgl with : 
a propanal 
b butan-2-one 
c methanal. 

State the names of the reagents and give the conditions for the 
fol lowing conversions: 
a C2H5COOCH3 to C2H5COOH + CH30H in a high yield 
b C2H5COOH to CH3CH2CH20H.  

State the names of the reagents needed to convert ethanoyl chloride to: 
a ethanoic acid 
b methyl ethanoate 
c ethanamide. 

State the structural formulae of the product obtained by reacting: 
a ethylamine with dilute hydrochloric acid 
b ethylamine with ethanoyl chloride. 
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a Heat under refl ux with NaOH (aq ) 
then acid ify. 

b Add LiAIH4 in d ry ether, fo l lowed 
by d i l ute alka l i .  

c Warm with l i qu i d  b rom ine and 
concentrated aqueous sod i um 
hyd roxide .  

Because it forms the  zwitter ion 
+NHaCH2coo-

� The answers to the numbered 
'¥ questions are on page 1 34 .  

State the conditions for the conversion of: 
a ethanenitrile, C H3CN, to ethanoic acid, CH3COOH 
b ethanenitrile, CH3CN, to ethylamine, C2H5NH2 
c propanamide, C2H5CONH21 to ethylamine, C2H5NH2• 

Explain why aminoethanoic acid i a olid that is soluble in  water. 

1 Draw the stereoisomers of: 
a CH3CH=C(Cl)CH3 
b CH3CH(OH)F. 

2 Outline how you would prepare 2-methylpropanoic acid from 
2-iodopropane. 

3 Describe the tests that you could do to distin i h between: 
a ethanoic acid and ethanoyl chloride 
b propanal and propanone. 

83 
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Practice Test: Unit 4 
Time allowed 1 hr 30 min 

All questions are taken from parts of previous Edexcel Advanced GCE papers 

The answers are on pages 1 34-1 36 .  

1 a Draw a Born-Haber cycle for the formation of  magnesium chloride, MgC121 and use  the values below to 
calculate the lattice energy of magnesium chloride. [5] 

M-r/k] mor1 

1 st electron affinity of chlorine -364 

1 st ionisation energy of magnesium +736 

2nd ionisation energy of magnesium + 1 450 

Enthalpy of atomisation of chlorine + 1 2 1  

Enthalpy o f  atomisation o f  magnesium + 1 50 

Enthalpy of formation of MgC12(s) -642 

b Use the following to answer the questions in  this section. 

fllr /k] mor1 

Enthalpy of hydration of Sr 2+ -1 480 

Enthalpy of hydration of Ba2+ -1 360 

Enthalpy of hydration of O H- -460 

Lattice energy of Sr(OH)2(s) -1 894 

Lattice energy of Ba(OH)2(s) -1 768 

i Explain why the lattice energy of strontium hydroxide is different from that of barium hydroxide. [2] 
ii Explain why the hydration enthalpy of a cation is exothermic. [2] 
iii Use the lattice energy and hydration enthalpy values to explain why barium hydroxide is more 

soluble i n  water than strontium hydroxide. [4] 
(Total 13 marks) 

[January 2001 CH 3 question 4] 

2 a i Give the structural formula of a n itrile, C�H7N, that has an unbranched chain [1] 
ii Primary amines can be made by reducing nitriles. Suggest a reagent that could be used for this 

purpose. [1] 
iii Draw the structural formula of the amine produced by reducing the nitrile given in a part i .  [1] 

b i What feature of an amine molecule makes it both a base and a nucleophile? [1] 
ii Give, by writing an equation, an example of an amine acting as a base [1]  

c Ethanoyl chloride, CH3COC1, reacts with both amines and alcohols 
i Give the ful l  structural formula of the compound produced when ethanoyl chloride reacts with 

ethylamine, C2H5NH2• [1] 
ii Name the type of the compound produced in c part i. [1] 
iii State one of the advantages of reacting ethanoyl chloride with ethanol to make an ester rather than 

reacting ethanoic acid with ethanol . [1] 
iv Write the ful l  structural formula of the ester made in c part iii [1] 

(Total 9 marks) 
[January 2002 Unit Test 4 question 5 - modified] 
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3 Compound X is a secondary alcohol which has a molecular formula of C4H100. 
X exhibits optical i somerism. 

a Draw the structural formulae of the two optical isomers of X .  [2] 
b Suggest reagents and conditions which would enable its preparation via a reaction i nvolving a 

Grignard reagent. (You are not expected to describe how you would prepare a Grignard reagent) [3] 
c Compound Y is obtained by oxidising the secondary alcohol X with potassium dichromate(VI) 

acidified with dilute sulphuric acid. 
i Draw the structural formula of Y. [1] 
ii To which class of compounds does Y belong? [1] 
iii Describe the tests you would do on Y, and the results ou \'\'Ould expect, to show that your 

classification is correct. [4] 
iv Both X and Y give a yellow precipitate when treated with iodin in the presence of sodium 

hydroxide solution. Write the structural formulae of the or ani product of this reaction. [2] 
(Total 13 marks) 

[June 20 I H -l que tion 1 - modified] 

4 At about 1 000 oc, when aluminium chloride vapour i heated with olid aluminium, the following 
equilibrium is set up:  

s 

A1Cl3(g) + 2Al(s) � 3A1Cl(g) 

a Give the expression for the equil ibrium constant, KP, for this reaction . [ 1] 
b At a particular temperature, a mixture of the above system at equilibrium was found to contain 0 .67 g 

of AlCl3 and 0 .63 g of AlCl vapours at an equilibrium pressure of 2.0 atm. Calculate the value of the 
equilibrium constant, KP, at this temperature, stating its units. [4] 

c The position of equilibrium moves to the right as the temperature is rai sed. State what this suggests 
about the enthalpy change for the forward reaction. [1] 

d State, with reasoning, the effect of an increase in the pressure on the system on the value of the 
equilibrium constant and on the position of the equi l ibrium. [3] 

e Suggest how this reversible reaction could be used in a process to recycle aluminium by extracti ng it  
from impure aluminium. [2] 

a i 

ii 
b i 

ii 

c 

d 

(Total 1 1  marks) 
[June 2001 CH3 question 3] 

Write an equation for the reaction between magnesium oxide and dilute sulphuric acid, including 
the state symbols. [2] 
Describe what you would see during this reaction . [2] 
Write an equation for the reaction between phosphorus(V) oxide and aqueous sodium hydroxide 
solution .  [2] 
With the aid of two equations, show how aluminium hydroxide exhibits amphoteric behaviour. 

[3] 
With reference to the reactions in a and b, describe the variation in the metal lic character of the 
elements across Period 3 of the Periodic Table (sodium to argon) [2] 
Suggest, with reasoning, the acid-base character of Indium(I I I )  oxide, I n203• Indium is the fourth 
element down Group 3 of the Periodic Table. [2] 

(Total 13 marks) 
[June 2002 Unit Test 4 question 4] 
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6a 

b i  
ii 

c 

d 

i 
ii 
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In  the context o f  Bronsted-Lowry acid-base behaviour, explain the terms:  
acid weak acid dilute acid. [3] 
Define pH [1] 
Calculate the concentration, in mol dm-3, of a solution of chloric(I) acid, HOCl, which has a pH of 
4 .23 .  Chloric acid i s  a weak acid with Ka = 3 . 72 x 1 0--a mol dm-3 . [4] 
Sketch, on a grid of pH (y-axis) versus volume of alkali added I cm3 (x-axis), the titration curve for 
the titration of 25 cm3 of the chloric(I) acid solution in b part ii with SO cm3 of a solution of 
sodium hydroxide of equal concentration. [5] 
The concentration of hydrogen ions in a 0. 1 00 mol dm-3 solution of sulphuric acid is 0. 1 05 mol 
dm-3• 
Write equations to show the two successive ionisations of sulphuric acid, H2S04, in water. [2] 
Suggest why the concentration of hydrogen ions is not 0.20 mol dm-3 in 0 . 1 00 mol dm-3 sulphuric 
acid. [1] 

(Total 16 marks) 
[Janumy 2001 CH2 question 4 & January 2002 CH2 question 2] 
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Redox equil i bri a  

® Int roduct ion 

You must revise Topic 1 . 5 ( Introduction to oxidation and reduction) .  
e The sign of E6 indicates the direction of spontaneous reaction. 

A useful mnemonic i s  OIL RIG. When a substance is  Oxidised It Loses 
one or more electrons, and if Reduced It Gains one or more electrons.  

e A half equation always contains electrons.  
• Half equation data are usually given as reduction potentials, i .e .  with 

the electrons on the left-hand side. 
An oxidising agent becomes reduced when it reacts .  

tKJ Things t o  learn and underst and 

The standard hydrogen electrode 

This consists of hydrogen gas at 1 atm pressure bubbling over a platinum 
electrode immersed in  a 1 mol dm-3 solution of H+ ions, at a temperature 
of 25 °C. By definition the potential of a standard hydrogen electrode is 
zero (see Figure 5 . 1 ) . 

Standard electrode potential, E-a 

This is the electric potential (EMF) of a cell composed of the standard 
electrode connected to a standard hydrogen electrode, measured when 
the concentrations of all the ions are 1 mol dm-3, the temperature is 
25 °C and any gases are at 1 atm pressure. 

Fig S. 1 A standard hydrogen electrode for a metal the standard electrode potential is when the metal i s  
immersed in a solution of  i t s  ions  at  a concentration of  1 mol dm-3 • 
For the reaction : 

Zn2+(aq) +2e- --+ Zn(s) 
it is for a zinc electrode immersed in a 1 mol dm-3 solution of Zn2+ 
ions at 25 °C.  
for a non-metal the standard electrode potential is  when the non
metal at 1 atm pressure (or a solution of it at a concentration of 
1 mol dm-3) is  in contact with a platinum electrode immersed in a 
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1/2C I2 + e - � cr E43- = + 1 .36 v 
112B r2 + e- � 8( E43- = + 1 .07 V 
As + 1 .36 > + 1 .07, ch lor ine is a 
stronger oxid is ing agent than 
bromine .  

Sn
4
+ + 2e- � Sn2+ E43- = +0 . 1 5 V 

Fe3+ + e- � Fe2+ E43- = + 0 .77 V 
As +0 . 1 5  < +0.77, Sn2+ ions are a 
better reduc ing agent than Fe2+ ions. 

solution of the non-metal's ions at a concentration of 1 mol dm-3 

at 25 °C. 
For the reaction: 

1/2C l2(g) + e- ---t Cr(aq) 
it is  for chlorine gas, at 1 atm pressure, being bubbled over a 
platinum electrode dipping i nto a 1 mol dm-3 solution of cr ions 
at 25 °C. 
for a redox system of two ions of an element the standard 
electrode potential is when a platinum electrode is immersed in a 
solution containing all the ions in the half equation at a 
concentration of 1 mol dm-3 • 
For the reaction: 

Fe3+(aq) + e- ---t Fe2+(aq) 
it is  for a platinum electrode immersed in a solution which is 1 mol 
dm-3 in both Fe3+ and Fe2+ ions at 25 °C. 

The equations are always given as reduction potentials, i .e .  with the 
electrons on the left. 

Comparing substances on the left of two half equations, the one with 
the larger positive value of E-e is  the more powerful oxidising agent (it 
is  the most easily reduced) .  
Comparing substances on the right of two half equations, the one with 
the smaller positive (or more negative) value of E-e i s  the more 
powerful reducing agent. 

Calculation of £reaction (Eceu) 
The value can be deduced in one of three ways : 
1 From a cell diagram: 

Ecell = Bright-hand electrode - Eleft-hand electrode 
If Ecell works out to be a negative value, you have written the cell 
diagram backwards, and so the reaction wi l l  go right to left .  

2 From an overal l  equation: write both ha l f  reactions as reduction 
potentials, i . e .  with electrons on the left . 
Ereaction is calculated as:  

E,eaction = (E of half equation of the reactant being reduced) - (E of 
half equation of reactant being oxidised. 

Thus for the reaction : 
Zn(s) + Cu2+(aq) � Zn2+(aq) + Cu(s) 

The half equations are: 
Cu2+(aq) + 2e- � Cu(s) 
Zn2+(aq) + 2e- � Zn(s) 

E-e = +0.34 V 

E-e = -0. 76 V 

In the reaction the Cu2+ ions are being reduced (electron gain), and the 
zinc atoms are being oxidised (electron loss) : 

E-ereaction = +0.34 - (-0. 76) = + 1 . 10 V 
3 From half equations: 

To do this one of the half equations has to be reversed (see Worked 
example below) . This process alters the sign of its E-a. 
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--�·, }vu{i:s , -� - ·' 
. � � _ .......... � ... . . ' •; __ _ , -_. ·, 

When a redox half eq uat ion is 
reversed ,  its sign must be changed . 
The number of e lectrons on the left
hand s ide of one half eq uat ion must 
eq ual the number on the right-hand 
s ide of the other half eq uat ion .  
When a redox ha lf eq uat ion is 
mu lt ip l ied , its Ef}- val ue is not 

alte red .  
Always ensure that the  reacta nts 

that are specif ied in  the question 
(here they are i ron ( l l )  and 
manganate(VI I ) ions) are on the left

hand s ide of the f i nal overa l l  
equation .  

I n  the react ion above, the  oxidat ion 
number of the manganese decreases 
by 5 from +7 to +2, and as the i ron  
increases by 1 ,  there must be 5 
i ron ( l l )  ions to each Mn04- ion in the 
overal l  equation .  

Worked�x� 
Use the fol lowing data to deduce the overal l equation  and the value of Ef}-reacuon 
for the reaction  between acid ified potassi um manganate(V I I ) and i ron ( I I ) ions .  

i Mn04-(aq ) + 8W(aq) + 5e- � Mn2•(aq) + 4H20(aq) Ef}-
= + 1 .52 V 

i i  Fe3·(aq) + e - � Fe2+(aq) r = +0.77 V 

Answer. 
Reverse equation ( i i )  and mu lt ip ly it by 5. Then add it to eq uat ion ( i ) :  
5Fe2•{aq) � 5Fe3•(aq) + 5e- r = -(+0.77 V) = -0.77 V 
Mn04-(aq) + 8W(aq ) + 5e- � Mn' {aq ) + 4H20( 1 ) Ef}-

= + 1 .52 V 

Mno4-(aq) + 8W(aq) + 5Fe2·(aq) � Mnz (aq) + 4H20( 1 ) + 5Fe3+(aq) 
r = -o.11 + 1 .52 = +0 .75 v 

Stoichiometry of an overall equation 

The total increase in oxidation number of one element mu t equal the 
total decrease in another. 

Spontaneous change 
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Electrode potential data can be used to predict the feasibility of a 
chemical reaction. A reaction is feasible (thermodynamically unstable) if 
Eceu is  positive. 
However the rate of the reaction may be so slow that the reaction is not 
observed (kinetical ly stable) . 

Non-standard cells 

Non-standard conditions may result in  a reaction taking place even if 
the standard electrode potential is  negative. 
The reaction: 

2Cu2+ (aq) + 4r(aq) � 2Cul(s) + I2(aq) 
should not work because Ee (assuming all species are soluble) = -0.39 V. 
However copper(!) iodide i s  precipitated and this makes [Cu+(aq)]  very 
much less than 1 mol dm-3• The equil ibrium is driven to the right by 
the removal of cu+ (aq) ions, so that £reaction becomes positive and the 
reaction takes place. 

Potassium manganate(VII) titrations - estimation of 
reducing agents 

Acidified potassium manganate(VII)  wil l  quantitatively oxidise many 
reducing agents. 
The procedure is  to pipette a known volume of the reducing agent into 
a conical flask and add an excess of dilute sulphuric acid.  
The potassium manganate(VII) solution of known concentration is put 
in the burette and run in until there is a faint pink colour. 

This shows that there is  a minute excess of the manganate(VII) ions. 
If  the stoichiometry of the reaction is known, the concentration of the 
reducing agent can be calculated. No indicator is  needed as the 
manganate(VII) ions are very intensely coloured. 
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The  ratio o f  i ron ( l l )  to 
manganate(VI I ) ions in the equat ion 
is 5 : 1  and so the number of mo les 
of Fe2+ is 5 t imes the number of 
mo les of manganate(VI I ) .  

The  ratio o f  i od i ne  to  th iosu lphate 
ions is 1 :2 ,  so the moles of iod ine 
are 1/2 the moles of th iosu lphate .  

Worked�x� 
25.0 cm3 of a solut ion of i ron(  I I ) su lphate was ac id if ied , and titrated against 
0.0222 mol dm-3 potassi um manganate(VI I ) solution .  23.4 cm3 were requ i red 
to g ive a fai nt p ink co lour. Calcu late the concentration  of the i ron ( l l )  su lphate 
solution .  

Answer: The equat ion for  the  reaction i s :  
Mno�-(aq) + 8W(aq) + 5Fe2+(aq) � Mn2+(aq) + 4H20( 1 ) + 5Fe3+(aq) -4 

Amount of manganate(V I I ) = 0.0222 x 23.4/1 000 = 5 . 1 95 x 1 0  mol 
Amount of i ron ( l l )  su l phate = 5 . 1 95 x 1 0-4 x 5/1 = 2 .597 x 1 0-

3 
mol  � � 

Concentration of i ron ( l l )  su lphate = 2 .597 x 1 0  + 0.0250 = 0 . 1 04 mol dm 

lodine/thiosulphate titrations - estimation of oxidising 
agents 

The procedure is  to add a 25.0 cm3 sample of an oxidising agent to 
excess potassium iodide solution (often in the presence of di lute 
sulphuric acid) . 
The oxidising agent l iberates iodine, which can then be titrated against 
standard sodium thiosulphate solution . When the iodine has faded to a 
pale straw colour, starch indicator is added, and the addition of sodium 
thiosulphate continued until the blue colour disappears . 
Iodine reacts with thiosulphate ions according to the equation: 

r2 + 2s2ot � 2r + s4ot 

Worked�x� 
25.0 cm3 of a so lut ion  of hyd rogen peroxide, H202, was added to an excess of 
acid if ied potassi um iod ide solution ,  and the l i berated iod ine requ i red 23.8 cm3 

of 0 . 1 06 mol dm-3 sod i um th iosu lphate solution .  Calcu late the concentration  of 
the hyd rogen peroxide solution .  

Answer. The equat ion for  the oxidat ion of  iod ide ions by hyd rogen peroxide  is :  
H202 + 2W + 2r � l 2 + 2H20 

Amount of sod i um th iosu lphate = 0 . 1 06 x 23 .8/1 000 
Amount of iod ine produced = 2 .523 X 1 o-3 X 1 /2 
Amount of hyd rogen peroxide = 1 .261 X 1 o-3 X 1 /1 
Concentration of H202 = 1 .261 X 1 o-3 + 0.0250 

Disproportionation 

= 2 .523 x 1 o-3 mol 
= 1 .261 x 1 o-3 mol 
= 1 .261 x 1 0-

3 mol 
= 0.0505 mol dm-3 

A disproportionation reaction can be predicted by using electrode 
potentials .  Use the data to work out Ecell for the proposed 
disproportionation reaction. If it is positive, the reaction will occur. 
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Fig 5.2 Rusting 

Sta in less stee l  is i ron  conta in ing a 
h igh  proport ion of ch rom ium,  which 
forms a protective layer of C r203 
over the whole su rface of the meta l .  
I f  the su rface is scratched ,  a new 
protective layer of C r203 is formed . 

The reactions for charg ing the ce l l  
are the opposite ,  and on ly take place 
if a potential >2.05 V is appl ied , with 
the anode being connected to the 
negative term inal of the charg ing 
sou rce. 

Wi l l  copper( I ) ions d isproport ionate i n  aqueous solut ion to copper and 
copper( l l )  ions? 

cu·(aq) + e- � Cu(s) 
Cu2•(aq) + e- � cu·(aq) 

r = +0.52 v 
r = +0. 1 5 v 

Answer. Reverse the second equat ion and add it to the fi rst. Th is g ives the 
eq uat ion :  
2Cu•(aq) � Cu2•(aq ) + Cu (s) E-e-ceu = +0.52 - (+0 . 1 5 ) = +0.37 V 
Because fBceu is positive, the reaction is feas ib le .  and so aqueous copper( ! )  ions 
wi l l  d isproportionate. 

Corrosion (rusting) 
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This is  an electrolytic process. When iron is stre d or pitted, some areas 
become anodic and some cathodic. In the presence of water and oxygen 
the following reactions take place (see Figure 5 .2) .  

At the anodic areas iron atoms become oxidi ed and l11 e _ electrons: 
Fe(s) � Fe

2
+(aq) + 2e-

The electrons travel through the metal and reduce oxyaen : 
1/202(aq) + 2e- + H20 � 20H-(aq ) 

The Fe
2
+ and the O H- ions meet and iron(I l )  hydroxid i pr ipitated: 

Fe
2+(aq) + 20H-(aq) � Fe(OH):! ) 

Finally oxygen oxidises the iron(I I )  hydroxide to iron I I I  o� ide (rust) : 
2Fe(OH)2(s) + 1/202(aq) � Fe203(S + 2H ( l  

Prevention o f  corrosion 

This can be done by: 
placing a physical barrier between the teel and the environment. Such 
barriers are paint, tin or chromium platin . 
adding a sacrificial metal .  This can be done by coating with zinc 
(galvanising) , or by attaching block of magnesium at intervals .  

Storage cells 

These store electrical energy as chemical energy. The reactions must be 
fully reversible and the chemicals produced in the redox reactions must be 
insoluble. 

The lead acid battery 

When electricity is drawn from the cell (discharging), the following 
reactions take place. 
At the anode (oxidation) which is negative: 

Pb(s) + SO/-(aq) � PbSOis) + ze- E-e = +0.36  V 
At the cathode (reduction) which is positive: 

Pb02(s) + 2e- + SO.t(aq) + 4H+(aq) � PbS04(S) + 2H20(1) 
E-e = + 1 . 69 V 

The overal l  discharging reaction is :  
Pb(s) + Pb02(s) + 2SO/-(aq) + 4H\aq) � 2PbS04(s) + 2H20(1) 

E-e = + 1 .69 + (+0.36) = +2.05 V 
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1/2 H2(g )  � W(aq) + e-. 
State symbols are essential . 

H2 (g )  at 1 atm pressure ,  
[W(aq ) ]  = 1 mol  dm-3 

+7 and +2 

+4 and +6 

5:2 So that oxidat ion numbers of 
both change by 1 0 

Because the manganate(VI I )  ions are 
i ntensely co lou red . 

� The answers to the numbered 
"'-/ questions are on pages 1 36-1 37. 

®Checklist 
Before attempting the questions on this topic, check that you can: 

Define standard electrode potential .  

Describe the construction of  a standard hydrogen electrode. 

Write half equations and use them to deduce overal l  equations. 

Predict the feasibility of redox and disproportionation reactions. 

Deduce oxidation numbers and use them to balance redox equations. 

Recal l  the principles of manganate(VI I )  and thiosulphate titrations. 

Recall the corrosion of iron and its prevention . 

Understand the chemistry of the lead/acid battery. 

® Test ing your knowledge and understanding 
For the fol lowing set of questions, cover the margin before you answer, 
then check to see if you are correct. 

Write the equation representing the reaction that takes place in a 
standard hydrogen electrode.  

What are the conditions, other than temperature, for this electrode? 

What are the oxidation numbers of manganese in Mno�- and in Mn2+? 

What are the oxidation numbers of sulphur in 5032- and in sot? 

What is the ratio of 5032- to Mno�- in the reaction between them? 

Why is it not necessary to have an indicator present in potassium 
manganate(VI I )  titrations? 

1 a Write ionic half equations for the reduction of: 
i Cr2072- to Cr3+ in acidic solution E-e = + 1 .33 V 
ii Sn-!+ to Sn2+ E-e = +0. 1 5  V 
iii 1odate(V) ions, ( !03-) to 12 in acidic solution E-e = + 1 . 1 9  V 
iv 12 to r E-e = +0.54 V 

b Write overall ionic equations, calculate Ereacuon values and hence 
comment on the feasibil ity of the reactions between:  
i potassium dichromate(V1) and tin( I I) chloride in acid solution 
ii potassium iodate(V) and potassium iodide in acid solution . 

2 1 .32 g of mild steel fil ings was reacted with excess dilute sulphuric acid, 
and the resulting solution made up to a volume of 250 cm3• 25.0 cm3 
samples of this were t itrated against 0.0200 mol dm-3 potassium 
manganate(VI I )  solution .  The mean titre was 23 .5 cm3• Calculate the 
percentage of i ron in the steel .  

3 Write the half  equations for the redox reactions involved in the 
corrosion of i ron.  
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Ne ither scand i um nor z inc is a 
transit ion metal although they are i n  
the d b lock, because the i r  i ons  have 
the e lectron ic  structu re [Ar] 3d0, 4s0 
and [Ar] , 3d 10, 4s0 respective ly. 

Note that the number of d e lectrons 
increases left to rig ht, except that Cr 
and Cu have 4s1 e lectron structu res, 
whereas the others have 4s2.This is 
because stab i l ity i s  gained when the 
d she l l  is half fu l l  or fu l l .  

Fig S. 3 Electron arrangement in the 
hexa-aquairon(/1) ion 

Trans it i o n  metal chem istry 

� Int roduct ion 
You should know the colour of the aqua complex ions and of the 
hydroxides of the d block element candium to zinc. 

You must be able to l ink the reaction in thi topic to the theory of 
redox equilibria, Topic 5 . 1 .  

tR: Things t o learn 
d block elements are tho e in " hich the highe t occupied energy 
level is a d orbita l .  
A transition element is  one that has at  least one of i ts  ions with a 
partly fi l led d shell .  
Electron structure of the atoms 

Sc Ti v Cr Mn Fe Co Ni Cu Zn 
3d 1 2 3 5 5 6 7 8 10 10 
4s 2 2 2 1 2 2 2 2 1 2 

Electron structure of the ions. The element first loses its 4s 
electrons when forming an ion. Thus the electron structures of iron and 
its ions are: 

Fe [Ar] , 3d6, 4s2 

Fe2+ [Ar] ,  3d6, 4s0 
Fe3+ [Ar] , 3d5, 4s0 

� � Things t o underst and 
Properties of transition metals 

Complex ion formation 

Bonding in complex ions. The simplest view is that the l igands form 
dative covalent bonds by donating a lone pair of electrons into empty 
orbitals  of the transition metal ion . These could be empty 3d, 4s, 4p or 
4d orbitals in the ion (e.g. see the arrangement of electrons in boxes in 
Figure 5 .3 ) .  

3d 4s 4p 4d 

I I  I I I I I OJ] 1 1 1 1 1 1 1 1 1 1 1 1 1 I 

Fe2+ electrons 7 \ Ligand electrons: six pairs I 
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[Cu (Hz0)6f+ is tu rquoise b l ue ,  
[Cu (NH3)4( H20)2]2+ is deep b lue ,  and 
[CuC 14t is ye l low. 

Hyd rated cat ions of charge 4+ or 
more do not exist because the sum 
of  a l l  the  ion isation energ ies is too 
large to be compensated fo r by the 
hyd ration energy. 
Copper forms Cu+ and Cu2+, and 
chrom ium C r2+ and C r3+. 

Typical l igands are: 
neutral molecules: H20 (aqua), NH3 (ammine) 
anions: F- (fluoro), cr (chloro), (CNt (cyano) . 

Shapes of complex ions (see pages 1 4-1 5 ) .  If the complex ion has 6 pairs 
of electrons donated by ligands, the complex will be octahedral. This 
is  so that the electron pairs in  the l igands will be as far apart from each 
other as possible. 

Coloured complex ions 

If the ion has partially fi lled d orbitals, it wil l  be coloured. Sc3+ and Ti4+ 
have d0 structures, and Cu+ and Zn2+ have d to and so are not coloured. 
d orbitals point in different directions in space, and so interact to 
different extents with the electrons in the ligands. 
This causes a splitting of the d orbitals into two of higher energy and 
three of lower energy. 
When white l ight i s  shone into the substance, a d e lectron is moved 
from the lower energy to the higher energy level .  
The frequency of the l ight that causes this  jump is in  the visible range, 
so that colour at this frequency is removed from the white light. 
The colour depends on the size of the energy gap which varies with the 
metal ion and with the type of l igand. 

Variable oxidation state 

Successive ionisation energies increase steadily until  al l  the 4s and the 
3d electrons have been removed, after which there is  a large jump in 
the value. 
Formation of cations.  The increase between successive ionisation 
energies is  compensated for by a similar increase in hydration energies. 
Thus cations in  different oxidation states are energetically favourable for 
al l  transition metals .  
Formation of covalent bonds . Transition metals can make available a 
variable number of d electrons for covalent bonding. The energy 
required for the promotion of an electron from a 3d to a h igher energy 
orbital is compensated for by the bond energy released. 
Formation of oxoions. In ions such as Mn04-, V03-, VO/ and V02+, the 
oxygen i s  covalently bonded to the transition metal which uses a 
varying number of d electrons .  
Manganese exists: 

in the +2 state as Md+ 
in the +4 state as Mn02 
in the +6 state as MnOt 
in the +7 state as Mn04-. 

Catalytic activity 

Transition metals and their compounds are often good catalysts.  
Vanadium(V) oxide is  used in  the oxidation of S02 to S03 i n  the contact 
process for the manufacture of sulphuric acid.  
I ron is used in  the Haber process for the manufacture of ammonia. 
Nickel is  used in  the addition of hydrogen to alkenes (hardening of 
vegetable oils) . 
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Ion a Colour 

Cr3+ Green 
Mn

2
+ Pale pink 

Reactions of transition metal compounds 

Reactions with sodium hydroxide and ammonia solutions 

The table gives a summary of these reactions. 

Addition of Excess NaOH(aq) Addition of Excess NHl aq) 
NaOH(aq) NH3(aq) 

Green ppt Green solution Green ppt Ppt remains 
Sandy pptb Ppt remains Sandy pptb Ppt remains 

Fe
2
+ Pale green Dirty green pp( Ppt remains Dirty green pp( Ppt remains 

Fe3+ Brown/yellow Foxy red ppt Ppt remains Foxy red ppt Ppt remains 
Ni

2
+ Green Green ppt Ppt remains Green ppt Blue soln 

Cu
2
+ Pale blue Blue pptct Ppt remains Pale blue ppt Deep blue soln 

Zn
2
+ None White ppt Colourless solution White ppt Colourless soln 

a The correct formula for the ions should be the hexa-aqua ion, except for zinc, which forms a tetraqua ion . 
b The precipitate of Mn(OH)2 goes brown as it is oxidised b air. 
c The precipitate of Fe(OH)2 goes brown on the surface a it is o idi ed by the o.x.·y en in the air. 

The precipitate of Cu(OH)� goes black as it lo e '\.Vater to form u . 

Amphoteric hyd roxides ' red isso lve' 
i n  excess strong a lkal i ,  e .g .  
Cr (OH)J(s) + 30W(aq) � [Cr(OH)st 
(aq) 
and Zn(OH)2(s) + 20W(aq) � 
[Zn (OH)4t(aq) .  

This reaction is used as  a test for: 
a n icke l ( l l ) :  with aqueous ammonia 

n icke l ( l l )  ions fi rst g ive a g reen 
prec ip itate which then fo rms a 
b l ue  solut ion with excess 
ammon ia .  

b copper( l l )  ions g ive a pale b l ue  
prec ip itate wh ich  forms a deep 
blue solut ion with excess 
ammon ia and 

c zinc ions g ive a wh ite prec i p itate 
which forms a co lou rless solut ion 
with excess ammon ia .  

Deprotonation 

The aqua ions in solution are partially deprotonated by water. he 
greater the surface charge density of the ion the greater the e t nt of 
this reaction, e .g.  hexa-aqua iron( I I I )  ions: 

[Fe(H20)6] 3+(aq) + H20 .:: [Fe(H20)5(0H)]
2
+(aq) + H30+(aq) 

This means that solutions of iron( I I I) ions are acidic (pH < 7) . 
When an alkali  such as sodium hydroxide is added, the equilibrium is 
driven to the right, the ion is considerably deprotonated to form a 
neutral molecule which loses water to form a precipitate of the metal 
hydroxide: 

[Fe(H20)6f+(aq) + 30H-(aq) � Fe(OH)3 (s) + 6H20 
If aqueous ammonia is added, the same precipitate is formed: 

[Fe(H20)6f+(aq) +3NH3(aq) � Fe(OH)3(s) + 3NH/(aq) + 3 H20 

Ligand exchange 

When aqueous ammonia is added to aqua complexes of d block 
elements such as those of nickel, copper and zinc, l igand exchange takes 
place and a solution of the ammine complex is formed. 
First the hydroxide is  precipitated in  a deprotonation reaction: 

[Cu(H20)6]
2
+(aq) + 2NH3(aq) � Cu(OH)2(s) + 2NH/(aq) + 4H20 

The hydroxide then ligand exchanges to form an ammine complex with 
excess ammonia: 

Cu(OH)2(s) + 4NH3(aq) +2H20 � [Cu(NH3)4(H20)z]
2+ + 20H-(aq) 

The final result is that the NH3 ligand has taken the place of four H20 
ligands. 
Addition of cyanide ions to iron(I I )  ions produces a solution of 
hexacyanoferrate( I I ) :  

[Fe(H20)6]
2
+ (aq) + 6CN-(aq) � [Fe(CN)t-(aq) + 6H20 

A test for iron( I I I )  ions is  to add a solution of potassium 
thiocyanate,KCNS. Iron( I I I )  ions give a blood red solution :  

[Fe(H20)6] 3+(aq) + SCN-(aq) � [Fe(SCN)(H20)5]
2
+(aq) + H20 
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VO/ 
Fe3+ 

Vanadium chemistry 

Vanadium compounds exist in four oxidation states: 

+5 :  V0
3
-(aq) which is colourless, but in acid solution reacts to form a 

yellow solution of VO/(aq) ions: 
V03- + 2H+ ..= VO/ + HzO 

+4: V02+(aq), which is blue. 
+3: V3+(aq) which is green and is mildly reducing. 
+2: V2+(aq) which is lavender and is strongly reducing. 
Reduction by zinc. I f  zinc and dilute hydrochloric acid are added to a 
solution of sodium vanadate, NaV03, the colour changes in distinct 
sequence, as it is steadi ly reduced from the +5 to the +2 state: 
start: yellow caused by V02+(aq)ions (+5 state) 
then : green caused by a mixture of yellow VO/(aq) and blue 

then: 
then: 
finally: 

V02+(aq) 
blue caused by V02+(aq) ions ( +4 state) 
green caused by V3+ (aq) ions ( +3 state) 
lavender caused by V2 ... (aq) ions ( +2 state) 

Redox reactions 

Vanadium compounds can be oxidised or reduced by suitable reagents. For 
a redox reaction to work, the E-eceu value must be positive. A l ist of E-evalues 
for the half reactions of vanadium in its various oxidation states and for 
some oxidising and reducing agents is gi en below. These values show, for 
in tance, that anadium( ) v\Till be reduced only to vanadium ( IV) by Fe2+ 
ion , \Yherea n2 ion \\ill reduce it fi rst to vanadium ( IV) and then 
to vanadium ( I I I ) .  

+5 VO/ +5 
+ 2H+ + e- ..= V02 

... + H20 E-e = + 1 .  \' • 
+ e  - ..= Fe2+ E-e = +0. 7 7  Fe2+ 

1/2Cl2 + e- ..= cr E-e = +1 .36  y I Cl2 

+4 +4 
A I Fe3+ 

voz 
... + 2H ... + e- ..= V3+ + H20 E-e = +0.34 V 

Sn4+ + 2e- ..= Sn2+ E-e = +0. 1 5  V Sn2 ... 
Fe3 ... + e  -

..= Fe2 ... E-e = +0. 7 7  V y 
+3 

v3+ + e  -
..= vz ... E-e = -0.26 V 

Zn2+ + 2e- ..= Zn E-e = -0.76  V Zn/H+ 
H+ + e- ..,: 1/zHz E-e = o.oo v y 

+2 +2 

E-eceu for the reduction of: E-ecell for the oxidation of: 
voz+ by Fe2+ = + 1 .0 - (+0. 77)  = +0.23 v 

V02+ by Sn2 ... = +0.34 - (+0. 1 5) = +0. 1 9  v 

V3+ by Zn = -0.26 - (-0. 76) = +0.50 v 

rg! Checklist 

vz+ by H+ = o.o - (-0.26) = +0.26 v 

V3 ... by Fe3+ = +0. 7 7 - (+0.34) = +0.43 v 

voz ... by c12 = + 1 .36 - (+ LO) = +0.36  v 

Before attempting the questions on this topic, check that you: 

Can define d block and transition elements. 

Can write the electronic structure of the d block elements and their ions. 
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[Cu (H20)6t turquo ise-b l ue .  

Dative covalent ( l igand to  ion )  and 
covalent (with in  the  water molecu le )  

Octahedra l  

Deprotonat ion 

Ligand exchange 

t5, VO/, ye l l ow. t4, V02·, b lue .  
+3, V3·, g reen .  +2 ,  V2+, lavender. 

I ron  in the Haber process to 
manufactu re ammon ia 

Vanad i um (V) oxide in the Contact 
process to manufactu re su lphuric  
ac id 

� The answers to the numbered 
� questions are on pages 1 37-1 38.  

Can recal l  the characteristic properties of the transition elements. 

Understand the nature of the bonding in complex ions, the shape of 
the ions and their colour. 

Can recal l  the action of aqueou odium hydroxide and ammonia on 
solutions of their aqua ions. 

Understand deprotonation and li and e ·change reactions. 

Can recall the oxidation state of vanadium, and the colours of its ions. 

Know reactions to interconvert th oxid tion tate of vanadium. 

Can recall examples of anadium, ir n nd ni kel and their compounds 
as catalysts . 

. ....-. .-::.::�• Testin g your k1 1o1 \  I d and und r t ndin g 
For the follm. ing t of que tion , CO\ er th mar rin o th p o for ) ou 
answer, then check to see if you are orr t .  

Write down the electronic structure of a anadium atom and \ ion. 

State the formula and colour of the aqua complex of copper( I I ) .  

State the formula and colour of  the ammine complex of  copper( I I  . 

Name the types of bonding in the aqua complex of iron( I I ) .  

What is  the shape of the iron( I I )  aqua complex ion? 
State the type of reaction that occurs when aqueous sodium hydroxide 
is  added to a solution of the aqua complex of copper(I I) .  
State the type of  reaction that occurs when excess aqueous ammonia is  
added to a solution of the aqua complex of copper( I I ) .  
What are the oxidation states of vanadium? Give the formula and the 
colour of the cation for each oxidation state. 
Give an example of the use of iron as an industrial catalyst. 
Give an industrial use of a vanadium compound as a catalyst . 

1 Explain why the [Cu(H20)6] 2• ion is coloured. 
2 Give the equations for the reactions caused by small additions of 

sodium hydroxide solution, followed by excess to: 
a a solution of the aqua complex of chromium( I I I) 
b a solution of the aqua complex of iron(I I )  
c a solution of the aqua complex of zinc( I I ) .  

3 Give the equations for the reactions caused by small additions of 
ammonia solution, followed by excess to: 
a a solution of the aqua complex of iron( I I I )  
b a solution of the aqua complex of copper( I I ) .  

4 Write the half equations for the following changes in oxidation state: 
a vanadium(V) to vanadium(I I )  
b vanadium(V) to vanadium ( IV) 
c vanadium( I I I) to vanadium(IV) 
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• Organ i c  chem i stry I l l  

® Th ings to learn and unders tand 

The structure of benzene and reactions of aromatic 
compounds 

The benzene ring does not consist of alternate double and single bonds .  
A l l  the  bond lengths are the same and the molecule is  planar. 
There is an overlap of p orbitals above and below the plane of the 
molecule, forming a continuous or delocalised 1t system. 
This gives stabil i ty to the benzene structure which i s  why it undergoes 
substitution rather than addition reactions. 
Benzene can be represented either by: 

Reactions of benzene 

Benzene reacts mainly by electrophilic substitution: 
Nitration. Benzene reacts with a mixture of concentrated nitric and 
sulphuric acids to form nitrobenzene: 

C6H6 + HN03 � C6H5N02 + H20 
Bromination. Benzene reacts with liquid bromine in the presence of a 
catalyst of anhydrous iron( I I I) bromide (made in situ from iron and 
l iquid bromine) or of anhydrous aluminium bromide: 

C6H6 + Br2(l) � C6H5Br + HBr 
Friedel-Crafts reaction. Benzene will react with halogenoalkanes or 
with acid chlorides in the presence of a catalyst of anhydrous 
aluminium chloride: 

C6H6 + C2H5Cl � C6H5C2H5 + HCl 
ethylbenzene 

C6H6 + CH3COC1 � C6H5COCH3 + HCl 
phenylethanone (a ketone) 

Reactions of compounds with a carbon-containing side 
chain 

Compounds such as methyl benzene C6H5CH3 and ethyl benzene 
C6HSC2HS can be oxidised, and the product will contain a coo-group 
on the benzene ring, regardless of the number of carbon atoms in the 
chain.  On acidification benzoic acid is produced: 

C6HsCzHs + 6 [0] + O H- � C6HsCOO- + COz + 3 Hz0 
conditions: heat under reflux with potassium manganate(VI I) and 
aqueous sodium hydroxide. 
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Pheno l  is a weaker acid than 
carbon ic  ac id ,  and so it wil l not 
l iberate C02 from sod i um hyd rogen 
carbonate, un l i ke carboxy l ic  ac ids 
which wi l l .  

T he  sol ution  of d iazon i um ions can 
react with pheno l .  A yel l ow 
precip itate of d iazo compound is 
obtained .  

©--N = N ---<Q>- OH 

Phenol 

OH 

© 
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Although it forms some hydrogen bonds with water, it is only partially 
soluble and forms two layers when added to water at room temperature. 

+ alkali. Phenol is  a weak acid and it  forms a colourless solution with 
aqueous sodium hydroxide: 

C6H50H(l)  + O H-(aq) � C6H50-(aq) + H20(l) 
+ bromine water. The presence of the OH group makes substitution 
into the benzene ring much easier. o catalyst is required: 

OH OH 

© (aq) + 3Br2(aq) 

BrhBr 

� ¥ (s) + 3HBr(aq) 

Br 

observation: when brown bromine water is added, a white precipitate i s  
rapidly formed. 
+ acid chlorides. Phenol reacts as an alcohol, and an ester i s  formed: 

C6H50H + CH3C0Cl � CH3COOC6H5 + HCl 

Phenylamine 

Phenylamine has a NH2 group attached to the benzene ring. 

Preparation 

Nitrobenzene is reduced by tin and concentrated hydroch loric acid when 
heated under reflux. Then sodium hydroxide is added to l iberate the 
phenylamine, which i s  removed by steam distillation. 

Reactions 

+ acid 

+ n itrous acid 
C6H5NH2 + 2H+ + N02- � C6H5N/ + 2H20 

conditions: add dilute hydroch loric acid to phenylamine and cool the 
solution to S °C. Sodium nitrite solution is then added, keeping the 
temperature close to S °C and above 0 °C. 
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Ensure that the cu rly arrow starts 

from a bond or an atom with a lone 
pai r of  e lectrons. 
Ensure that the arrow points 
towards an atom either forming a 
negative ion or a new covalent bond .  

Another way of polymeris ing ethene 
is by us ing titan i um tetrach lor ide 
and a l um in i um triethyl ,  but this is 
not a homo lytic mechan ism.  

With the add it ion of  a hyd rogen 
ha l ide to an unsymmetrical a lkene ,  
the hyd rogen atom adds to the 
carbon which a l ready has more 
hyd rogen atoms d i rectly bonded to 
it. 
This is because the secondary 
carbocat ion ,  

e .g .  -6-t-t-
1 E8 I 

is more stable than a pr imary one .  

I I I 
e . g .  -C-C-C ffi  

I I I 

Mechanisms 

A curly arrow ({) ) represents the movement of a pair of electron , either 
from a bond or from a lone pair. A half-headed arrow (0, ) repre ent the 
movement of a single electron. 

Homolytic, free radical substitution 

Reaction between an alkane and chlorine or bromine 

An example is shown of reaction between methane and chlorine.  
There are three stages in this type of reaction: 

1 Initiation: l ight energy causes homolytic fission of chlorine: 
Cl2 -t 2Cl· 

2 Propagation: each propagation step involves a radical reacting 
with a molecule to produce a new radical :  

CH4 + Cl· -t CH3• + HCl 
then 

3 Termination: involves two radicals joining with no radicals being 
produced, e.g. 

Homolytic, free radical addition 

Polymerisation of ethene 

The conditions are a very high pressure ( 1 000 atm) and a trace of oxygen .  
The conditions produce radicals, R· ,  which attack a n  ethene molecule: 

R· + H2C=CH2 -t R-CH2-CH2• 
then R-CH2-CH2• + H2C=CH2 -t R-CH2-CH2-CH2-CH2• etc 

Heterolytic, electrophilic addition 

Reactions of alkenes with halogens or hydrogen halides 

The reaction takes place in two steps: 
1 The electrophile accepts the n electrons to form a new bond with 

one of the carbon atoms and at the same time the Br-Br bond 
breaks . 

2 The intermediate carbocation then bonds with a Br- ion. 

n Br- Br 

\ 
H2C = CH2 

Heterolytic, electrophilic substitution 

Nitration of benzene 

Br Br 

1 Sulphuric acid is a stronger acid than nitric and so protonates it :  
H2S04 + HN03 -t H2NO/ + HS04-

then the cation loses water :  
H2N03+ -t H20 + NO/ 
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S imi lar mechanisms occu r  for 
brom ination ,  where the catalyst 
reacts with bromine to provide the 
e lectroph i le B r+, and i n  the Friedel
Crans reaction where the catalyst 
reacts with the halogen compound 
to provide e lectroph i les such as 
CH3C+O or C2Ht 

I n  the transit ion state, the new 0-C 
bond forms as the C-Br  bond 
breaks. The trans it ion state has a 
charge of -1 . 

Any optical activity is mai ntained i n  
a SN2 react ion .  
I f  the mechan ism is SN 1 ,  a reactant 
wh ich is an optical isomer w i l l  
p roduce a racemic  m ixtu re ,  as  the 
carbocat ion can be attacked from 
either s ide .  

The CW ion is a cata lyst, and the 
cond it ions must be such that there 
is a s ign if icant amount of both HCN 
molecu les and C W  ions present, i .e .  
a m ixtu re of HCN and KCN .  

2 The N02+ ion is the electrophile and attacks the benzene ring. 
3 The HS04- ion pul l s  off a H+ and reforms H2S04 (the catalyst) . 
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The loss of H+ results in the reforming of the benzene ring and the gain in  
stabil ity associated with the ring. 

Heterolytic, nucleophilic substitution 

Reaction between halogenoa/kanes and hydroxide or cyanide ions 

There are two mechani m dependincr on the type of halo enoalkane. 
With primar 1 ) halo enoalkane , an S-..2 me hani m i dominant. 
Reaction proceeds ia a transition state when the lone pair of electrons 
on the nucleophile attacks the halogenoalkane. 

CH3 t CH3 ] - CH3 

- �  n 1 / 
HO: ,C - Br --+ HO - -

H

-1- c\- -

H

- -Br --+ HO - C  :Br 
H - - - ! r - - , H 

H H 
transition state 

With tertiary (3°) halogenoalkanes the SNl mechanism is dominant. 
This happens in two steps: 
1 The halogenoalkane ionises in the relatively slow, and hence rate 

determining step, to form an intermediate carbocation . 

CH3 CH3 

I n  I 
CH3 - C - Br CH3 - C+ + :Br-

I I 
CH3 CH3 

2 This then rapidly forms a bond with the nucleophile, OH-. 

Heterolytic, nucleophilic addition 

Reaction between a carbonyl compound and hydrogen cyanide 

Although the reaction is the addition of HCN, the first step is the 
nucleophilic attack by the CN- ion on the 8+ carbon atom in the 
carbonyl group. 
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Benzene 
c6� 
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The negatively charged oxygen in  the anion then removes an H +  from 
an HCN molecule. This  produces another CN- ion, which reacts with 
another carbonyl group and so on. 

0 - H  
I 

R - C - H R - C - H 
I I 

CN CN 

The conditions for this reaction are either HCN and a trace of base or 
KCN and a small amount of dilute sulphuric acid .  

Reactions of aromatic substances (Figure 5 .4) and mechanisms (Figure 5 . 5) 
are summarised schematically. 

cone HN03 -------+ C6H5N02 
cone H2S04 

Br2 ----------+ C6H5Br 
Fe catalyst 

C2H5 Cl ------+ C6H5C2H5 
AlCl3catalyst 

CH3COCl -----• C6H5COCH3 
AlCl3 catalyst 

Fig 5.4 Summary of reactions of aromatic substances 

Free radical :  

Substitution 

alkanes + Cl2 

Addition 

Free radical: polymerisation of alkenes 

Nucleophilic: halogenoalkanes + OH-(aq) Nucleophilic: carbonyl + HCN 

Electrophilic: benzene 

Fig S.S Summary of mechanisms 

compounds 

+ HN� Electrophilic: alkenes + 

+ Br2(1) + HCli HBr/ HI 

+ RCl 

+ RCOCl 

® Checklist 
Before attempting the questions on this topic, check that you: 

Understand the structure of benzene and why it reacts by substitution 
rather than by addition .  
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a C6HsCoo
b C6H50- Na+ 
c C2H5COOCsHs 

The brown bromine water wou ld  go 
co lou rless and a wh ite prec ip itate 
wou ld  form. 

Heat under  ref lux with t in and 
concentrated hyd roch lor ic  acid ,  cool 
and then add aqueous sod i um 
hyd rox ide .  

� The answers to the numbered 
� questions are on page 1 38 . 

r Can recall the reactions of benzene with nitric acid, bromine and 
halogen compounds . 

Can recall the product of oxidising side chains. 

Can recall the reactions of phenol with alkali ,  bromine and acid 
chlorides. 
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Can recall the preparation of phenylamine and its reaction with nitrous 
acid and the coupling of the product with phenol . 

Understand the mechanisms of free radical substitution and addition. 

Understand the mechanisms of electrophilic substitution and addition. 

Understand the mechanisms of nucleophil ic substitution and addition. 

� Testing your knowledge and understanding 

For the following set of questions, cover the margin before you answer, 
then check to see if you are correct. 

State the structural formulae of the organic product obtained by the 
reaction of: 
a propylbenzene with alkaline potassium manganate(VI I )  
b phenol with sodium hydroxide solution 
c phenol with propanoyl chloride. 
What would you observe if  bromine water were added to aqueous 
phenol? 

State the conditions for the conversion of n itrobenzene to 
phenylamine. 

1 a Describe the mechanism for the reaction of bromine with benzene. 
b Why does benzene undergo a substitution reaction with bromine 

rather than an addition reaction? 
2 In  the reaction between propanone and hydrogen cyanide no reaction 

occurs unless a small amount of a base such as sodium hydroxide is 
added. Explain these observations. 

3 When benzenediazonium chloride is  prepared, the reaction i s  carried 
out at about S °C. 
a Why are these conditions chosen? 
b What is the formula of the product obtained by the reaction of the 

benzene diazonium chloride solution with phenol in  alkaline 
solution? 
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The un its o f  k are :  
for a zero-order react ion :  
mo l  dm-3 s-1 

for a f i rst-order react ion :  s_, 

for a second-order react ion :  
mo l-1 dm3 s-1 

The half- l ife of a f i rst-order  reaction  
is constant. 

Chem ica l  k i n et i cs I I  

r1ri � In troduction 

You must also revise Topic 2 . 3  in Chapter 2 ,  page 4 4  and especial ly how 
the changes in the Maxwell-Boltzmann distribution of energy with 
increase in temperature affect the rate of reaction. 

� � Th ings to learn 

The rate equation for the reaction: 

xM + yN � products, is :  
Rate of reaction = k [M] a [N]b where a and b are integers and are 

experimentally determined. 
The rate constant, k, is  the constant of proportional ity in the rate 
equation: 

Its value depends on the activation energy of the reaction and the 
temperature. 
Reactions with a large activation energy will  have small values of k. 

The order with respect to one substance is the power to which 
the concentration of that substance is raised in the rate equation. In the 
example above the partial order of the chemical M is a. 

The order of reaction is  the sum of the partial orders . In the 
example above, the order of the reaction is a + b. 

The activation energy, Ea, i s  the total kinetic energy that the 
molecules must have on coll ision in order for them to be able to react. 

Half-life, t112, is  the tilne taken for the concentration to fal l  from any 
selected value to half that value. 

� Th ings to understand 

Determination o f  rate equation from initial rates 

Consider the reaction: 
A + B+ C � products 

The initial rates of reaction with different concentrations of A, B and C are 
found, and by taking the experiments two at a t ime, the order with respect 
to each substance can be found. 
Look for two experiments where the concentration of only one substance 
varies. I f  doubling that concentration causes the rate to double, the order 
with respect to that substance is  1 .  
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Note that for the fi rst-order g raph ,  
the ha lf-l ife remains constant 
th roughout the react ion ,  whereas for 
the second-order the half- l ife 
i ncreases as the concentrat ion fal ls .  

� 
.9 ...... ro p � Q) u � 0 u 

1 00 

80 

60 

40 

20 

0 

___.__ Zero order 
---+- 1 st order 
--- 2nd order 

20 
Time 

40 

Experiment [A] [B] [C] Relative rate 

1 1 1 1 1 
2 2 1 1 2 
3 1 2 1 4 
4 1 2 2 4 

From experiments 1 and 2: [A] doubles and rate doubles. Therefore 
order with respect to A = 1 
From experiments 1 and 3 :  [B] doubles and rate x 4. Therefore order 
with respect to B = 2 
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From experiments 3 and 4: [C] doubles and rate unaltered. Therefore 
order with respect to C = 0 
Rate of reaction = k [Af [Bf [C]0, and the reaction is 3rd order. 

Experimental techniques for following a reaction 

1 Titration method. Mix the chemical and start the clock. t inten·al 
withdraw a sample, add it to i ed water to low the reaction . Then 
titrate one of the ub tan e in the reaction. Thi method can b u ed if 
an acid, an alkali or  iodine i a reactant or a product. 

2 Colorimetric method. This can be used when either a r actant or a 
product is coloured (iodine or potassium manganate VI I )  are example ) .  
The colorimeter must first be calibrated using solutions of the coloured 
substance of known concentrations. Then the reactants are mixed and 
the clock started. The intensity of the colour is  measured as a function 
of time. The concentration of the coloured substance is  proportional to 
the amount of l ight absorbed. 

3 Gas volume method. If a gas is produced in the reaction, its volume can 
be measured at intervals of time. The gas can be collected in a 
horizontal gas syringe or by bubbling it into an inverted measuring 
cyl inder fil led with water. 

Graphs of results 

If the concentration of a reactant is plotted against t ime, three shapes of 
graph are l ikely depending on the order of the reaction . 

Mechanisms 

A suggested mechanism must be consistent with the order of reaction. The 
partial order of any species which occurs in the mechanism after the rate 
determi ning step wil l  be zero . The rate-determining step is  the slowest 
step, e .g. 

N02(g) + CO(g) � NO(g) + C02(g) has the rate expression : 
Rate = k [N02]

2 [COJ0 

A suggested mechanism is :  
Step 1 (slow) : 

Step 2 (fast) :  
N03 + co � NOZ + C02 

As the CO enters the mechanism after the rate determining step, the 
1nechanism is consistent with the fact that the reaction is zero order with 
respect to CO. 
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Energy profile diagrams 

The first diagram is for a reaction that takes place in a single step, and the 
second diagram is for this reaction with a catalyst (see Figure 5 . 6) .  

- - - - - - - - - Transition 
state 

Intermediate I 
Uncatalysed 

Fig 5.6 Energy profile diagrams 

Catalysed 

An example of a reaction with a transition state is the S 2 reaction of 
bromoethane with hydroxide ions. 
An example of a catalysed reaction forming an intermediate is  Fe2+ ions as 
a catalyst in :  

S20t(aq) + Zr(aq) - 2SO/-(aq) + 12(aq) 
In this mechanism the catalyst first reduces the S208

2- ions: 
2Fe2+(aq) + S208

2-(aq) - 2Fe3+(aq) + 2SO/-(aq) 
then the Fe3+ ions are reduced back to Fe2+ ions: 

2Fe3+(aq) + Zr(aq) - 2Fe2+(aq) + 12(aq) 

Checklis t 

Before attempting the questions on this topic, check that you: 

Can define rate constant, order of reaction and half-life .  

Can deduce rate equations from initial rate data. 

Understand the concept of activation energy and its relation to the rate 
constant. 

Understand that infonnation about mechanisms can be deduced from 
the partial orders of the reactants. 

Can recall the energy profiles of reactions with and without catalysts. 

Can suggest suitable methods for fol lowing reactions. 

Can deduce the order of a reaction from concentration/time graphs. 
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a From experiments 1 and 2, order 
with respect to N02 = 2 

b From experiments 1 and 3, o rder  
with respect to  CO = 0 

c Order  of reaction  is 2 + 0 = 2 
d Rate = k [N02]2 

a React ion 8 
b React ion 8 

Step 2 as it has the largest fact val ue 

1 00 to 6 .25 = 4 half-l ives, therefore 
t ime = 4 x 25 = 1 00 m i nutes 

� The answers to the numbered 
'¥ quest ions are on page 1 38 .  
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� Testing your knowledge and understanding 

For the fol lowing set of questions, cover the margin before you answer, 
then check to see if you are correct. 

The following results were obtained from a study of the reaction: 
NOz(g) + CO(g) - NO(g) + C02(g) 

Experiment [N02] /mol dm-3 [CO] /mol dm-3 

1 0.02 0.02 
2 0.04 0.02 
3 0.02 0.04 

a What is the order with respect to N02? 
b What is the order with respect to CO? 
c What is the order of reaction? 
d State the rate expre sion. 

Relative rate 

1 
4 
1 

Reaction ha a high ,·alue of E ,  and rea ti n B ha a lower Ea ' alue. 
a Which reaction has the larg r rate con tant? 
b Which is the faster reaction? 
A reaction takes place in 3 steps. The EalkJ 1nor1 for each tep are:  

step 1 :  32,  step 2:  5 1 ,  step 3 :  20 
Which step determines the rate? 
The decomposition of N205 is first order. At 200 °C the reaction has a 
half-l ife of 25 minutes. Calculate how long it wil l  take for the 
concentration of N205 to fal l  to 6 .25% of its original value. 

1 The rate of the second order reaction : 
2HI(g) - H2(g) + I2(g) 

is 2.0 x 10-4 mol dm-3 s-1 when [HI] = 0.050 mol dm-3 at 785 K.  Calculate 
the value of the rate constant, giving its units. 

2 Describe how you would fol low, at 60 °C, the rate of the reaction: 
CH3COOH(aq) + CH30H(aq) - CH3COOCHll) + H20(1) .  

3 The decomposition of 3-oxobutanoic acid, CH3COCH2COOH, was 
studied: 

CH3COCH2COOH - CH3COCH3 + C02 
The results, at 40 °C, are tabulated below. 

Time/min [3-oxobutanoic acid] /mol dm-3 

0 1 .6 
26 0.8 
52 0.4 
78 0.2 

Deduce the order of the reaction . 
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Organ i c  chem i st ry V 

� In troduction 

Questions o n  this topic wil l  form part o f  t h e  synoptic assessment i n  
Unit Test 5 .  
This Topic brings together a l l  the organic chemistry that has been 
covered in earlier topics, so you wil l  need to revise Topics 2 .2, 4 . 5  
and 5 . 3 .  

� Things to learn and unders tand 

Organic analysis 

You should know the tests for: 
Alkenes 
Test: Add bromine in  hexane. 
Observation : The brown bromine becomes colourless. 
Halogenoalkanes 
Test: Heat under reflux with sodium hydroxide solution, then 

acidify with dilute nitric acid. Add silver n itrate solution. 
Observation: Chlorides give a white precipitate that i s  soluble in  dilute 

ammonia.  
Bromides give a cream precipitate that is  insoluble in 
dilute ammonia but dissolves in concentrated ammonia. 
Iodides give a yel low precipitate that i s  insoluble in 
concentrated ammonia. 

OH group ( in alcohols and acids) 
Test: To the dry compound add phosphorus pentachloride. 
Observation: Steamy fumes of hydrogen chloride produced. 
Alcohols 
Test: Warm with dilute sulphuric acid and potassium 

dichromate(VI) solution. 
Observation: Primary ( 1  °) and secondary (2°)alcohols reduce the 

orange dichromate(VI) ions to green Cr3+ ions. 
Tertiary (3°) alcohols do not affect the colour as they are 
not oxidised. 
To distinguish between 1 o and 2° repeat the experiment, 
but distil the product into ammoniacal s ilver n itrate 
solution: 
1 o alcohols are oxidised to aldehydes, which give a si lver 
mirror. 
2° alcohols are oxidised to ketones, which do not react. 

Carbonyl, C=O group (aldehyde or ketone) 
Test: Add a solution of 2,4-dinitrophenylhydrazine. 
Observation: A red or orange precipitate is  seen .  
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The sol id must b e  pu rified by 
recrystal l isat ion in order  to have a 
sharp and accu rate me lti ng 
temperatu re .  

When identify ing species that cause 
l i nes i n  the spectrum ,  always g ive a 
structu ral formula for the ion and its 
+ charge .  

Fig 5. 7 Mass spectrum of ethanol 

The peaks g iven by 0-H and N-H are 
usual ly b road owing to hyd rogen 
bond ing .  

To distinguish between aldehydes and ketones: 
Test: Warm with ammoniacal si lver n itrate solution. 

109 

Observation: Aldehydes give a si lver mirror, ketones have no reaction . 
Iodoform reaction 
Test: Gently warm with a solution of sodium hydroxide and 

iodine. 
Observation: A pale yel low precipitate of CHI3 

This test works with carbonyl compounds containing the 
CH3C=O and alcohols containing the CH3CH(OH) groups. 

Carboxylic acids, COOH group 

Test: Add to a solution of odimn hydrogen carbonate . 
Observation: Bubbles of gas, which turn l ime water milky. 

Interpretation of data 

You should be able to deduce structural formulae of organic molecules 
given data obtained from: 

Chemical methods 
Carry out tests as above to detern1ine th functional roup in the 
molecule. Measure the melting point of the ub tance. �fake a olid 
derivative (such as the 2,4-D �p deri ati e from carbonyl ompound ), 
purify it, and measure its melting temperature. Check the m ltin 
temperature values with a data bank to identify the substance. 
Mass spectra (see Figure 5 . 7) 

Observe the fragments obtained and look for the value of the 
molecular ion (M)+, if  any. 
See if there is a peak at (M-1 5)+ . If so the substance probably had a 
CH3 group which is lost forming the (M- 1 5)+ peak. 
I f  there is  a peak at (M-28)+, the substance probably had a CO group.  
Other fragments wi l l  help to identify the structure. 

100 

.£ 80 
Vl c Q) 60 +.J 

.s 
Q) 40 i> :;::::: � QJ 20 p::; 

0 
1 0  1 5  20 25 30 35 40 45 

m/z 

• Infrared spectra (see Figure 5 .8) 
These are used to identify functional groups in  the substance, and 
also to compare the spectrum of the unknown with a data bank of 
spectra ( 'finger printing') .  
Peaks to look for are at :  

1 650 to 1 750 cm-1 

2500 to 3500 cm-1 

3300 to 3500 em -1 
1 000 to 1 300 cm-1 

given by C=O 
given by 0-H 
given by N-H 
given by C-0 
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Fig 5.8 Infrared spectrum o f  ethanol 

The chem ical sh ift is the d iffe rence 
between the absorpt ion frequenc ies 
of the hyd rogen nuc le i  i n  the 
compound and those in  the 
refe rence compound .  

Fig 5.9 High resolution NMR spectrum 
of ethanol 

o ������������������ 
4000 3000 2000 1 500 1 000 500 

Wavenumber I cm-1 

NMR spectra 

I 
1 1  

The phenomenon of nuclear magnetic resonance occurs when nuclei 
such as 1H are placed in  a strong magnetic field and then absorb 
applied radio frequency radiation. 
The nuclei of hydrogen atoms in different chemical environments 
within a molecule wil l  show up separately in a NMR spectrum .  The 
values of their chemical shift, 8, are different. 
The hydrogen nuclei in  a CH3 group will have a different chemical 
shift from those in  a CH2 or in  an OH group. The value of o of the 
peak due to the hydrogen in OH (or in NH) depends upon the 
solvent. 
In low resolution NMR, each group wi l l  show as a single peak, and 
the area under the peak is proportional to the number of hydrogen 
atoms in the same environment. Thus ethanol, CH3CH20H wil l  have 
three peaks of relative intensities 3 :2 : 1 and methyl propane 
CH3CH(CH3)CH3, wil l  have two peaks with relative intensities of 9 : 1 .  
I n  high resolution NMR spin coupling i s  observed. This i s  caused 
by the interference of the magnetic fields of neighbouring hydrogen 
nuclei. If an adjacent carbon atom has hydrogen atoms bonded to 
it, they wil l  cause the peaks to split as fol lows: 
1 neighbouring H atom peak splits into 2 l ines (a doublet) 
2 neighbouring H atoms peak splits into 3 l ines (a triplet) 
n neighbouring H atoms peak splits into (n + 1) l ines. 
Thus ethanol gives three peaks (see Figure 5 .9) :  

1 peak due to the OH hydrogen, which is a single l ine 
(as  it is  hydrogen bonded) 

1 peak due to the CH2 hydrogens, which is spl it into four l ines 
by the three H atoms on the neighbouring CH3 group. 

1 peak due to the CH3 hydrogens, which is split into three l ines 
by the two H atoms on the neighbouring CH2 group .  

I I I 
1 0  9 8 

I 
7 

I I 
6 5 

ppm 

j � j 
I I I I I 
4 3 2 1 0 
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1 A common error is to th ink that 
KCN or HCN wi l l  react with 
alcohols to fo rm RCN .  You must 
fi rst convert ROH to R-halogen .  

2 Many questions on organic 
synthesis requ i re ,  somewhere in 
the sequence, the convers ion of 
the start ing substance to a 
carbonyl compound or a 
halogenoalkane. 

Recrystal l isation is on ly su itable for 
pu rify ing sol ids .  

When a specific safety precaut ion is 
asked for, do not g ive the use of 
safety g lasses, lab coats etc .  as 
examples . The answer is probably 
'no naked flames (ether solvent) ' or 
'carry out the experiment i n  a fume 
cupboard ' ,  i n  which case the specific 
hazard such as toxicity must be 
stated .  

1 00% X 
A 

y z 1 00% 
B 

Fig 5. 1 0  Boiling 
temperature/composition diagram 

Visible and UV spectra 
n bonds will absorb l ight energy as an electron is promoted from a 
bonding to an anti-bonding n orbital. 
The energy gap is in the near UV or visible range, and the group 
causing this is  called a chromophore. 
If the n bonded electrons are l inked to a conjugated system (alternate 
double and single carbon-carbon bonds), the absorption will shift to 
a lower frequency, and the sub tance may be coloured. The colour 
observed will be the complementar colour of that absorbed. 

Organic synthesis 

Reagents and conditions for the preparation of substance B from A 

If the number of carbon atoms in the chain i : 
increased by one, consider: 
a halogenoalkane with KCN 
b carbonyl with HCN 
c the Grignard reagent CH3MgBr 
d a Grignard reagent added to C02 or methanal 
increased by more than one, consider: 
a a Grignard reagent with more than one carbon t m 
b Friedel-Crafts reaction for aromatic substan e 
decreased by one, consider: 
a the Hofmann degradation 
b the iodoform reaction. 

Practical techniques 

Recrystallisation. Dissolve the olid in a minimum f hot olvent. 
Filter the hot solution through a preheated funnel u in fluted fi lter 
paper. Allow to cool. Fi lter under reduced pre ure (Buchner funnel) ,  
wash with a little cold olvent and al low to dry. The olid should have 
a sharp melting temperature. 
Heating under reflux is nece ary when either the reactant has a low 
boiling temperature or the reaction is slow at room temperature. 
Safety precaution. You must use a fume cupboard when a reactant or 
product is  toxic, i rritant or is  carcinogenic. 
Fractional distillation. This is  used to separate a mixture of two 
liquids. These mixtures can usual ly be separated into pure samples, but 
if the boi l ing points are too close, a good separation will be difficult .  

I f  a l iquid of composition X i s  heated, it wil l  boil at T1 oc to give a vapour 
of composition Y (see Figure 5 . 10) .  If this is  condensed and reboi led, it  wil l  
boil a t  a temperature o f  T2 o c  giving a vapour o f  composition Z. Eventually 
pure B will disti l l  off the top and pure A will be left in the flask. 

Applied organic chemistry 

Targeting pharmaceutical compounds. Those which are ionic or 
have several groups that can form hydrogen bonds with water, will tend 
to be retained in  aqueous (non-fatty) tissue. Compounds with long 
hydrocarbon chains and with few hydrogen bonding groups will be 
retained in fatty tissue. The latter will be stored in  the body, whereas 
water-soluble compounds wil l  be excreted. 
Nitrogenous fertilisers are of three types: 
1 quick release, such as those containing N03- and NH/ ions 
2 s low release, such as urea, NH2CONH2 
3 natural, such as slurry, compost and manure. 
The first two are water-soluble and can be leached out. The last is bulky 
and contains little nitrogen. 
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Polymers usual ly soften over a 
range of temperatu res rather than 
have a sharp melti ng temperatu re .  
The  ma i n  reason fo r  t h i s  is that the 
po lymer is a m ixtu re of molecules of 
d ifferent chain lengths. 

n 

Esters, oils and fats. Simple esters are used i n  food flavourings, 
perfu mes and as solvents for glues, varnishes and spray paints. Animal 
fats are esters of propan- 1 ,2,3-triol and saturated acids such as stearic 
acid C1 7H35COOH .  When hydrolysed by boiling with aqueous sodium 
hydroxide, they produce soap which is the sodium salt of the organic 
acid. 
Vegetable oils are liquids which are esters of propan- 1 ,2,3-triol and 
unsaturated acids. 
Margarine is  made from polyunsaturated vegetable oils by partial 
hydrogenation (addition of hydrogen) so that only a few double bonds 
remain .  

Polymers are of  two distinct chemical types: 
1 Addition. The monomers contain one or more C=C groups. 

Polymerisation is the addition caused by breaking the n bonds, and 
the polymer and the monomer have the same empirical formula. 
Examples are poly(ethene), poly(tetrafluoroethene) (PTFE) and 
poly(propene) .  

2 Condensation. Both the monomers have two functional groups, 
one at each end. Polymerisation involves the loss of a simple 
molecule (usual ly H20 or HCl) as each link forms. Examples are 
nylon, a polyamide (see Figure 5 . 1 1 ) , and terylene, a polyester. 

a diacid chloride a diamine a polyamide 

Fig 5. 1 1  A polyamide 

� The answers to the numbered � questions are on pages 1 38-1 39.  

Synthetic polymers are not easi ly biodegraded and can cause an 
environmental problem of disposal .  One answer is  for them to be recycled . 

. � !be Checklis t  

Before attempting the questions on this topic, check that you:  

Can recall the tests for C=C, C-Hal, COH, C=O, CHO and COOH groups. 

Can deduce the functional groups present from results of chemical tests. 

Can interpret mass, I R, NMR and UV spectra . 

Can deduce pathways for the synthesis of organic molecules. 

Appreciate how the structure of a pharmaceutical affects its solubility. 

Can distinguish between types of polymer and understand 
polymerisation. 

e----:,e :%1 Testing your knowledge and understanding 

1 How would you dist inguish between:  
a pentan-3-one and pentanal 
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b 2-bromopropane and 2-chloropropane 
c methylpropan-2-ol, methylpropan- 1 -ol and butan-2-ol?  

1 13 

2 The mass spectrum of a substance X of molecular formula C8H80 had 
peaks at mass/charge values of 1 20, 1 05,  and 77 .  Identify the peaks and 
suggest a structural formula for X. 

3 The IR spectrum of aspirin showed peaks at 3200, 1 720 and 1 1 50 cm-1 • 
Use the data on page 1 09 to identify the groups which cause these 
peaks. 

4 Low-resolution NMR spectra of two aromatic isomers with molecular 
formula C8H10 were obtained. I somer Y had three peaks of relative areas 
5 :2 :3 ,  and isomer Z had two peaks of relative areas 6 :4 .  Suggest 
structural formulae for Y and Z. 
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Practice Test: Unit 5 
Time allowed 1hr 30 min 

All questions are taken from parts of previous Edexcel Advanced GCE papers 

The answers are on pages 13 9-1 4 1 .  
1 a The kinetics o f  the hydrolysis of the halogenoalkane (where R i s  an alkyl group) RCH2Cl with aqueous 

sodium hydroxide was studied at 50 ac. The following results were obtained : 

Experiment [RCH2Cl] [OH-] Initial rate/mol dm-3 s-1 

1 0.050 0. 1 0  4 . 0  X 10-+ 

2 0. 1 5  0 . 1 0 1 .2 X 10-3 
3 0. 10  0.20 1 .6 X 1 0-3 

i Deduce the order of reaction with respect to the halogenoalkane, RCH2Cl, and with respect to the 
hydroxide ion, O H-, giving reasons for your answers . [4] 

ii Hence write the rate equation for the reaction . [1] 
iii Calculate the value of the rate constant with its units for this reaction. [2] 
iv Using your answer to part ii, write the mechanism for this reaction. [3] 

(Total 10 marks) 
fjanuary 2001 CH6 question 1 ]  

2 Benzene, C6H6, reacts with ethanoyl chloride, C H3C0Cl, by an electrophil ic substitution reaction in the 
presence of aluminium chloride as catalyst. 

a Identify the electrophile involved in this reaction and write the equation to show its formation . [2] 
b Draw the mechanism for the electrophilic substitution of benzene by ethanoyl chloride. [3] 
c Suggest a reaction scheme, stating reagents and conditions, to convert the product of the reaction in  

b into OH 
I 

C H -C-COOH 6 s I 
CH3 [5] 

d Ethanoyl chloride can be used to prepare esters such as 3-methylbutyl ethanoate, 
(CH3)2CHCH2CH200CCH3, which is a bee alarm pheromone that signals danger to a honey bee. If this 
compound is warmed with aqueous sodium hydroxide, a slow reaction takes place to produce sodium 
ethanoate and 3-methylbutan- 1 -ol .  The reaction is first order with respect to both 3-methylbutyl 
ethanoate and the aqueous hydroxide ion. Explain the term first order and give experimental details 
showing how this information could be obtained. [8] 

(Total 18 marks) 
fjune 2001 CH6 questions 2 & 7] 
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3 Study the reaction scheme below, and then answer the questions that follow. 

step 1 +D 
C2H5Br C2H5MgBr ---�•� C4H 100 

OW� step 2 
E 

--------1� C2H40 
D 

-------� F 

1 15 

a Give the reagents and conditions necessary for step 1 [2] 
b Compound D reacts with ammoniacal silver n itrate solution to give a sil er mirror. 

i Give suitable reagents for the conversion of B to D. [2] 
ii What precautions should be taken to ensure that B was converted mainly to D and did not react 

further? [1] 
iii Give the name or the structural formula of the organic compound formed when D reacts with 

ammoniacal si lver nitrate solution. 
c Give the structural formula of compound E (C�H100) . 
d Compound F reacts with 2,4-dinitrophenylhydrazine solution but has no effect upon ammoniacal 

s i lver n itrate solution. F will also undergo the iodoform reaction. 
i Explain the significance of the results of the test with ammoniacal si lver nitrate and 2,-1-

dinitrophenyl hydrazine concerning the functional group in  F. 
ii What structural feature in F is  identified by the iodoform reaction? Give the formula of the 

products of the reaction. 
iii Give the structural formula of F. 

[1] 
[2] 

[2] 

[3] 
[2] 

e The 1nass spectrum of F showed major peaks at m/e values of 72, 43 and 29. Identify the p ie 
responsible for these peaks. [3] 

(Total 18 marks) 
[January 2002 CH-1 question 1 ]  

4 a Describe how you would measure the standard electrode (reduction) potential o f  the Fel-(aq)/ Fe2+(aq) 
system. [5] 

b A standard Fe3+(aq)/Fe2+(aq) electrode is connected to a standard gold electrode, Au.!-(aq)/ Au(s), at 25 °C. 
The gold electrode acts as the cathode and the electrons flow, in  the external circuit, from the 
Fe3+(aq)/Fe2+(aq) electrode to the gold electrode.  
i Write the half equations for the reactions that take place at each electrode when an electric current 

is drawn from the cell .  [2] 
ii Hence write the overall ionic equation for the reaction that takes place. [1] 
iii The potential of this cell is +0. 73 V and the standard electrode potential for a Fe3+(aq)/Fe2+(aq) 

electrode is +0. 77 V. Calculate the standard electrode potential of the gold electrode. [2] 
(Total 10 marks) 

[January 2001 CH3 question 3] 
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5 I ron and chromium are very important industrial metals .  
a Complete the boxes below to show the electronic configurations of: 

3d 4s 
Fe: [Ar] D D D D D D 
Cr: [Ar] D D D D D D 
Cr3·: [Ar] D D D D D D [3] 

b Chromite, FeCrOo� or Fe0.Cr03, is a mixed oxide of i ron and chromium that is used i n  the manufacture 
of stainless steel .  It can be reduced by heating with carbon to produce iron, chromium and carbon 
monoxide. 
Write an equation to represent the reduction of chromite. [2] 

c The mixture of metals that results from the reduction in b was reacted with excess dilute sulphuric 
acid to give a solution of iron(II) sulphate and chromium(III) sulphate . Sodium hydroxide solution 
was added to the mixture until in excess .  The mixture was then filtered to give a precipitate Q, 
containing al l  the iron, and a filtrate R, containing all  the chromium. 
i What is the formula of the iron-containing ion i n  the aqueous iron(II) sulphate solution? [1] 
ii Write an ionic equation for the reaction between sodium hydroxide solution and this ion . State 

what type of reaction is taking place. [3] 
iii State the colour of the precipitate Q. [1] 
iv Give the formula of the chromium-containing ion in R. [2] 
v State what you would see if solution R was slowly acidified with dilute sulphuric acid until  there 

was no further change. [2] 

Electrode reaction Ee/V Electrode reaction Ee/V 
1/zFz + e- � F +2.87 

Cr3• + e- � Cr
2
• -0.41  1/2Cl2 + e- � cr + 1 .36 

1/2Cr20t + 7H+ + 3e- � Cr3• + 3 1/2H20 + 1 .33  1/2Br2 + e - � Br- + 1 .07 

lfzlz + e- � r +0.54 

d Use the standard electrode (reduction) potentials of the chromium ions and the halogens shown below 
to answer the questions that fol low. 
i Define the term standard electrode potential. [2] 
ii List those halogens which will oxidise chromium(II) to chromium(II I ) .  [1] 
iii List those halogens which will oxidise chromium(II) to chromium(III) but not to chromium(VI) .  [1] 
iv Chromium(II) in aqueous solution is sky blue whereas aqueous chromium(III) solution is dark 

green. Describe how you would show that your prediction in d part ii actual ly worked in practice. 
[2] 

(Total 19 marks) 
rfanuary 2002 CHl question 3 & June 2001 CH3 question 5] 
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ry 

Labo rato ry chem ist ry I I  

The specification (syllabus) for the tests on this module includes all the 
AS and A2 material .  
The Unit Test 6B is  a synoptic paper, taken by all candidates, and wil l  
also assess the candidate's quality of written communication. 

� Un it  Tes t  6A : Assess men t of practical 
skills II 

This is  either internally assessed or a practical exam. 

r Notes and books may be used in the tests .  

The practical exam will be broadly qualitative in  its approach. 

You should be able to: 

i observe and interpret details of the chemistry of the elements and 
compounds l isted in Units 4 and 5 .  

ii recognize the results o f  experiments t o  identify functional groups i n  
organic compounds. 

iii carry out the techniques described in Topic 5.5 and those used in 
volumetric analysis, kinetics and equi libria. 

iv present and interpret quantitative and qualitative results. 
v devise and plan simple experiments based on the chemistry and 

techniques as above. 

® Un it  Tes t  6B 
All candidates wil l  do this paper 

The Unit Test question (exam) paper 

Section A will consist of a compulsory question and wil l  assess a 
candidate's ability to interpret data from laboratory situations. 
Section B will consist of three questions and the candidate must 
answer two of the three questions. 
These questions will require candidates to make connections between 
different areas of chemistry, for example by applying knowledge and 
understanding of principles to situations in contexts new to them. 
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Questions will be  set on  any of  the  topics in the  AS  and A2 
specification. 
The questions will require much less factual recall than those in earlier 
unit tests. Much more emphasis will be placed upon application of 
knowledge. 
Questions wi ll test a candidate's abil ity to analyse information from 
several different areas of the specification. 
The words 'suggest' and 'deduce' will occur more often in questions 
than 'state' or ' recall ' .  

Tackling the paper 

Spend some time looking through Section B and decide which questions 
you are going to attempt. Read all of the question before rejecting it. 
You may be able to answer all but the fi rst part and so still score good 
marks. If you are getting nowhere in a question, abandon it and try 
another, but do not cross out what you have written, because you 
might score more for it than for the other question . The examiner will 
count your better mark. 
Do not be put off by unusual compounds or situations. In these 
questions you are not expected to know the answer, but to be able to 
work it out, using your knowledge and understanding of similar 
compounds or situations. 
Synoptic questions will contain material from several topics. This is 
done by using the l inks that exist between different branches of 
chemistry. 
Each question should have a thread or l ink connecting the different 
parts. Identification of this thread will help you to focus on the relevant 
chemistry. So do not treat each part of a question in isolation from the 
other parts of it .  
For example in the questions in  the Unit Test 6B on pages 1 1 9 and 1 20. 

Question 2 is based on organic and inorganic n itrogen compounds, 
with questions on ferti l isers, pKa, polymers, amine preparation, and 
KP for ammonium nitrate l inked to thermodynamic and kinetic 
stabil ity. 
Question 3 i s  a reaction scheme where the carbon chain is increased 
leading to a carboxyl ic acid, then a pH and buffer question about that 
acid. 
Question 4 i s  about the chemistry of iron, l inking bonding, transition 
mental properties, Br0nsted-Lowry pairs, tests for Fe3+ and redox 
titrations. 

To do well in this paper you must revise the entire specification 
(syllabus) and especially Topic 1 .2. Do not become put off by this load 
as many of the Topics in A2 are extensions of those in AS. For example: 

Topic 4. 1  with 2.1 - Energetics 
Topic 4.2 with 1 .4, 1 . 6 and 1 . 7 - The Periodic Table 
Topic 4 .3 and 4.4 with 2 .4 and 2.5 - Equilibrium 
Topic 4 .5 ,  5.3 and 5.5 with 2.2 - Organic chemistry 
Topic 5 . 1  with 1 .5 - Redox 
Topic 5 .4  with 2.3 - Kinetics 

This leaves Topics 1 . 1  (Atomic structure), 1 .2 (Formulae, equations and moles) 
and 1 .3 (Structure and bonding) all of which are fundamental to chemistry and 
much of these topics will have been revised by your teacher during the A2 year. 
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P R AC T I C E  T E S T :  U N I T 6 8  ( S Y N O PT I C )  1 19 

Practice Test: Unit 6B (Synoptic) 
Time allowed 1 hour 30 min 

All questions are taken from previous Edexcel Advanced GCE questions. 
The answers are on pages 1 4 1-1 42. 

Section A 
1 A ferti l iser is known to contain ammonium sulphate, (NH4)2S04, as the only ammonium salt. This 

question concerns methods for the determination of the ammonium and sulphate ions.  
a A sample weighing 3 .80 g was dissolved in water and the volume made up to 250 cm3• To 25.0 cm3 

portions of this solution about 5 cm3 (an excess) of aqueous methanal was added. The following 
reaction took place: 

4NH/(aq) + 6HCHO(aq) � C6H12N4(aq) + 4H+(aq ) + 6H20 1 
The liberated acid was titrated directly with 0. 1 00 mol dm-3 aqueou odium hydroxide. The average 
volume required was 28.0 cm3• Calculate the percentage of ammonium sulphate in the ferti l iser. [5] 

b I n  a second determination of the ammonium ion content, the same mass of fertiliser ( i .e .  3 . 80 g) was 
treated with excess sodium hydroxide and heated. The ammonia liberated was passed into a known 
excess of hydrochloric acid .  The unreacted hydrochloric acid was then titrated with standard aqueous 
sodium hydroxide. 
The calculation of the percentage composition of the ferti l iser gave a value that was 5% lower than the 
value obtained by the method in a. Suggest reasons for this error other than those arising from the 
measurement of volumes. [2] 

c To determine the sulphate ion concentration of the fertil i ser, aqueous barium chloride was added in 
excess to the ferti l iser solution. The precipitate produced was fi ltered off and dried by strong heating. 
i Give the ionic equation, with state symbols, for the precipitation reaction. [2] 
ii Suggest why the aqueous barium chloride was added in excess. [1] 

d Many carbonates are also insoluble, and can be precipitated, dried and weighed in experiments similar 
to c. However the strong heating needed to drive off al l  the water can cause a problem in determining 
the mass of the carbonate precipitated . Suggest what this problem is, and, choosing a suitable example, 
write an equation for a reaction that might occur when the precipitate is  heated. [4] 

(Total 14 marks) 
[June 2002 Unit Test 6B question 1 ]  

Section B 
Answer TWO questions only 

2 a The covalent compound urea, (NH2)2C = 0, is  commonly used as a ferti l iser in most of the European 
Union, whereas in the UK the most popular fertil iser is  ionic ammonium nitrate, NH4N03• Apart from 
its nitrogen content suggest two advantages of using urea as a fertil iser compared with using 
ammonium nitrate. [2] 

b The ammonium ion in water has an acid dissociation constant Ka = 5 .62 x 10-10 mol dm-:�. The 
conjugate acid of urea has Ka = 0.66 mol dm-3 . Use this data to explain which of ammonia or urea is the 
stronger base. [2] 

c Some organic nitrogen compounds are used to manufacture polyamides by condensation 
polymerisation.  With the aid of diagrams, define the terms condensation polymerisation and polyamide. 

[4] 
d Ethanamide, CH3CONH21 can be converted to methylamine, CH3NH2• 

i State the reagents and conditions for carrying out this conversion. [3] 
ii Suggest the formula of the l ikely product if urea were used instead of ethanamide in this 

conversion . 
e Ammonium nitrate can explode when heated strongly. 

NH4N03(s) � N20(g) + 2H20(g) MI = -23 k] mor1 

[1] 
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With moderate heating the ammonium nitrate volati l ises reversibly 
NH4N03(s) -.= NH3(g) + HN03(g) tJi = + 1 7 1  kJ mor1 

i State why the expression for KP for the reversible change does not include ammonium nitrate. [1] 
ii Explain the concepts of thermodynamic and kinetic stability with reference to these two reactions. 

[5] 
(Total 18 marks) 

[June 2001 CH6 question 4] 

3 The principal source of the odour in sweat is the organic acid HA, C7H 1202 • It will decolourise bromine 
water immediately, and it  shows geometric i somerism. 
a HA can be made by the following sequence of reactions :  

CH3CH2CH2CH(CH3)CH20H 
2-methylpentan-1-ol t 

�B 

CH3CH2CH2CH(CH3)CH(OH)CN 

c 
+ heat 

D 

cone. H,so. 

+ heat 

HA 

i Give the reagents and conditions for the oxidation of 2-methylpentan- 1 -ol to B. [3] 
ii State the conditions and write the mechanism for the reaction of HCN with B to give C. [4] 
iii Give the equation for the hydrolysi s  of C to D, and hence draw the structural formula of D. [2] 
iv Draw the structure of HA. [2] 

b HA has a dissociation constant Ka = 4.50 x 10-s mol dm-3, and is a monobasic (monoprotic) acid which 
dissociates according to the equation : 

HA(aq) + H20(l) -.= H30+(aq) + A-(aq) 
i Write the expression for Ka and calculate the pH of a solution of HA of concentration 0.0 100 mol 

dm�. � 
ii The pH of skin is almost constant. Explain how, in principle, this could be achieved by using HA 

and one of its salts. (Given its smell, it is perhaps fortunate that skin does not use this compound 
as a pH regulator) [4] 

(Total 18 marks) 
[January 2002 CH6 question 3] 

4 Iron( I I I) chloride exists in two forms, the covalent anhydrous chloride and the ionic hydrated chloride. 
a Explain why anhydrous i ron( I I I) chloride i s  covalent whereas sodium chloride is  ionic. [4] 
b Hydrated iron(I I I )  chloride is soluble in water and its solution is acidic. 

i Write an ionic equation to show why its solution is acidic and identify the acid-base conjugate 
pairs in this reaction. [3] 

ii Describe what you would see when a solution of sodium hydroxide is added until in excess to a 
solution of i ron( I I I )  chloride. 
Write an ionic equation for this reaction and identify the type of reaction. (4] 

iii A test for Fe3+ ions is to add a solution of thiocyanate ions, SCN-(aq), which react to form a blood 
red ion of formula [FeSCN(H20)5] 2+ .  What is  the bonding between the SCN- ion and the Fe3+ ion, 
and what is  the cause of the colour of the ion? [3] 

c I ron also forms the intensely red coloured anion, FeO.t. In acidic solution this is a powerful oxidising 
agent, and is itself reduced to Fe3+ ions. 
Calculate the oxidation number of iron in Feot. Suggest, in outline, how you could determine the 
concentration of a solution of Feo_t ions. [4] 

(Total 18 marks) 
[January 2001 CH6 question 6] 
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U n it 1 

Topic 1 . 1  A tom ic s tructure 

1 The relative isotopic mass is the mass of a s ingle 
i sotope of  an element (re lative to l / 1 2th the mass 
of a carbon 12 atom), whereas the relative atomic 
mass is the average mass taking i nto account the 
i sotopes of the element. The relative i sotopic 
masses of  the two chlorine i sotopes are 35  and 3 7 , 
but the relative atomic mass of chlorine is 3 5 . 5  

2 There are many more 7Li atoms t h a n  6Li atoms i n  
natural l i thium, s o  t h e  average i s  closer t o  7 .  

3 A, o f  magnesium 

= (24 .0 X 78 .6  + 25 .0  X 1 0 . 1 + 26.0 X 1 1 . 3 )  = 24 .3  
1 00 

4 Let the % of 69Ga be x, 
and so the % of 7 1 Ga = ( 1 00 - x) 

69 .8  = [69 .0x + 7 1 .0 1 00 - x)] 
1 00 

Therefore 6980 = 69x + 7 1 00 - 7 1 x  
Therefore 2 x  = 1 20 and x = 60.0 

Gal l ium contains 60.0% of the �><lGa isotope . 

5 Group 5 .  There is a big jump between the 5th and 
6th ionisation energies. Therefore the 6th electron 
is  being removed from a lower shell (nearer to the 
n ucleus) than the first five e lectrons .  

6 a 

6"i3 
;...; Q) q Q) 
1=: 0 :g <ll 
·a 
.9 
..... <ll .....-1 

2500 

2000 

1 500 

1 000 

500 

1 2 3 4 5 6 7 8 9 1 0  1 1  
Atomic number 

b i A 2p e lectron,  which i s  i n  a higher energy 
level ,  is bei ng removed. So less energy is  
required to remove i t  com pared to that  
required to remove a 2s electron .  

i i  There are two electrons i n  the  2px orbital  
which repel  one another, so less energy i s  
required to remove o n e  of t h e  p a i r  than i f  
there had only been one electron i n  that 
orbita l .  

A N S W E R S  

iii Although the element with Z = 1 1  has 8 more 
protons, it also has 8 more shielding electrons, but as 
the 3s electron is further from the nucleus than a 2s 
electron, so less energy is required to remove it. 

7 The electron in a box notation for chlorine i s :  

8 All  h ave one electron i n  their outer  shel l s ,  but K i s  
bigger ( larger atomic radius) than Na, which i s  
bigger than Li . Therefore the outer  electron is held 
on less  firmly ( the extra nuclear  charge i s  balanced 
by the same extra number of shielding electrons)  
and so i s  the easiest to remove from potassium and 
the hardest to remove from L i .  This makes 
potassium the most reactive. 

9 a i Li (g) + e- � Lr (g) 
ii Cl (g) + e- � cr (g) 
iii 0 (g) + e- � 0- (g) 

b 
c 

N ote that the  spec ies on the left hand s i de  is a gaseo u s  
atom and t h e  one  o n  t h e  r ight i s  a negat ive i o n .  

- - z-
0 (g) + e � 0 (g) 
For the 1 st electron affin ity, the ( negative) 
electron is  brought closer to the positive 
nucleus in a neutral atom, and so energy is 
released. For the 2nd e lectron affinity, the 
negative electron is brought towards a 
negative ion,  and so repulsion has to be 
overcome, which requires energy. 

Topic 1 . 2 Formulae, equations 
and moles 

1 a 
c 
H 

% 
82. 76 + 1 2  = 6.90 
1 7 .24 + 1 = 1 7 .24 

+ 6.90 
1 
2 . 5  

Therefore t h e  empirica l formula is C2H5 
b Mass of C2H5 is 29, but M, = 58 ,  

Therefore the molecular formula is C�H 10 
2 a 4NH3 + 502 � 4NO + 6H20 

b 2Fe
3
+(aq) + Sn

2+(aq) � 2Fe2+(aq) + Sn�+(aq)  
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I o n i c  eq uat ions must a lso ba lance i n  charge .  H e re 
both s ides a re 8+ .  

3 Equation : H3POJ + 3NaOH � Na3PO� + 3 H20 
Amount of H3P04 = 2 . 34/98 = 0.02388 mol 
Amount of  NaOH = 0.02388 x 3/1 = 0.07 1 63 mol 
Mass of  NaOH = 0.07 1 63 x 40 = 2 .87  g 

4 Equation : 2KOH + H2S04 = K2SO� + 2H20 
Amount of H2SO� = 0 .0 125 dm3 x 0.0747 mol dm-.l 

= 9 .338 x 1 0-4 mol 
Amount of KOH = 9.338 x 1 0-4 x 2/ 1 

= 1 . 868 x 1 0-3 mol 
Volume of KOH solution = mol/cone 

= 1 .868 x 10-3 mol  
0 . 1 07 mol dm-3 

= 0.0 1 75 dm3 = 1 7 . 5  cm3 

5 Amount of B i (N03)3  = 0.025 dm3 x 0.55 mol dm-3 
= 0 .0 1 38 mol 

Amount of H2S = 0 .0 1 38 x 3/2 
= 0.0206 mol 

Volume of  H2S gas = mol x molar volume 
= 0.0206 x 24 = 0 .50 dm3 

6 Ratio mol of H2(g) : mol of CH�(g) = 3 : 1  
Volume o f  H2(g) : volume o f  CH4(g) = 3 : 1  
Volume o f  H2(g) = 3 x 3 3  = 9 9  dm:

1 

Topic 1 . 3 Structure and bonding 

1 

n-bond 

a-bond 

2 a A1Cl3 because either there is less difference i n  
e lectronegativity between AI  a n d  Cl than 
between Al and F 

3 

or AP+ is very polarising and the bigger Cl- ion 
i s  more polarisable than the smaller F- ion.  

b BeC12 because either there i s  less difference in 
electronegativity between Be  and Cl  than 
between Mg and Cl 
or Be

2+ i s  smaller than Mg
2
+ and so i s  more 

polarising. 

a Hydrogen b Dispersion c Dipole 
bond /dipole 

HF Yes Yes Yes 
12 No Yes No 
H B r  N o  Yes Yes 
PH3 No Yes Yes 
Ar No Yes No 

4 iodine 
ice 

e s imple molecular 
d H bonded molecular 

copper 
S i02 
solid C02 
CaO 
poly(ethene) 
graph ite 
sulphur 
CuS04 
sucrose 
LiF 

a metal l ic  
b giant atomic 
e s imple molecular  
c ionic 
f polymeric 
b giant atomic 
e s imple molecu lar 
c ionic 
d H-bonded molecular  
c ionic 

5 Melting: on heating, the molecules or ions vibrate 
more until  the intermolecular forces ( in  molecular) 
or  ion/ion forces ( in ionic) substances are overcome 
a nd the lattice breaks down . 

Do not say that the mo lecu l es  or i ons  sta rt to v i b rate . 

Boil ing:  on heating the average kinetic energy of 
the molecules increases. Those with a large enough 
kinetic energy and hence speed escape, not only 
from the surface but also from the body of the 
l iquid, forming bubbles.  

6 a N H3• There are stronger intermolecular forces 
in NH3 as i t  forms H bonds and PH3 does not .  

7 

b H B r. It has more e lectrons i n  its molecule, and 
so i t  has stronger dispersion forces (which 
outweigh the difference i n  d ipole/dipole 
forces ) .  

c Propanone.  Both have about t he same strength 
of  dispersion forces because they have about 
the same number of  electrons,  but propanone is  
polar  and so has dipole/dipole forces as  wel l .  

d S8• I t  has about twice as many electrons as P 4, 
and so has stronger dispersion forces .  

e NaCl .  I t  has ion/ion forces that are very much 
stronger than the weak intermolecular 
dispersion forces between CCI,. molecules .  

Number of  Number Total Shape 
cr bond of lone number of 

pairs pairs e lectron 
pairs 

S i H4 4 0 4 Tetrahedral 
B F3 3 0 3 Triangular 

planar 
BeC12 2 0 2 Linear 
PCl3 3 1 4 Pyramidal 
S F6 6 0 6 Octahedral 
XeF4 4 2 6 Square 

planar 
NH.j+ 4 0 4 Tetrahedra l 
PCl6- 6 0 6 Octahedral 

8 I n  Na ( s) there are loosely held delocal ised 
e lectrons that can move through the lattice . I n  
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NaCl(s) the e lectrons are localised on the ions,  not 
loosely held and the ions are fixed in their 
positions i n  the lattice and so are not free to move . 

Top ic 1 . 4 The Periodic Table I 

1 a They a l l  h ave the same n umber of electrons in 
their outer shel l .  For Group 2 this number i s  2 .  

b This period is Period 4, and so a l l  the members 
have electrons i n  four shel l s .  

2 a H2 is s imple molecular 
b Na i s  meta ll ic 
c Si is giant atomi c  
d S8 i s  s imple molecular 
e C l2 i s  s imple molecular 
f Ar is s imple molecular (argon is monatomic) . 

The answe r ' hydrogen bonded '  o r  ' i o n i c '  cannot app ly  to 
e l ements .  

3 Sodium and magnesium are metals .  Magnesium is 
2+ and has  a smaller ionic radius, therefore i t  wil l  
have stronger metall ic bonds a n d  a h igher melting 
tem perature. S i l icon forms a giant atomic structure 
with each s i l icon atom j oined covalently to four 
other s i licon atoms.  These strong covalent bonds 
have to be broken .  This requires a huge amount 
of energy and so the melting temperature is very 
high . 

Carbon ,  in the form of d i amond ,  has a s im i la r  structu re ,  
b ut as the sma l l e r  carbon atom fo rms  stronge r  bonds  
t han  s i l icon ,  d i amond 's me l t i n g  tempe ratu re is  even 
h i g he r. 

White phosphorus, sulphur a nd chlorine al l  form 
simple molecular solids. The melting temperatures 
depend upon the strengths of  their intermolecular 
forces which are dispersion ( induced dipole/induced 
dipole) forces. The strength of  this force depends 
upon the number of electron s  in the molecule. 

The s imp lest way i n  wh ich  to work this out  is  to add 
togethe r  the atom i c  n u m be rs of al l  the  atoms i n  the 
mo l ec u l e .  

P4  has  4 x 1 5  = 60, SR has 8 x 16  = 1 28 and Cl2 has  
2 x 1 7  = 34 electrons per  molecule.  Thus sulphur 
has the strongest intermolecular forces and the 
highest melting temperature and chlorine has the 
weakest i ntermolecu lar forces and the lowest 
melting temperature. 

A N S W E R S  1 23 
4 a i Nuclear charge is equal to the number of 

protons i n  the nucleus.  
ii Screening or shielding occurs when an outer 

electron is  insulated from the pull of the 
positive nucleus by electron s i n  i nner shel ls .  

b i The 1 st ionisation energy of sodium i s  for 
the removal of  the 3s  electron . Sodium has a 
nuclear charge of + 1 1 ,  but the 3s e lectron i s  
shielded by t h e  1 0  electrons i n  t h e  1 st a n d  
2 n d  shells .  T h e  second electron t h a t  i s  
removed comes from t h e  2nd shel l  ( i t  i s  a 2 p  
e lectron ) .  This electron is  shielded from the 
n ucleus only by electrons which are in a 
lower shell ,  which in this  case is by the two 
1s electron and so it is held much more 
strongly by the nucleus.  I t  i s  also nearer to 
the nucleu , 'vhich makes i t  even harder to 
remove. 

ii Sodium ha a nuclear charge of + 1 1 and its 
3s electron i hielded by the inner 1 st and 
2nd shell electron . .  1 a  nesium ha a 
nuclear charge of + 1 2  one more than 
sodium ) ,  but its 3s  electron is  shielded by 
the same in ner electrons .  Thus its 3s 
electrons are pulled more strongly to the 
nucleus and are harder to remove . 

Ex�s co�s 
It is because of th i s  ext ra p u l l  that a magnes i u m  
atom i s  sma l l e r  than a sod i u m  atom .  

Topic 1 . 5 In troduction to 
ox ida tion and reduction 

E lectrons a re o n  r ight  because Sn2• is ox id ised : 2e
is  needed because oxi datio n  n u m be r  changes by 2 .  

b Fe�(aq)  + e- � Fe
2
'"(aq) 

c Sn
2
-(aq) + 2Fe1·(aq) � Sn ++(aq) + 2Fe

2
"'(aq) 

2 a 

Eq uat ion  b has to be doub l ed ,  so that the e l ectrons 
cance l  when 2 t imes b is added to a.  

Ex�s co�s · 

H202 is red uced , so e l ectrons  a re o n  the  l eft . 
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2e- are needed o n  the  l eft because S i s  reduced and  its 
ox idat i on  n u m be r  g oes from 0 to -2 . 

Both  H 2S and H 202 m ust be on the  l eft because they a re 
the  reactants; eq uat i on  b is reve rsed and added to a ;  
note that the  W i o ns  cance l  out .  

3 a Pb02(s) + 2H2S04(aq) + 2e- � PbS04(s) + 2H20(1 )  
+ sot(aq) 

2e- are needed on  the l eft as Pb02 is red uced and i ts 
ox idat i o n  n u m be r  changes from +4 to +2 .  

b PbS04(s) + 2e- � Pb(s) + SOt(aq) 

2e- are needed on  the  left because PbS04 is  red uced and 
the  ox idat ion n u m be r  of l ead changes from +2 to 0 .  

c Pb02(s) + Pb(s)  + 2H2S04(aq) � 2PbSOls) + 
2 H20( l )  

Because Pb  is  a reactant, equat ion  i i  has  t o  be reversed 
and then added to i .  This is the react ion  that takes p lace 
when cu rrent is  d rawn from a lead-ac id batte ry. 

Topic 1 . 6 Group 1 and Group 2 

1 Dip a hot platinum (or nichrome) wire in clean 
concentrated HCl  and then i nto the solid.  Place i n  a 
hot bunsen flame.  The substance that turns the 
flame carmine red i s  LiCl, the one which turns the 
flame l i lac is KCl and the one that turns the flame 
apple green is  BaCl2•  

2 The heat of  the flame vaporises the sodium 
chl oride, producing some Na and Cl atoms. 
Electrons are promoted into the 4th shell in some 
of  the sodium atoms .  These electrons then fa l l  back 
to the ground state, which i s  the 3s  orbital,  and 
energy is  given out i n  the form of light. The flame 

is  yellow because the energy difference between the 
4th shell  and the 3s  orbital is equivalent to the 
yel low l ine i n  the spectrum .  

3 The sodium atom is  smaller than the potassium 
atom, because sodium has  three shells  of  electrons 
and potassium has four. Thus sodium's outer s 
e lectron is held on more firmly, and more energy is  
required to remove it .  

) Ex�s .io�: 
1 -• _ I ,_• l�'"' .. �J.:-... �·"·• .. L 

Th is  is the  case in sp ite of the fact that potassi um  has 
e i gh t  mo re p roto ns than sod i u m ,  because it a l so has 
e ight mo re e lectrons between the n uc l eus  and the  oute r 
e l ectro n ,  so the  extra n uc lear  c harge is ba lanced by the 
extra sh i e l d i n g .  

4 a 2Ca + 02 � 2Ca0 (or Ca + 1 /202 � CaO) 
b Ca + 2H20 � Ca (OH)2 + H2 
c 2K + 2H20 � 2KOH + H2 
d Mg(s) + H 20(g) � MgO(s)  + H2(g) 

5 The white precipitate i s  the i nsoluble magnesium 
hydroxide.  Bar ium hydroxide i s  soluble and so i s  
not precipitated . 

6 Beryll ium, as BeC01 is the least thermal ly stable of 
the Group 2 carbonates . I t  decomposes very easi ly 
on heating because the Be

2
+ ion i s  very polaris ing.  

The other Group 2 ions are less polaris ing because 
they are larger. 

7 a 4 LiN03 � 2Li20 + 4N02 + 02 
2NaNO] � 2NaN02 + 02 
2Mg(NOJ2 � 2Mg0 + 4N02 + 02 

b Na2C01 � no reaction 
MgCO_� � MgO + C02 
BaC03 � no reaction 

Topic 1 .  7 Group 7 
1 Covalent HCl  ionises when added to water, and the 

hydration energy given out by the ions bonding 
with the water molecules is greater than the energy 
required to b reak the covalent H-Cl bonds:  

HCl (g) + H20( 1 )  � H10+(aq) + Cl (aq) 

2 First a solution has to be made . The sample can be 
dissolved either in water or  in dilute nitric acid. ( I f  
water i s  chosen, di lute n itric acid must then b e  
added to destroy t h e  carbonate) . To this s l ightly 
acidic solution, add si lver n itrate solution .  I f  there 
is chloride present, there will  be a white precipitate 
that will d issolve in di lute aqueous ammonia .  

3 H2SO� i s  a stronger acid than HCl (or H I) ,  and so i t  
wi l l  protonate the c r  ions in the sodium chloride 
producing HCl gas .  HCl i s  not a strong enough 
reducing agent to reduce sulph uric acid, and so 
no further reaction will take place. With sodium 
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iodide, H I  is produced by the protonation of the 
iodide ions,  but the HI i s  a very strong reducing 
agent,  and so i t  will reduce the sulphuric acid and 
itself become oxidised to iodine.  

4 Disproportionation i s  a react ion i n  which an 
e lement i s  s imulta neously oxidised and reduced. 
Chlorine disproportionates when added to alkali :  

Cl2 + 20H- - cr + ClO- + H20 
(0) (-1 )  (+ 1 )  

Also,  chlorate ( ! )  disproportionates when h eated : 

3Clo- - zcr + c1o� 
(+ 1 )  (- 1 )  (+5) 

A nswers to Practice Tes t  Un it  1 

The a l location of marks fol lows Edexcel mark 
schemes.  
The m arks that you wi l l  need for each grade are 
approximately: 

A 
B 
c 
D 
E 

1 a i 2Ca + 02 ---7 2Ca0 
ii  N a20 + H20 ---7 2NaOH 

70% 
61% 
52% 
44% 
36% 

iii Na20 + 2HC1 ---7 2NaCl + H20 

= [1 ]  
= [1]  

Species [ 1 ] ,  balancing [1 ]  = [2] 
b The thermal stabi li ty i ncreases down the group 

[1] as  the cation s ize i ncreases [1] and so the 
carbonate ion is distorted (or polarised) less [1 ]  

= [3] 

b Do not attem pt to answer this type of quest ion in 
terms of s ize match .  

2 a i Graphite has  a giant atomic (or giant 
covalent) structure [1 ] . The bonding between 
atoms is  covalent [ 1 ] .  
Your diagram must show several inter l inked 
hexagon s  [1] in layers [1 ]  = [ 4] 

ii Sodium chloride has a lattice structure [ 1 ] .  
T h e  bonding i s  ionic [1 ] . 
Your diagram must show a 3 -D arrangement 
of ions,  Na+ alternating with cr. [1 ]  = [3] 
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ii  

b Graphite ha coYalent bonds between atoms that  
have to be broken [1] ;  sodium chloride has 
electrostatic fore between the ions [ 1 ] . I n  both 
these force ar trong and so a lot of energy is 
needed to break them [ 1 ]  = [3] 

c i Graphite ha delo ali ed electrons above and 
below the plan of  h xagons [1] ,  which can 
f low (which ar  mobile 1 [ 1 ]  = [2] 

ii  Th e lattice i brok n do\\·n in the l iquid and 
to mo\·e = [1 ]  

a Struct u re means g ian a om ic .  i on i c  latt ice ,  
s imp le  o r  hyd rogen bonded mo lecu l a r  o r  a 
l att ice o me al i ons  in a sea of e l ectro ns .  

c A subs ance I cond uct e l ectr ic ity if it has 
de loca sed e l ectrons th roughout  the  struct u re 
or ons · h ich a re f ree to move .  

3 a i Atomic number is the number of protons i n  
t h e  nu l e u  [ 1 ]  M a s s  number i s  t h e  total (or 
u rn of  the ) number of  protons and neutrons 

[ 1 ]  = [2] 
ii  

b i 
1 - Br· = [1 ]  
H i  h energy electrons bombard the  B r2 
molecules [1] and knock out an electron [1] 

4 a 

= [2] 
ii They are accelerated by charged plates (or 

across an electric field) = [1] 
iii - Br- 1 Br· = [1] 

a i i  As the  part i c l e  has 1 fewe r e lectro ns than 
p rotons ,  it wi l l  be a pos it ive i o n .  

a i i i  I n  a mass spectrometer most e l ements 
p rod uce ions co ntai n i n g  one atom ,  but  
d iatom ic e l ements such  as N2 ,  02 and the  
ha logens g ive mo lecu l a r  i ons  such  as B r2 
wh ich  may contai n two d ifferent isotopes .  

Divide each % by their  Ar values [1] and then divide 
by the smal lest [1] 

H 1 1 . 1  -;- 1 = 1 1 . 1  then -;- 7 . 4  = 1 . 5 
C 88 .9 -;- 1 2 = 7 . 4  then -;- 7 . 4 = 1 
Multiply b oth by 2 to get whole n umbers 
:. E . F. i s  C2H] [1] = [3] 
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5 

b H I  has  more electrons [I] : . induced dipole 
or  dispersion or London or v.d .Waals 
a re stronger [I] = [2] 

c i 3 bond pairs and 1 lone pair  repel to get 
as far apart as  possible  [I] see diagram 
below [I] 

ii 4 bond pairs arou nd AI repel to get as 
far apart as  possible [I] see diagram 
below [I] 

(i) (ii) 

= [2] 

= [2] 

d Moles of gas = volume + molar volume 

a 

= 8 . 0  cm3/2 .4  x 1 04 cm3 mor 1 = 3 . 33  x 1 0-4 mol 
[1] 
Number of molecules = 6 .0  x 1 0

2.l x nu mber of 
moles = 2.0 x 1 0

2
0 [1] = [2] 

i 

ii 

. Ex�! �� . 
� :_ '  • - 0l .. 1'"' I - L.to \ " - k ',_ 

b Do not say because the mo la r  mass of H I  is l a rge r. 
c Remembe r  that it is the e l ectro n pai rs not the 

atoms no r  the  bonds  that repe l  to g ive maxim u m  
separati on .  

The oxidation number of sulphur:  i n  H2SO� i s  
+6 [I ] ,  i n  H2S i s  +2 [I ] ,  i n  S02  is +4 [I ]  = [3] 
The r ion i s  the stronger reducing agent 
because i t  reduces sulphur from +6 to +2 [I] ,  
whereas Br- only reduces it to +4 [I] = [2] 

b i 2Cr 4 Cl2  + 2e- or cr 4 1 /2Cl2  + e- = [I] 
ii 

iii 

ocr + Z H+ + ze- -t cr + H20 
species [I],  balance [I] 
ocr + zH+ + cr -t c12 + H2o 

= [2] 
= [I] 

. Ex�s CfJ�s 
,-. l - •l-1 

b i & i i  For  an ox idat ion reacti on ,  the e l ectrons  are 
o n  the r ig ht ,  and for  red uction  they a re on the left. 
i i i  You wou l d  n ot be  pena l i sed for fai l i n g  to cance l  

one  of the  C l - ions ,  i . e .  hav i ng  the eq uatio n .  
OC I- + 2W + 2C I- 4 C l 2  + H20 + Cl-

6 a 2, 8, 6 = [1] 
b i S (g) + e- 4 s- (g) [1] 

ii S (g) 4 S+(g) + e- [I] 
a nd [I] for state symbols in  both equations 

= [3] 
c A big j ump in ionisation energy means that an 

e lectron has been removed from a new shel l  [I] 
The first big j u mp is after 6 electrons  and so 
there are s ix electrons in the outer shel l  [I] 
The second big j ump is  after 8 e lectrons and so 
there are 8 i n  the 2nd shell [I] = [3 ] 

d i [I] for the electrons around S and [I] for the 
e lectrons aroun d  both Cl  atoms. = [2] 

. . . 
s 

ii The 2 bond pairs and the 2 lone pairs [I] 
repel each other to get as far apart as 
possible [I] = [2] 

iii Cl is more electronegative than S, so the 
bonds are polar [I], but as the molecu le i s  
bent, t h e  polarities do n o t  cancel [I] = [2] 

U n it 2 

Topic 2 . 1 Energetics I 

I Gases at a pressure of 1 atmosphere, a stated 
temperature (298 K) and all solutions of 
concentration 1 .00 mol dm-

3
• Substances i n  their 

most stable state . 

2 i 2C(s)  + 2H2(g) + 02(g) 4 C H3COOH(l )  

3 

ii CH3COOH (l )  + 20z(g) 4 2C02(g) + 2H20( l) 
iii CH3COOH (aq) + NaOH (aq) 4 CH3C00Na (aq) 

+ H20 (l) 
or CH3COOH (aq) + OH-(aq) 4 CH3COO-(aq) 
+ H20( l )  

· lx�s ·eo�s - : 
.,_ 

• 
-. _.J......._ ?•_t__._ ' :, -= '' I _u.L-. - - - _;, 

Note that ethano ic  ac id is a weak ac id ,  and so its 
formu la  must be  written in fu l l  and not as H• .  

r 
Enthalpy 

+ 90.3 kJ 

]- 5 7 . 1  k] 

N02(g) 

MI, = +90.3 kJ + (-5 7 . 1 )  kJ = +33 . 2  kJ mor1 

Note that the  + s i gn  is g iven in the  answer in o rd e r  
to emphasise that the  react ion  is  endothermic .  
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4 f:.Hr 
2N02(g) N204(g) 

� �  
Mir = Mi1 + Mi2 = -2 X (+33 .9 )  + (+9 . 7) = -5 8 . 1 kJ mor' 

5 

- -

�:-·. ;. : ix�s.iali:t:cN:eF:ts, ��-·--_. � _...._ - ,___;'_:__� _ _:_1-� 

tlH1 = minus  2 t imes the  entha l py of fo rmat ion  of 
N02( g ) ,  because the react i on  rep resents the 
formatio n  of N 02(g )  reversed and tlH2 = entha lpy of 
format ion  of Nz04( g ) .  

t:.Hf 
1 2C(s) + 12H2(g) + 02(g) -----+ CH3(CH2h0COOH (s) 

�� r, 
1 2C02(g) + 1 2H20(1) 

where Mi1 = 1 2  x enthalpy of  combustion of  carbon 
(graphite) + 12 x enthalpy of  combustion of hydrogen 
and 
Mi2 = minus the enthalpy of combustion of lauric acid. 
Mi1 = 1 2  x (-394) + 1 2  x (-286) - (-7 3 7 7) = -783 kJ mor' . 

6 HCl  + NaOH � NaCl + H20 

Amount of HCl = conc(mol dm-
3
) x vol (dm

3
) 

= 1 .00 X 100 
1 000 

= 0 . 1 00 mol 

Rise  in temperature = +6.80 oC 
Heat produced when 0 . 1 00 mol reacts 
= total mass x specific heat capacity x rise i n  

temperature 
= 200 g X 4 . 1 8 J g-l °C-1 X 6.80 °C = 5685 } 
= 5 .685 kJ 
Heat produced when 1 mol  reacts 
= 5 . 685/0 . 1 00 = 56 .9  kJ m or' 
therefore tl.Hncut = -56.9 kJ m or1 (exothermic) . 

. Exau-Wterr co�f ·· · ·; 
- "'- - - � � _.. - _I_ - • - ...! - - - - ,• 

Because the  m ixtu re became  hotte r, the react i o n  i s  
exothe rm ic .  The mass used  is  the mass of the  who le  
so l ut i on ,  1 00 cm3 + 1 00 cm3 = 200 cm3 = 200 g ,  not the  
mass of the HC I .  

7 
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C = C  + H - O - H � H - C - C - 0 - H  
I \ I I 

H H H H 

Break (endo) 
1 X C=C = +6 1 2  kJ 
1 x H-0 = +463 kJ 

M ake (exo) 
1 X C-C = -348 kJ 
1 X C-H = -4 1 2  kJ 
1 X C-0 = -3 60 kJ 

Total = + 1 075 kJ Total  = -1 1 20 kJ 
Mi = net result of bonds broken and bonds made 
= + 1 075 - 1 1 20 = -45 kJ mor1 • 

Topic 2 . 2  Organ ic chemis try I 
b 1 a 

Br F F 
I I I 

Br - C - C - C - H  
I I I 

Cl Cl H 

Cl OH H H 
I I I I 

H - C - C - C - C - H  
I I I I 

H H H H 

Th is  type of u namb iguous  form u la is a l l owed u n l ess a 
fu l l  structu ral fo rmu l a  is asked for. 

b CH3CH2CHJC H2CH1, CH3C(CH1) 2CH3 and 
CH3CH2CH ( CH3) CH.l 

c CH3CH=CHCH3 (both the cis and trans  
i somers) ,  ( C Hl)2C=CH2 and CH3CH2CH=CH2 

3 a A free radical is a species with a single unpaired 
e lectron,  e .g .  Cl · .  

b Homolytic fi ss ion is when a bond breaks with 
one electron going to each atom.  

4 a An electrophi le  is a species which seeks out 
negative centres and accepts a l one pair  of 
electrons to form a new covalent bond. 

b Heterolytic fi ssion i s  when a bond breaks with 
the two electrons going to one atom.  

5 a C2H6 + Cl2 � C2H5Cl + HCl  
then:  C2H5Cl + Cl2 � C2H4Cl2 + HCl etc 
condition s :  ultraviolet l ight 

b C2H6 + 3 '/ 202 � 2C02 + 3 H20 
conditions:  flame or a spark 

6 a CH3CH=CH2 + H2 � CH3CH2CH3 
conditions :  heat and Pt catalyst 

b CH3CH=CH2 + Br2 � CH3CHB rC H2Br 
conditions :  solution in hexane 
observation : goes from brown to colourless 

c CH3CH=CH2 + H I �  CH3C H I CH3 
conditions :  mix gases at room temperature 

d CH3CH=CH2 + [0] + H20 � CH3CH(OH) CH20H 
condition : aqueous 
observation :  goes from purple to brown 
precipitate 
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7 a C H3CHICH3 + NaOH � CH3CH(OH)CH3 + Nal  
propan-2-ol 

b C H3CHICH3 + KOH � CH3CH=C H2 + KI + H20 
propene 

c C H3CHICH�1 + 2NH3 � CH3CH(NH2) CH 1 + NH4I  
2-aminopropane 

8 CH3CH (OH)CH1 - H20 � CH3CH=CH2 
conditions :  concentrated acid at  1 70 oc 

9 a 
H H 0 I I II 

H - C - C - C � h \
0 -H 

Propanoic acid 
observat ion : solution goes from orange to green 

b No reaction 
observation :  solution stays orange 

c CH3CHC1CH3 
2-chloropropane 
observation :  steamy fumes 

10 The rr carbon-carbon bond i n  ethene i s  weaker 
than the cr carbon-carbon bond in ethane.  This 
makes  the activation energy less,  and so the 
reaction i s  faster. 

1 1  The C-Br bond is stronger than the C-I bond.  This 
makes the activation energy more, and so the 
reaction i s  slower. 

12 C6H10 + Br2 � C6H 10Br2 
5 . 6 7  g of C6H 10 = 5 . 6 7/82 = 0.069 1 mol 
Because the reaction i s  a 1 : 1  reaction,  the amount 
of product i s  a lso 0 .069 1 mol .  
Therefore the  theoretical y ie ld  of  C6H 10B r2 
= 0 .069 1 X 242 = 1 6 . 7  g 
The % yield = 12.:!_g x 1 00 = 92%. 

1 6 . 7  g 
13 They are stable in air  owing to the strong C-CI 

and C-F bonds.  
They then diffuse into the stratosphere where 
they form radica ls  and destroy the ozone layer. 

Topic 2 . 3  Kinetics I 

1 i The activation energy is the minimum energy 
that the reacting m olecules must have when 
they coll ide in order for them to react . It i s  
measured in kJ mor1 •  

ii  A catalyst is a substance that  speeds up a 
chemical react ion without being used up.  I t  
works b y  providing an alternative route with a 
smal ler  activation energy. 

Neve r say that a catalyst l owers the  activat ion  ene rgy. 
L ight  is  not a cata lyst, because i t  i s  not a su bstance 
and  it i s  used up .  I t  is j u st a spec i f ic  form of e n e rgy. 

. 

2 Pressure. As the pressure is increased, the number 
of molecules in a given volume increases, and the 
frequency of col l ision increases and hence the rate 
of reaction,  which is dependent upon this  
frequency of col l is ion,  increases too.  

3 

Temperature. If the temperature is i ncreased, the 
average kinetic energy of  the molecules is a lso 
increased. This means that a greater proportion of 
the col l iding molecules wi l l  have, between them, 
energy greater than or equal to the activation 
energy. There wil l  be a larger number of  successful 
coll is ions and a faster rate of reaction .  

Catalyst. Thi s  increases the  rate of  reaction by 
providing an alternative path with a lower 
activation energy, thus a greater proportion of  the 
col l iding molecules have energy greater than or 
equal to the lower catalysed activation energy. 

Vl Q) 
'3 u Q) 
0 
s 

Energy 

4 Bacterial and e nzyme reactions are a lso slowed 
down by a decrease in temperature for exactly the 
same reason as ordinary chemical reactions, which 
is that fewer col l iding molecules wi l l  have the 
necessary activation energy to react on col l is ion . So 
the low temperature in the refrigerator wi l l  s low 
down the biological decay reactions .  

5 i ii 

iii iv 

p 

R is the reactant and P is the product. 
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Topic 2 . 4 Chem ical equilibria I 

1 i true 
ii fal se 
iii true 

2 i Position moves R---+L, because that is the 
exothermic direction .  

ii Pressure i ncreases, therefore position moves 
R---+L as fewer gas moles on left 

iii None, catalyst speeds up the forward and 
reverse reactions equally, reducing the t ime 
taken to reach equil ibrium . 

3 i Alkali removes ethanoic acid, therefore position 
moves R---+L .  

ii No change because f1H i s  zero 
4 Solid dissolves because high [Cll drives equilibrium 

L---+R .  

S Too high a temperature produces too low a yield.  
Too low a temperature produces too slow a rate 
Catalyst a llows reaction to proceed at a fast rate at 
a temperature where the yield i s  high.  

Topic 2 . 5  Indus tria l  inorgan ic 
chem is try 

I Reaction i s  slow at moderate temperatures. 
Therefore a catalyst is used which al lows a fast rate 
and reasonable yield at  400 °C, that is ,  a n  economic 
rate and yield .  A very high pressure (200 atm) is  
used, even though this i s  very expensive because 
the yield at ordinary pressures i s  very low. A very 
h igh p ressure drives the equil ibrium L---+R to the 
side with fewer gas moles. After N H3 is separated, 
the unreacted gases are recycled. 

2 The ammonia l iquefies u nder the high pressure and 
is  removed from the u nreacted n itrogen and 
hydrogen, which are then put back through the 
reaction chamber. 

3 Anode: 2Cr(aq) ---+ Cl2(g) + 2e-
Cathode: 2H20( 1 )  + 2e- ---+ 20H-(aq) + H 2(g) 
or 2H+(aq) + 2e- ---+ H2(g) 

A nswers to Practice Tes t  Un it  2 

The al location of marks follows Edexcel mark 
schemes.  
The m arks that you wil l  need each grade are 
approximately : 

A 70% 
B 6 1 %  
c 52% 
0 44% 
E 36% 

A N S W E R S  129 
I a I t  is a series of compounds with the same general  

formula [1] which differ by CH2 [I] ,  and have 
the same functional group [I] = [3] 

b -(CH(CH3) CH2) "- : correct carbon cha in  [1] with 
extension bonds at b oth ends [1] = [2] 

c i See Fig 2 .4  on page 38.  [I] for each 
isomer = [2] 

ii Rotation around the n bond is  restricted = [I] 

b Do not have the  3 carbon atoms i n  a stra i g ht 
cha i n .  

c Do not d raw the struct u re w i t h  a bond ang l e s  o f  
goo  around  the C=C  g ro up .  

2 a See  F ig  2 .9  on page 45 :  [I ]  for h aving the  axes 
correct (y-axis labelled fraction of  molecules, 
x-axis energy) , [I] for h aving the curves with the 
correct shape, and [I] for h aving the T2 curve 
flatter with the peak moved to the right = [3] 

b D raw the activation energy on the graph to the 
r ight of both peaks [I] ,  explanation that the area 
under the curve to the right of the E. l ine 
measu res the nu mber of molecules with E � Ea 
[1] ,  wh ich i larger at T2 than at T [11 so there 
are a greater proportion of uccessful col l is ions 
[I] = [4] 

a The total a rea u nde r  the two cu rves shou l d  be the 
same.  

b Ment ion m ust be made of co l l is i ons .  

3 a i The reagent i s  H B r  [I] and the conditions are  
i n  the gas  p hase [I]  = [2] 

ii S is CH3CHBrCH3 = [1] 
b i P is C H3CH (OH)CH3 = [1] 

ii The type of reaction in step 1 i s  e lectrophil ic  
[I] addit ion [I]  = [2] 
in the conversion of S to P the type i s  
nucleophil ic  [I ]  substitution [I] = [2] 

c i For step 2, the reagent i s  cone sulphuric (or 
phosphoric) acid or  a luminium oxide [1] and 
the condition i s  heat [I] = [2] 

ii For step 3, the reagents are potassium 
dich romate(VI )  [I] and sulphuric acid [I]  and 
the conditions are heat u nder reflux [I] = [3] 

d Q is C H3CH (OH) CH20H [I] = [1] 
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a I f  the  f u l l  stru ctu ral form u la had been asked ,  you 
m ust then  show each atom separate ly, with a l l  
bonds shown . 

b As there a re 2 marks for  each ,  you m ust make 
2 po i nts .  

c i i  Potass i u m  manganate (V I I )  is an  a l te rnative to 
potass i um  d i c h romate(V I ) .  A lways g ive e i ther  the  
f u l l  names o r  the  fu l l  formu lae ,  e .g .  not  
'ac i d if ied d i c h romate'  nor  ' C r20t/W' .  A lso ' ref l ux' 
by itse lf does not i mply heat. 

4 a Hess's law states that the enthalpy change for a 
reaction [I] is independent of the route [I] = [2] 

b The definit ion is the enthalpy (or heat but not 
energy) change when 1 mole [ I] of a substance i s  
completely burnt  in  oxygen ( o r  burnt i n  excess 
oxygen)  [I] under standard conditions (at 1 atm 
pressure) [I] = [3] 

c i Bonds broken bonds made 
1 X C-C = + 348 4 X C=O = -29 72 
5 X C-H = + 2060 6 X 0-H = -27 78 
1 x C-0 = + 360 Total = -5 750 kJ [I] 
1 X 0-H = + 463 
3 X 0=0 = + 1 488 
Total = +  4 7 1 9  kJ [I] 

till = +  47 1 9 - 5 750  = -103 1 kJ mor1 [I] = [3] 
ii See Fig. 2 . 1 on page 33 .  

Labell ing of reactants and products [I] ,  
with energy of  reactants higher than 
products and till shown [I] = [2] 

c i Remember  that bond  b reak ing is  always 
endothem ic  ( +) and  bond  mak ing  exothe rm ic  
(-) .  

i i  I f  t h e  react ion  p rof i l e  had been asked for, 
then you m ust show an ene rgy barr i e r  ( the 
activat ion ene rgy) i n  yo u r  entha l py leve l  
d i ag ram .  

5 a i Your answer for the temperature should be 
between 350 and 500 ac (623 and 7 7 3 K) = [I] 

ii A h igh temperature favours a high rate of 
reaction [I] ,  but gives a low yield [I] ,  so a 
temperature is chosen which gives a balance 
between rate and yield [I] = [3] 

iii The catalyst used is iron = [I] 
iv A catalyst provides a n  alternative pathway 

[I], which has a lower activation energy [I] 
= [2] 

b i Homogeneous means that al l  the substan ces 
are in the same phase ( here al l  are i n  the 
gaseous state) = [1] 

ii Dynamic means that the reaction i s  occurring 
i n  both directions [1] and equil ibrium means 
that there i s  no change i n  concentrations 
[I] = [2] 

c i A lower tem perature will  m ove the position 
to the right [I],  because that i s  the 
exothermic direction (or this  produces heat) 
[1] = [2] 

ii Decreasing the volume i ncreases the pressure 
and so moves the equil ibrium to the right [I] 
as the right has fewer gas molecules [1] = [2] 

· . Ex�� ·��s .· · 
J - • •  '-• ..:._ • 

a i i  I n  i n d ustr ia l  p rocesses,  the  cho ice of 
temperatu re depends on  rate ( h i g h  
temperatu re good ) a n d  pos i t ion of 
e qu i l i b r i u m  ( h i g h  temperatu re bad fo r 
exotherm ic  react ions ) . A cata lyst a l l ows a 
fast rate at a l ower tempe ratu re .  

6 a 20"'!- � 02 + 4e- (or  02- � 1 /202 + 2e-) = [I] 
b Al3+ + 3e- � Al = [I] 
c The reaction at the anode.  = [I] 
d The oxygen produced at the anode reacts with 

the carbon anode and eats i t  away = [I] 
e Aluminium oxide (pure bauxite) has an 

extremely h igh melting temperature [1],  and so 
the process would be too expensive [1] = [2] 

Ex�s CIJU1.JUel1ts 
I - - � 

a Remem ber that the oxid e  i on  has a charge of 2-. 
b I n  both e l ectrolysis and  ce l l s ,  ox idat ion occu rs at 

the a node (o and  a a re both vowe l s ) .  

A nswers to Practice Tes t  Uni t  3B 

The marks that you will  need for each grade are 
approximately:  

A 70o/o 
B 62o/o 
c 54o/o 
D 47o/o 
E 40o/o 

I Hydrogen : burns with a squeaky pop [1] 
Oxygen :  rel ights splint [I] 
Carbon dioxide turns l ime-water [I] milky [I] 
Sulphur dioxide:  the solution turns green [I] 
The gas which turns moist l itmus red then bleaches 
it i s  chlorine [I] = [6] 

2 a i There is a loss i n  mass because C02 gas [I] i s  
lost  from the flask [I]  = [2] 

ii At first the slope of the graph is  steep, so the 
reaction i s  fast, then as the slope gets less  it 
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slows down [1] , when the l ine i s  horizontal 
(after 6 or  7 minutes) the reaction has 
stopped (al l  the acid has been used up) [1] 

= [2] 
b For experiment 2 :  your graph should i nit ial ly be 

steeper than in 1 but i s  horizontal earlier, but 
with the same mass loss ( 1  g) as in  1 .  [1] 
For experiment 3 :  your graph should init ia l ly be 
less steep . I t  should become horizontal later, but 
at the same mass loss as  i n  1 .  [1] 
For experiment 4 :  your graph should be steeper 
than in 1 and become h orizontal at twice the 
mass loss (2 g) as i n  1 .  [1] = [3] 

c i Amount of HCl = 1 .00 mol dm-3 

x 50/ 1 000 dm
3 

= 0 . 0500 mol [1] ,  
amount of CaC03 = 1/2 x 0.0500 mol  
= 0 .0250 mol [1] : mass of  CaC03 = 
0.0250 mol x 1 00 g mor' = 2 .50  g [1] = [3] 

ii As the amount of acid in experiment 4 
is twice that of the other experiments 
[1] ,  the mass of CaC03 must be at least 
2 X 2.50 = 5 .00 g [l] = [2] 

a To answer this you have to work out if the 
reacti on  is  faster  o r  s lower than in 1 and whether  
the  mass of C02 l ost is  the same ,  more o r  less 
than i n  1 .  

c i You have to ha lve the mo les  of HC I  because 
the re a re ha l f  as many mo l es of CaC03 as 
moles of HC I .  

3 a A n y  two of: 
use a pipette to measure out the CuS04 solution 
[1] as the volume i s  measured more accurately; 
[1] use smaller pieces of iron [1] as there will be 
less heat loss i n  a faster reaction [1]; 
use a polystyrene (or plastic) cup [1]  as  this  
reduces heat loss [1] ;  
measure temperature for  several minutes  before 
addition of  iron [1] as  this a l lows for a more 
accurate determination of the init ial  
temperature [1] ;  
measure temperature m ore frequently [1] as this  
m akes the extrapolation more accurate [1] ;  
u se a thermometer which reads to 0 . 5  or 0 . 1 o c  
[1] as  this  gives a more accurate temperature [1] ;  
stir the reaction mixture gently [1] as  this  
ensures an even temperature i n  the l iquid [1] . 

= [4] 
b i Heat given out = 50.0g x 4 . 1 8Jg-1deg-' x 1 5 .2  oc 

= 3 1 80 ]  or 3 . 1 8  k] = [1] 
ii Amount of CuS04 = 0 . 500 mol  dm-3 x 50/ 1 000 

dm3 = 0.025 mol  = [1]  
iii -3 . 1 8 kJ + 0.025 mol = -127 kJ mor' = [2] 
( 1 mark for the negative s ign and 1 for the 
number) 
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b The temperatu re goes up ,  so heat is p roduced ,  and 
the  reacti on  is exothe rm ic ;  : . !lH is n egat ive.  

4 a i Any one of: 
use a larger beaker [1] as this will prevent 
acid spray escaping [1]; 
powder the l imestone [1]  as this speeds up 
the reaction [1] ;  
use more acid [1] as  this  gives l arger and 
hence more accurate t itres [1] . = [2] 

ii Choose titres 1 and 3 [1] ;  
mean = 1 /2 ( 1 4 .90 + 1 4 .85 )  = 1 4 . 8 7 5  cm

3 
[1] 
= [2] 

b i Amount of NaOH i n  titre = 0 . 1 00 m ol dm-3 x 
1 4 . 8 75 / 1 000 dm3 = 0 .00 1 48 7 5  mol = [1] 

ii Amount of HCl i n  portion = 0 .00 1 488mol 
= [1]  

iii Total amount of HCl  remai ning = 
1 0  x 0.00 1 488 = 0 . 0 1 488 mol  = [1]  

iv Original amount of HCl  = 2 .0  mol  dm-3 x 
50/1 000 dm

3 
= 0 . 1 00 m ol = [1] 

v Amount of HCl  used = 0 . 1 00 - 0 . 0 1 488 
= 0 .085 1 2  mol = [1] 

vi Amount of CaC03 = 1 /2 x 0 .085 1 2  = 0 .04256 
mol [1] = 0 . 04256 mol  x 1 00 g mor' = 4 .256g 
[1] = [2] 

vii Purity = 1 00 x 4 .256 g/5 .24 g = 8 1 . 2% = [1] 
c i C which is  between 1 4 . 75 and 1 4 . 95 = [1] 

ii One of: 
not reading from bottom of meniscus, not 
reading meniscus at eye level, burette not 
vertical ,  a ir  bubble below tap, fun nel left in 
top of burette = [1] 

a i If poss ib le  t i t rat ion  exper iments shou l d  be  
des igned  to g ive t i tres of about  25 cm3. 

i i  You shou ld on ly choose t i t rat ion  va l u es that 
a re less than 0 . 2  cm3 apart .  

b v i  Don 't fo rget that the rat io of HC I  to CaC03 i s  
2 : 1 .  

5 a Place the chemicals in  a round bottomed flask 
[1] ,  fitted with a reflux condenser [1] . Heat for 
several min utes [1] . Disti l  off the propan-2-ol 
[1] . Col lect the fraction that boils  off around 
82 oc [1] = [5] 

b Amount = 6 . 1 5  g + 1 23 g mor ' = 0 .0500 mol  [1] 
vol of  NaOH = 0 .0500 mol  + 2 .0  mol  dm-3 = 
0 .025 dm1 = 25 cm

3 
[1] = [2] 

c 1 00% yield would give 0 .0500 mol of propan-2-
ol  = 0 .0500 mol  x 60 g m o r' = 3 . 00 g [1] . 
80% yield = 3 . 00 x 80/ 1 00 = 2 .4  g [1] = [2] 

d One of: the reaction did not go to completion; 
i t  i s  an equil ibrium reaction;  
some propene was formed by el imination . = [1] 
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(a )  The react ion i s  s low, s o  it m ust b e  heated .  
1 -b romopropane is  vo lat i l e ,  so a ref l ux  condenser  
m ust be used . F i na l l y  the p roduct m ust be d i sti l l e d  
off to separate it f rom the react ion m ixu re .  

U n it 4 
Topic 4 . 1 Energetics II 

1 a i 

ii  

ca+(g) + Cl(g) 

1 +590 

Ca(g) + Cl(g) 

i + 1 2 1  
Ca(g) + 1/2 Clz(g) 

i + 193 

Ca(s) + Y2Cl2(g) I Mff 

Ca
2
+(g) + 2Cl(g) 

1 + 1 1 50 

Ca+(g) + 2Cl (g) 

1 +590 

Ca(g) + 2Cl (g) j + 1 2 1  x 2  

Ca(g) + Cl2(g) 1 + 1 93 

Ca(s) + Cl2(g) 

Im, 

I-364 

ca+(g) + cr(g) 

-650 

CaCl(s) 

-364 X 2 

-223 7 

CaC12(s) 

Note that the entha lpy of atom isat ion of c h l o r i ne  is 
for  the react ion  1/2C I 2 (g)  ---7 C l ( g ) .  

b i Mf1 of CaCl2(S) 
= + 1 93 +590 + 1 1 50 + 2 X 1 2 1  + 2 X (-364) + 

(-223 7)  
= -790 kJ mol-1 

ii Mif of CaCl (s)  
= + 1 93 +590 + 1 2 1  + (-3 64) + (-650) = - 1 1 0  kJ 
mor1 

iii Mf, of (2CaCl (s)  - CaC12(s) + Ca(s) )  
= -790 -2 X (-1 1 0) = -5 70 kJ mor1 
Therefore products are more 
thermodynamically stable than reactants .  
Thus CaCl will  disproportionate. 

2 NaF: Experimental lattice energy 
= theoretical lattice energy. 
Therefore it is nearly 1 OOo/o ionic .  
Mgl2 :  Experimental >> theoretica l .  
Therefore i t  i s  considerably cova lent, because the 
doubly charged Mg

2
+ ion i s  much more polarising 

than the s ingly charged Na+ ion .  
Also  the much bigger r ion i s  more polarisable than 
the smaller F- ion.  

Topic 4 . 2  The Periodic Table II 

1 a i NaCI(s)  + aq ---7 Na+(aq) + Cr(aq ) 
ii SiCl4 + 2H20 - Si02 + 4HCI  
iii PC15 + 4H20 - H3P04 + 5 H CI .  

Do not be  tempted to g ive the tota l ly  wrong  equat i on :  
NaC I  + H20 - NaOH + HC I .  

b NaCl i s  ionic and so just dissolves 
SiCl4 and PCl5 are covalent and so react to give 
HCL 

c A lone pair  of electron s  on the oxygen atom of  
H20 forms a dative bond into the empty 3d 
orbital i n  the  s i l icon atom.  This  releases 
enough energy to break the S i-Cl bond. 
In CC14, the carbon atom has  no 2d orbital and 
so a dative bond cannot form before the C-Cl 
bond breaks, and the four l arge chlorine atoms 
around the small  carbon atom sterical ly hinder 
the approach of a water molecule.  

2 As a base: 
Al (OH)3(s)  + 3 H+(aq) ---7 Al

3
+(aq) +3H20( 1 )  

a n d  as  a n  acid:  
Al (OH)3(s )  + 30H-(aq) ---7 [Al (OH)i- (aq) 

Fo r the reacti ons of ox ides and  hyd rox ides ,  i on i c  
eq uat ions a re us ua l ly eas i e r. Bas ic  ox ides/hyd rox ides 
react with W i ons  to g ive s imp l e  pos it ive i ons ,  and ac id i c  
ox ides/hyd roxides react w i th  OW ions  to g ive negat ive 
ions .  
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3 a i Mg(OH)2(s) + 2H+(aq) __. Mg
2
+(aq) + 2H20( 1 )  

ii PbO(s) + 2 H+(aq) __. Pb
2
+(aq) + H20(l )  

iii so2 + acid:  no react ion.  
b i Mg(OH)z  + a lkal i :  no reaction 

ii PbO(s)  + 2 0 H-(aq) + H20( 1 )  __. Pb(OH)t(aq) 
iii S02(g) + 20H (aq) __. SO�-(aq) + H20( l )  

4 a Pb02 + 4HC 1 __. PbC12  + 2 H20 + Cl2 
b Sn

2
+(aq) + 2Fe 1+(aq) __. Sn4+(aq) + 2Fe

2+(aq) 

Topic 4 . 3  Chemical equi libria II 

1 

2 

Start (moles) 
Change (moles)  

2SO� � 
0.0200 
-0.0058 

2S02 + 
0 
+0.0058 

02  
0 
+0.0029 

1 mole of 803 g ives 1 mole of 802 and 1/2 mole of 02• 

Equilib. moles 
[ ]eq/mol dm-3 

0.0 1 42 
0 .0142/ 1 .52 

0.0058 0.0029 
0.0058/ 1 .52 0.0029/ 1 .52 

= 0 .00934 = 0 .00382 = 0 .00 1 9 1  
Kc= [SOzf x [OJ 

[SOt 
= (0.00382)

2 
X 0.00 1 9 1  

(0 .00934/ 
= 3 . 1 9  x 1 0-l mol  dm-·1 

2NO(g)+ 02(g) � 2NOz(g) 
Start (moles) 1 .0 1 .0 0 

Change (moles) -0 . 60 
Equi l ib . (moles) 0 .40 

Equi l ib .  mole 
fraction 

Partial 

0 .40/ 1 . 7  
= 0 .235 

pressure/atm 0 .235  x 4 
= 0 .94 

Kl' = (p  of N02)
2 

(p of NO/ x p of 02 
= (1 . 4 1/ 

(0 .94/ X 1 . 65 
= 1 . 4 atm 1 

Total = 2 mol 
-0 .30 +0. 60 

0 . 70 0.60 
Total = 1 . 7  mol 

0 .  70/ 1 . 7  
= 0 .4 1 2  

0 .60/ 1 . 7  
= 0 .353  

0 .4 1 2  X 4 0 .353  X 4 
= 1 . 65 = 1 . 4 1  

3 a [SOJ lnitiat2 
[ SOJ initiat2 X [OJ initial 

(0 .2/ X 0. 1 
= 1 0  mor1 dm1 

which i s  not equal to Kc� so it is not at equil ibrium.  
As the quotient <Ktl the reaction moves left to  
right, unt i l  equil ibrium is  reached. 

The [ ] term on ly eq ua ls  K when the  system is  i n  
eq u i l i b ri u m .  
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b i Because reaction L_.R i s  exothermic, a 
decrease in tem perature causes Kc to 
i ncrease, and so the position of equi l ibrium 
m oves to the right. 

ii As the reaction going from right to left 
causes an i ncrease in the number of moles of 
gas, a decrease in pressure wil l  cause the 
position of equi l ibrium to shift from right to 
left. Kc i s  unaltered. 

iii There will be no effect on either. A catalyst 
speeds up the rate of both forward and back 
reactions equally, and so equil ibrium is 
reached sooner. 

Topic 4 . 4  Acid-base equilibria 

1 C2H5COOH � H+ + C2H,COO
pK. = 4 . 8 7  
Therefore K = inverse log(-4 . 8  7 )  = 1 . 35  x 1 0 ' mol 
dm 
fH J = [ C_H 
K = [H+] X [ 

[C2H� 
[H f = 1 . 35  1 0  mol dm 1 

[ C,H,CO H ]  
[ H l  = (K, X [C2H5COOH] ) 

= )( 1 . 35  X 1 0-5 X 0.22)  = 1 . 72 X 1 0  1 mol dm � 

pH = )-log[H1 = 2 . 76 

2 a End point is at 25 em 1 NaO H .  

p H  

1 2  

1 1  

1 0  

9 Half way 
8 

7 

6 

5 

4 
4 1 0  20 

Volume NaOH/cm3 

Half  way to end point is 1 2 . 5  cm1, 
which is when [HA] = [ A  l .  
p H  a t  this point i s  4 .95 .  
Therefore pKa = 4 .95 . 

b Phenolphthalein .  

25  30  

3 a A buffer is a solution of known pH, which wi l l  

Th is  is  a su itab l e  i n d icato r because  i t s  range  of pH  
for i t s  ent i re co l ou r  change is  with i n  the  vert ica l  part 
of the  g raph .  
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4 

resist change i n  p H  when contaminated with 
small  amounts of  either acid or base.  I t  consists 
of  any weak acid and its con j ugate base, such as 
ethanoic acid and sodium ethanoate.  

Do  not say that the  pH  is  constant. ' Near ly constant' 
i s  acceptab l e .  

b The salt i s  fu lly ion ised: 
C H3C00Na(aq) ----. CH3COO-(aq)  + Na+(aq) 

The weak acid i s  part ia l ly ionised: 
CH3COOH(aq)  ""' H+(aq ) + CH3COO-(aq) 

The CH3COO- ions from the salt suppress most 
of the ionisation of the acid .  
I f  H+ ions  are added to the  solution, almost a l l  
of  them are  removed by reaction with the  large 
reservoir of CH3COO- ions from the salt, thus 
the p H  hardly a lters. 

H+(aq) + CH3COO-(aq) ----. CH3COOH (aq)  
I f  OH- ions are added, a lmost a l l of  them are 
removed by reaction with the large reservoir 
of CH3COOH molecules from the weak acid, 
thus the pH hardly alters . 
O H-(aq) + CH3COOH ----. CH3COO-(aq) + H20(1 )  

Fo u r  eq uat ions a re necessary for  a good answer, 
with one  of them as an e qu i l i b r i um  react i on .  

[H1 = Ka x [weak acid] / (salt] 
[weak acid] = 0 .44 mol dm-3 
Amount of salt = 4 .4/82 = 0 .053 7 mol .  
Therefore [salt] = 0 .053 7/0. 1 = 0 .537 mol dm-3 
(H1 = 1 .  74 X 1 0-5_ X 0.44 

0 . 5 3 7  
= 1 . 43 x 1 0-5 m o l  dm-

3 

Therefore pH = -log ( 1 .43 x 1 0-5) = 4 .85 .  

The concent rat ion  no t  t h e  n u m be r  o f  mo l es s hou l d  b e  
u s ed  i n  b uffe r  cal c u lati ons .  

Topic 4 . 5  Organic chemis try II 

1 a 
(a) H Cl 

\ I 
C = C  

I \ 
CH3 CH3 

H CH3 
\ I 

C = C  
I \ 

CH3 Cl 

b 

2 

If the re is a doub l e  bond ,  look for  geometr ic i somers .  
D raw them with  the  correct bond ang l es ,  not 90°. 
Look for fou r  d iffe rent g roups a ro und  a carbon atom 
for opt ica l  i someri sm .  

Mg I dry ether 
CH3CHICH3 CH3CH(Mgl)CH3 

C02(s) then 
HCl(aq) 

CH3CH(Mgl)CH3 CH3CH(CH3)COOH 

or KCN 
CH3CHICH3 CH3CH(CH3)CN 

heat under reflux 
with HCl(aq) 

An i nc rease in the n um be r  of carbon atoms  i n  a cha in  
i nd i cates the use of a G ri gna rd reage nt o r  a cyan i d e .  

3 a Add water to each: ethanoyl chloride gives off 
steamy fumes of H Cl;  ethanoic acid shows no 
vi sible reaction .  
Add PCl5 to each : ethanoic ac id  gives off steamy 
fumes of HCl;  ethanoyl chloride shows no 
visible reaction .  

b Add to a solution of iodine and sodium 
hydroxide: propanone gives a pale yellow 
precipitate; propanal gives no precipitate. 
Add ammoniacal silver nitrate solution a nd 
warm: propanal gives a si lver m irror; 
propanone gives no mirror. 

A nswers to Practice Tes t  Uni t  4 

The a l location of marks fol lows Edexcel mark 
schemes. 
The marks that you wil l  need for each grade are 
approximately: 

A 70% 
B 6 1 %  
c 5 2% 
D 44% 
E 3 6% 
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1 . a 

MgZ+(g) 2cr (g) t t LE 
Mg+(g) 2Cl(g) 

t t 
Mg(s) + Cl2(g) � MgC12(S) 

Correct cycle with all state symbols [2] 
wformation = sum of  all other changes 
-642 = + 1 50 +736  + 1 450 + 2 X 1 2 1  
+ 2 X (-3 64) + L E  [2] 
LE = -2492 kJ mor1 [1] = [5] 

b i The ionic radius of Sr2+ i s  < that of Ba2• [1],  
and so there i s  a stronger force of attraction 
between cation and anion i n  Sr (OH)2 than in 
Ba(OH)2 [1] = [2] 

ii Energy is released when the 6-oxygen atom in 
water [1] i s  attracted to the positive cation [1] 

= [2] 
iii LVfsotution = -Lattice energy + Whyctrauon of cation + whydcalion of the anions [1] 

Wsot Ba(OH)2 = +2228 - 1 360 - 920 = -52k] 
[1] 

f!Hsol Sr(OH)2  = +23 5 4  - 1 480 - 920 = -46kJ 
[1] 

so f!Bsolution of Ba (OH)2  i s  6 kJ more exothermic 
and so it i s  m ore soluble [1]  = [4] 

� .. - Ex�'s co� 
..!::;:_•::......___.. J - � 

a Remember  that l att ice ene rg ies  a re negat ive . 
b i i i  If you forgot to m u lt ip ly  -460 by 2 (there 

a re 2 O W  i ons ) you wou l d  lose 1 mark .  
Another  way to score the 3rd and  4th 
marks i s :  f rom S r  � Ba ,  the  latt ice energy 
decreases by 1 26 kJ [1 ] ,  b ut !J.Hhydration of the 
cat ion  o n ly decreases by 1 20 kJ [1] 

2 a i CH3CH2CH2C=N = [1] 
ii LiAlH4 or NaBH4 = [1] 
iii CH3CH2CH2CH2NH2 = [1] 

b i The lone pair  of e lectrons on the N atom 
make it a base = [1] 

ii RNH2 + H+  � RNH3+ = [1] 
c i 

H 

H H H 
\ I I 

N - C - C - H  

H -�-� I I 
I " H H 

H 0 

ii I t  forms a substituted amide = [1] 

3 a 
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iii One of: the reaction is faster, or no catalyst i s  

requi red, or with ethanol  the react ion i s  an 

iv 

equil ibrium = [1] 

H H 
I I H 0 - C - C - H 

H -�-� I I 
I " H H 

H 0 

a As a f u l l  structu ral formu la was not asked ,  you need 
not show a l l  the atoms .  

b Any am ine  wou l d  do .  
c Fu l l  structu ra l  form u lae were  asked ,  so a l l  atoms 

and  bonds  m ust be  shown .  

b Reagents :  C2H5CH0 [1] and CH3MgBr [1] or 
CH3CHO [1] and C2H5MgBr [1] 
Conditions; dry ether solvent [1] = [3] 

c i Y is CH3CH2COCH3 = [1] 
ii Y i s  a ketone = [1] 
iii Add 2, 4-dinitrophenylhydrazine [1] which 

gives an orange ppt.  [1] 
Add Fehling's solution (or  ammoni acal si lver 
nitrate) [1] which stays blue (does not give a 
s ilver mirror) [1] = [4] 

iv C H I3 [1] and C2H5COONa [1] = [2] 

a You must make an attem pt at a 3-D d rawi ng  and  
the  two i somers m ust be m i rro r i mages of each 
othe r. 

b i i i  You must show that it is a carbonyl 
compound  and then that it is not an  
a ldehyde .  

b iv  C2H5COOH wou l d  be  accepted as the othe r  
o rgan ic  p rod uct .  

4 a K _ p(AlCI/ = [1] 
r - p(AlC13) 

b Amount of AlCl = 0 . 63g/62 .5  g mor1 = 0 .01  mol 
Amount of AlC13 = 0 . 6 7  g/ 1 33 . 5  g mor1 

= 

0 . 005 mol [1] total moles = 0 .0 1 5  
mole fract ions :  AlCl = 0 .667, A1Cl3 = 0 .333  [1] 
partial pressures :  p(AlCl)  = 0.667 x 2 = 1 . 3 3  atm 
p(AlCl3) = 2 x 0 .333  = 0.667 atm [1] 
K" = ( 1 . 3 3  atm)

3
/0 . 66 7  atm = 3 . 56 atm

2 
[1] = [4] 
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c A n  i ncrease i n  tem perature shifts the equil ibrium 
i n  the endothermic direction . :. !llf i s  
positive = [1]  

d K" stays constant [1] The position of equil ibrium 
moves to the s ide with fewer gas molecules [1], 

which i s  to the left [1] = [3] 

e Mix scrap aluminium metal with A1Cl3 and heat 
to form AlCI [1],  remove from excess AI, then 
cool (or increase pressure) and pure Al and A1Cl3 
are formed. The latter is then used again [1] = [2] 

a So l i ds  do not appear in  Kp express ions .  
b Part ia l  p ress u re is  mo le  f racti on  x tota l p ress u re .  
c K is on ly  a ltered by  temperau re .  

5 a i MgO(s) + H2S0o�(aq) � MgSO�(aq) + H20( 1 )  
Correct equation [1] state symbols [1] = [2] 

ii A white solid [1] reacts to form a colourless 
solution [1] = [2] 

b i P�0 10 + 1 2NaOH � 4Na3PO� + 6H20 
or P20, + 6Na0H � 2Na.1P04 + 3 H20 
Al l  species correct [1], balanced [1] = [2] 

ii For having 2 equations, one with H+ (or HCI)  
and the other with O H- (or NaOH) [1] and:  
Al (OH)1  + 3H+ � AC+ + 3 H20 or  
Al (OH) 1 + 3 HCI � AlC13 + 3 H20 [1] plus  
Al (OH)1  + 3 0 H- � Al(OH)63- or  
Al (OH)3 + 3NaOH � Na3Al (OH)6  [1]  = [3] 

c MgO is basic, Al (OH):1 i s  amphoteric and P4010 is 
acidic [1] showing the metal l ic  character of the 
element decreasing across the period [1] = [2] 

d As a Group is  descended the oxides get more 
basic [1] . I ndium i s  i n  the same Group as 
amphoteric a luminium, so indium oxide will  be 
basic [1] = [2] 

Many students a re very bad at writ i ng  eq uat ions .  
Yo u m ust make s u re that you learn the  eq uat ions  i n  
Top ic  4 . 2  of the spec i f icati on .  
a Whenever you a re asked to  state what you wou l d  

s e e ,  you  m ust descr ibe the  appearance before and  
afte r reacti o n .  

6 a An acid i s  a proton donor [1] ,  

Weak means that i t  i s  i ncompletely dissociated 
( ionised) [1], but di lute means that its 
concentration i s  small [1] 

b i pH = -log 10 [H1 
ii  K. = 3 .  72 X 1 0-1! = [H1 [OCll 

[ H OCI)  
(H1 = 1 0-pH = 5 . 89 X 1 0-s mol dm-1 
[H1 = [OCll [1] 
:. [HOCl ]  = ( 5 .89 X 1 0-5)

2 
+ 3 . 72 X 1 0--/l 

= 0.0932 mol  dm J [1] 

= [3] 
= [1] 

[1] 

[1] 

= [4] 

c 
1 4  

1 2  

1 0  

pH 8 

6 

4 

2 

0 �---------------.---------------.-
25 50 

Vol. NaOH/cm3 

Shape of curve correct [1], start at pH = 4 [1], 

vertical at 25 cm
3 

[1] and at a pH of between 7 and 
1 1  [1], curve flattening off at pH 13 [1] = [5] 

d i H2SO� � H+ + HS04- [1] 

HSO�- � H+ + 504
2
- [1] = [2] 

ii The second ionisation is incomplete and is  
suppressed by the H+ from the first ionisation,  
and so produces very few H+ ions = [1]  

Exautiners C()/IUUU!J1.:tf 
. ' 

a Don 't confuse weak ( how ion ised ) with dilute ( how many mo les ) . 
b To get f rom pH to [W] , use the  1 ox b utton  o n  

you r  ca l cu l ator. 
d S u l p h u ric  ac id is on ly  strong  i n  its 1 st 

i on isat i on ,  so th i s  so l ut ion  has a pH of 0 .98 not 
0 . 699.  

U n it 5 
Topic 5 . 1 Redox equ il ibria 

1 a i Cr20/- (aq) + 1 4H+(aq) + 6e- � 2Cr1+(aq) + 
7H,O 

ii  Sn"\aq) + 2e- � Sn
2
+(aq) 

iii 1 0� (aq)  + 6H+(aq) + Se- � 1 /2 1 2 + 3 H20 
iv 12 + 2e- � 21 (aq) 

. .· Ex�s CIJ/IUUU!J1.:t; -
- � .- - . 

Al l  are reduct ions and so have e l ectrons on the  l eft . 
The n umbe r  of e l ectro ns equa ls  the  total change i n  
oxidat ion  n u m be r. 
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b i Cr20,
2
-(aq) + 1 4H.(aq) + 3Sn

2
·(aq) -. 2Cr1·(aq ) + 

7H20 + 3Sn 4·(aq) 
Ermtion = + 1 . 3 3  - 0. 1 5  = + 1 . 1 8 V. 
Feasible as  E,ea,uon > 0. 

Eq uat ion  a i i  is m u lt i p l i ed  by 3, reversed and 
added to eq uat ion a i .  

ii  I O� (aq) + 6H.(aq) + S r(aq) ___. 3 I2 + 3 H20 
£rcattion = + 1 . 1 9 - 0 .54  = +0. 65 V. 
Feasible as  E,cac:uon > 0 . 

Eq uat ion a iv is m u lt i p l i ed  by 5/2 , reversed and 
added to eq uat ion a i i i .  

2 Equations are:  
Fe(s)  + 2H.(aq) - Fe

2
·(aq) + H2(g) 

5 Fe
2
·(aq) + Mn04 (aq) + 8H.(aq) - S Fe.!·(aq) + 

Mn2·(aq) + 4 H20 
Amount of M n04- = 0.0235 x 0 .0200 
= 4 .  70 x 1 0-1 mol 
A f F 2+ • 2 3 -I mount o e 1n 5 em sample = 4 . 70 x 1 0  x 5 / 1  
= 0 .00235 mol 

5/1 because the re a re 5Fe2• to 1 M n04- i n  the  equatio n .  

Amount o f  Fe
2
• i n  2 5 0  cm

3 
sample = 0.0235 mol 

Mass of Fe
2
• = mass of Fe = 0 .0235 x 5 6 = 1 . 3 1 6  g 

Purity of iron i n  steel = 1 . 3 1 6  x 1 00 = 99 . 7% 
1 . 32 

3 Anode area :  Fe(s)  -. Fe
2
·(aq) + 2e-

Qxidat ion at the Anode ,  so e l ectro ns on  the r ig ht .  

Reduct ion at the  Gathode ,  so e l ectrons o n  the l eft. 

Between anode and cathode: 
2Fe(OH)z(s) + 20H-(aq) ___. Fe20l(s )  + 3 H20( 1 )  + 2e-

1 /202(aq) + H20( 1 )  + 2e ___. 20H-(aq) 

A N S W E R S 

Topic 5 . 2  Transition meta l  
chemistry 

137 

1 The water l igands split the d orbitals i nto two of 
higher energy and three of lower energy. When 
white l ight shines on the solution, an e lectron 
absorbs visible light energy and moves ( j umps) 
from the lower to the h igher energy level, 
absorbing some of  the red/green light and leaving 
blue l ight .  

2 a [ Cr(H 20)J 1·(aq) + 30H-(aq) ___. Cr(OHL(s)  + 6H20 

Th is  reaction  is dep rotonat i on .  

then Cr(OH) ( s )  + 30H (aq)  ____. Cr( OH).,l  (aq) 

This occu rs because C r ( l l l l  1 s  ampho  er ic .  

b [ Fe (H20 ).,((aq)  + 20H (aq J - Fe 
then no furth er reaction.  

c [ Zn (H20)i.(aq) + 20H (aq)  ____. Zn( H )2 ) 4H 
then Zn(OH)z(s) + 20H-(aq)  -. Zn (OH )_2 aq) 

3 a [Fe( H20 U l•(aq) + 3NH1(aq) ____. Fe(OHL(s)  + 
3NH; (aq) + 3 H20 

Th is  reaction  is  dep rotonat ion .  

then no further reaction . 
b [Cu(H20)6t(aq) + 2NHl(aq) ___. Cu (O H)2(s) + 

2NH; (aq) + 4H20 

Th is  reaction  is  a lso dep roto nat io n .  

then Cu(OH)2(s) + 4NH1(aq)  + 2H20(1 )  ___. 
[Cu(NH1)4 (H20) 2t(aq) + 20H-(aq) 

The overa l l  react ion  is  l igand exchange .  

Vanad i u m (V) i s  red uced , so e l ectro ns a re o n  the l eft . The 
oxidatio n  n u mber  changes by 3 ,  so there m ust be th ree  
e lectrons .  
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b vo; (aq) + 2H+(aq) + e- ---+ V0
2
+(aq) + H20 

c V
3
+(aq) + H20 ---+ V0

2
+(aq) + 2H+(aq) + e

d V0
2
+(aq) + H20 ---+ vo; (aq) + 2H+(aq) + e-

Topic 5 . 3  Organ ic chem is try III 

1 a The b romine reacts with the iron catalyst to 
form FeBr3: 

2Fe + 3 Br2 ---+ 2FeBr3 
The FeBr1 then reacts with more bromine to 
form Br+ (the e lectroph ile)  and FeBr:. 

The i ntermediate cation loses H+ to the FeBr4-. 

HilEr ] -
@tBr 

Br i:- Br 

1 
r8'( Br 

l8J + HBr + FeBr 3 

Check  that :  
the a rrow starts on the de l oca l ised r i ng  and goes 
towards the B r+ (and n ot to the + of B r+) 

the i ntermed iate has a b roken de loca l ised r i ng  
w i th  a + i n s i de  i t  

the a rrow sta rts from the  a bond of  the  r i ng/H 
atom and  goes i ns i de  the  hexagon ( but n ot 
d i rect ly to the + ) .  

b I t  i s  energetically favourable for t h e  intermediate 
cat ion to lose an H+ and gain the stabi l i ty of  the 
benzene r ing, rather than add Br as happens with 
a lkenes .  

2 The f irst  step i s  the addition of  a C� ion.  HCN is  
too weak an acid to produce a s ignificant amount 
of C� ions .  NaOH wil l  deprotonate HCN 
molecules, producing the necessary CN- ions .  

3 a If the temperature is too low ( <5 °C) ,  the rate is  
too slow. 

If the temperature is too high (>5 °C) ,  the 
benzene diazonium chloride will  decompose. 

b C6H5N=NC6H40- but C6H5N=NC6H40H is  
acceptable .  

Topic 5 . 4  Chem ical kinetics II 

1 Rate = k [HI ]
2 

k = rate [H it 
= 2 .0 x 1 0-1 mol dm-3 s-1 

(0 .050 mol dm-Y 
= 0.080 s-1 mol-1 dm3 

2 Carry out the fol lowing procedure: 
Place equal volumes of solution, e.g. SO cm

3 
of 0. 1 0  

mol d m  -J ethanoic acid and methanol i n  flasks in  a 
thermostatical ly controlled tank at 60 oc. 
Mix, start the clock and replace in the tank. 
At i nterva ls of t ime, pipette out 1 0  cm3 portions 
and add to 25 cm3 iced water in  a conical  flask . 
Rapidly t itrate with standard sodium hydroxide 
solution us ing phenolphthalein as the indicator. 
Repeat several t imes.  
Plot a graph of the titre (which i s  proportional to 
the amount of ethanoic acid left)  against t ime.  

3 Time taken for the concentration to h a lve from 1 . 6 
to 0 . 8  mol dm-3 = 26 minutes. 
Time taken to halve aga in to 0.4 mol dm-3 = 26 
minutes. 
Time taken to halve again  to 0 .2  mol dm-3 = 26 
minutes. 
t1 12 i s  a constant, therefore reaction i s  1 st order. 

Topic 5 . 5  Organ ic chemis try IV 

1 a Add 2 ,4-din itrophenylhydrazine .  Both give a n  
orange precipitate. 
Add ammoniacal s i lver n itrate solution .  Only 
pentanal will  give a s i lver m irror on warming. 

' • , ,  £ 1 J ,,.,� ,,.,� , iA� . . . : "'· X� s COYYU/.fu::-+'LL!, . .. ' 
4-.�' ��·� .. r -_ ' ..,_ • ---

Feh l i n g 's so lu t i o n ,  wh ich  g ives a red p rec ip itate , 
cou l d  be used i n  p l ace of ammon iacal s i lver n i trate. 

b Heat under refl ux with aqueous sodium 
hydroxide.  

. ' J . 
,.. �· Ex� s coU1.J11.el1.ir �. � - -

Ha logenoal kanes a re cova lent and so m ust f i rst be  
hyd ro lysed to p roduce ha l i de  i ons .  

Cool  and acidify with di lute nitric ac id ,  then 
add silver n itrate solution.  
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The 2-bromo compound gives a cream 
precipitate i nsoluble in dilute ammonia but 
soluble in concentrated ammonia . 
The 2-chloro compound gives a white 
precipitate which di ssolves i n  dilute ammonia .  

c Warm with di lute sulph uric acid and potassium 
dichromate(VI)  solution and disti l l  off any 
product into ammoni acal si lver nitrate 
solution .  
Methylpropan-2-ol does  not change the colour 
of  the potassium dichromate(VI) . 
Methylpropan- 1 -ol turns it from orange to 
green and the disti l late gives a si lver m irror. 
B utan-2-ol turns it from orange to green and 
the disti l late has  no effect on the s ilver n itrate 
solution . To confirm, add a few drops of the 
butan-2-ol to iodine and aqueous sodium 
hydroxide and warm gently. A yel low 
precipitate of iodoform wil l  be produced . 

The 1 o a lcoho l  is part ia l ly  oxid i sed to an a ldehyde .  
The  2 °  a l coho l  i s  ox id ised to a keto ne .  
The 3° a l coho l  is not ox id ised . 
Butan-2-o l  co nta ins  the  CH3CH (OH )  g roup  and so 
g ives a posit ive i odoform test. 

2 The substance i s  probably aromatic (:2:: 6 carbon 
atoms and about the same n umber of  hydrogen 
atoms) . 
1 20 is the molecular  ion.  
1 05 i s  15  less than 1 20 and i s  probably caused by 
loss  of CH3• 
7 7  is probably caused by the (C6H5f group ( 7 7  i s  43 
less than 1 20 and is  probably caused by loss of 
COCH1) . 
X is probably C0H5COCH3• 
The 1 20 peak is caused by (C6H5COCHJ+, 
the 1 05 peak by (C6HsCOf, 
and the 7 7  peak by (C6Hsf· 

3 3200 cm-1 i s  due to 0-H, 1 720 cm-1 is due to C=O, 
and 1 1 50 cm-1 i s  due to C-0 . 

4 Six of the carbon atoms are i n  a benzene ring.  The 
remainder are either C2H5 group or 2 x CH3 groups .  

Y i s  C6H5CH2CH� .  

[5 H 's i n  C6H,, 2 H 's in  CH2 and 3 H 's i n  CH1 . ]  

Z i s  C6Hi C H3)z. 

[6 H 's i n  2 x CH1 groups, 4 H 's i n  C6H4.] 

A nswers to Practice Tes t  Unit  5 

The a llocation of marks fol lows Edexcel mark 
schemes.  
The marks that you wil l  need for each grade are 

A N S W E R S  139 
approximately: 

A 68% 
B 59% 
c S Oo/o 
D 4 1  o/o 
E 32% 

1 a i Con ider experime nts 1 & 2 :  when [RCH2Cl] i s  
in crea ed 3 t imes, rate also increases 3 times 
[ 1 ] ,  : . 1 t order with respect to [RCH2Cl] . [1] 

Con 1der experiments 1 & 3: when 
con entrations of both are doubled, the rate i s  
incr a ed 4 t imes [1] ,  :. 1 st order  with respect 
to I H ] a wel l  [1] = [4] 

ii Rat = k R H 2Cl]  x [O H-] = [1] 
iii k = rat I IR H2Cl] x [OH-] ) 

4. 1 0  mol dm-l S-1 - mol dm x 0 . 1 0  mol  dm- l  
[ I ]  mol 1 dm [1] = [2] 

iv 1 t rd r in both.  it i a S 2 mechanism 
[ 1 ] . 

R 

H -

H 
R 

H 
H 

H 

urh a rrm from 0 of OH to C and from C-CI a 
bond to l [ 1 ] .  correct transition state [1] = [3] 

i You must make it c l ear  what data you are 
us ing  and how you a rr ive at each o rde r. 

iv Make s u re that a l l  you r  cu r ly a rows start 
e ithe r  at a bond and go to an atom or at an  
atom and go  to a bond .  

2 a The e lectrophi le i s  C H3CO+ [1] . The equation is :  

b 

C H  COCl + A1Cl1 � CH3CO+ + A1Cl4- [1] = [2] 

0 �H 0 
II II C+ - � c -
\ \ CH3 CH3 

Curly arrow from ring to C of CO+ [1],  correct 
intermediate [1], curly arrow from C-H a bond to 
ring [1] = [3] 

c React the phenylethanone, C6H5COCH3, with 
HCN [1] ,  with a trace of base (or i n  a solution 
buffered anywhere between p H  5 to 9 or add a 
mixture of HCN and KCN) [1] . This  produces 
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Now add aqueous sulphuric acid (or any 
named acid) [I]  and heat under reflux [I]  

[I]  

= [5] 
d Mix known amounts of ester and O H- [I]  

remove sample [I]  

at known time [I]  

quench the reaction by adding ice cold water [I] 

titrate unreacted OH- with acid [I] 

Calculate rate = change in [ O H l  + time [I]  

Repeat with double [ester ]  and the same [ O H l  [I]  

Repeat with double [ O Hl and the same [ ester] [I] 
= [8] 

b The c u rly a rrow m ust go towards the  C of the  CO not the 
C of the  CH3  g ro up .  The i ntermed iate must have a b roken 
r i ng  go ing ac ross a l l  b ut the C atom wh ich  has fo rmed 
the  bond with the  C H3CO g ro up .  

d The  p H  wou l d  hard ly change ,  so a method i nvo lv ing 
measu r i n g  the  p H  change over t ime  wou l d  score a 
max im u m  of 6 .  

3 a The reagent for  step 1 i s  magnesium [It and the 
con ditions are dry ether [I]  = [2] 

b i Potassium dichromate(VI)  [I]  and sulphuric 
acid [I]  = [2] 

ii Disti l  off D as i t  is formed [I]  = [I]  

iii  Ethanoic acid (CH3COOH) or ethanoate ions 
(CH3COO) [1]  = [I]  

c E i s  CH3CH2CH (OH)CH:1 [I]  for any secondary 
alcohol and [I]  for the correct formula = [2] 

d i F is a carbonyl compound as it reacts with 
2, 4-dinitrophenyl hydrazine [I] ,  but it must 
be a ketone and not an aldehyde as it does 
not react with ammoniacal si lver n itrate [1] 

= [2] 
ii In order to do the iodoform reaction F must 

have the CH3CO group [I]  and the products 
are CHI3 [I]  and CH3CH2COO- [I] = [3] 

iii F i s  C H3CH2COCH3 [2] = [2] 

e The species are :  (CH3CH2COCH3f for m/e = 72 [1] ,  

(COCH3f for 43 [I] and (CH3CHz) •  for 29 [1] 

b i i i  The a ldehyde D i s  ox id ised to an  ac id by the 
s i lver/am mon ia  comp lex i ons .  

c G rig nard reage nts react with an a ldehyde to g ive a 
secondary a lcoho l .  

= [3] 

d i i The on ly  su bstances to do the iodoform react ion  a re 
a lcoho ls  with a CH3CH (OH )  g ro up ,  ketones with a 
CH3CO g ro u p  and  ethana l .  

e Don 't forget the charge on the species i n  a mass spectrum .  

4 a Dip a plat inum electrode [I]  into a solution 
which is  1 mol dm-3 in  both Fe

2
• and Fe l+ ions [I] .  

This i s  conn ected v ia  a sa l t  bridge (contain ing 
potassium chloride solution) [I]  to a standard 
hydrogen e lectrode [1] . The potential i s  measured 
with a h igh resistance voltmeter (or a 
potentiometer) [I]  = [5] 

b i Au
3
• + 3e- - Au [I]  

5 a  

Fe
2
• -+ Fe

3
• + e- [I]  = [2] 

ii  Au
3
• + 3 Fe

2
· -+ Au + 3 Fe

3
+ = [I]  

iii Au3• + 3e- - Au E"' (gold) 
3 Fe

2
· - 3 Fe

3
+ + 3e- E"' = -0 . 7 7  V 

adding the two half-equations gives E"' cel l 
E"' (gold) + (-0. 7 7) = E"' (cel l ) = +  0 . 73 [I]  
E"' (gold) = + 0.  73 + 0 .  7 7  = + l . SOV [1] = [2] 

b Reduct ion (ga in  of e l ectro ns)  takes p l ace at the  
go ld  e l ectrode because it acts as the  cathode .  
Th us  Au3• i ons  ga in  e l ectro ns that f l owed i n  the  
exte rna l  c i rc u it f rom Fe2• i ons  wh ich  l ost them.  

i i i  M u lt i p ly ing  the Fe2+ ha l f-eq uat ion  by 3 does not 
a lte r its £?> va l u e .  
Another way of do i ng  the  ca lcu lati on  is  to use  
the  standard red uct ion  potent ia ls t h us :  
£?> of ox i d i s i ng  agent ( go l d )  - £?> of red uc i ng  
agent ( i ron )  = £?> of the ce l l .  

3d 4s  

Fe : [Ar] [ill [] [] [] []  [ill 

Cr : [Ar] [] [] [] [] []  [] 

Cr 3+ :  [Ar] [] [] [] 0 0  0 
b FeCr04 + 4C -+ Fe + Cr + 4CO 

species [I] ,  balancing of equation [I]  

c i [ Fe (H20)i• 
ii [ Fe (H20)6]

2
+ + 20 H- -+ Fe(OH)2  + 6 H20 

= [2] 

= [1]  

or [Fe( H20)6]
2
+ + 20H- -+ [Fe (OH )2(H20L] + 2H20 

correct iron species in product [I]  balance 
[1]  = [2] 

iii The preciEitate's colour i s  pale green = [1]  
iv [Cr (OH)6] - = [I] 
v The solution of  R would first give a green 

precipitate [I], which forms a green solution 
with excess acid [I] = [2] 

d i Th e standard e lectrode potential i s  the 
potential difference between a standard 
hydrogen electrode and the half-cell [I]  where 
a l l  concentrations are 1 mol  dm-·1 and the 
pressure of al l  gases i s  1 atm . [I]  = [2] 

ii All four halogens wi l l  oxidise Cr
2
• = [I]  

iii  Both bromine and iodine will  not oxidise Cr
3
• 

further = [I] 
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iv Mix the blue Cr
2
+ solution separately with 

bromine and iodine [1], the solution goes 
green and stays green with excess halogen 
[1] = [2] 

:\ .. .  · Ex�'! Cb�f 
t.;:. i:...JrL•.-J----· . .... .. : - . 

a Remembe r  that 3d5, 4s 1 is more stab l e  than 3d4 ,  
4s2 (and s im i lar ly for  Cu  which is  3d 10 ,  4s1 ) .  A lso 
the  4s e l ectrons a re lost f i rst when cat ions  are 
formed . 

c i A l l  trans i t ion metal i ons  are hyd rated i n  
so l u t i o n ,  with 6 water mo lecu les  coord i nate ly 
bonded  on .  

i v  Ch ro m i u m  is amphoter ic .  [ C r (OH )X wou ld  be  
an  acceptab l e  answer. 

v Add it ion  of ac id wi l l  f i rst p rec ip itate the  
hyd rox ide  wh ich ,  as it i s  bas ic ,  w i l l  t hen  react 
with excess acid to form a so lu t ion  of the 
hyd rated metal i ons .  

A nswers to Practice Tes t  Uni t  6B 

The a l location of marks fol low Edexcel mark schemes.  
The marks that you wil l  need for each grade are 
approximately: 

A 66% 
B 5 7% 
c 48% 
D 40% 
E 3 2% 

1 a Amount of NaOH = 0. 1 00 mol dm-·1 x 0 .0280 dm·1 
= 0 .00280 mol [1] = moles of H+ 
Ratio H+ to NH/ = 1 : 1 .  
Amount o f  NH4• i n  2 5  em� = 0 .00280 mol .  
Amount in 250 cm3 = 0 .0280 mol  [1]  
Amount of (NH4)2S04 = 1 /2 x 0 .0280 = 0 .0 1 40 mol 
[1] ,  

mass of (NH4)2SO . .  = 0 .0 1 40 mol x 1 32 g mar' = 
1 . 848 g [1] ,  

% ( NH4)2S04 in fert i l iser = 1 . 848 x 1 00/3 . 80 = 
48 .6% [1] = [5] 

b Any two of: not all ammonia driven off [1] ;  

ammonia incompletely absorbed by the HCl  [1];  

some ammonia gas escapes [I] = [2] 
c i B a2+(aq) + so .. z- (aq) � BaSOJs) 

Species [1] ,  state symbols [1] = [2] 

ii To ensure that all the sulphate ions were 
precipitated = [I] 

d Many carbonates wi l l  decompose on heating [I] ,  

a nd the C02 gas evolved will  result i n  a lower 
mass being recorded [I] .  An example i s  CaCO� [1] 
CaCO.� � CaO + C02 [I] = [4] 

A N S W E R S  141 

a Don 't forget to m u lt i p ly by 1 0  to get the total 
amount of the N H4+ i ons ,  and then halve it as the re 
is 1/2 a mo le  of ammon i um  s u l p hate per  1 mo l  of 
N H4+ i ons .  
Forgett i ng  to d iv ide  by 2 g ives the answe r 97 .3% 
(obta i ned by about  3/4 o f  the  cand idates)  wh ich  
scores 4 marks .  

c i I n  a p rec i p itati o n  reacti on  there are j u st two ions  
on  the l eft and  the  f u l l  formu l a  of the so l i d  on  
the r ig ht of the equat i on .  

d Don 't g ive a g ro u p  1 carbo nate ,  no r  BaC03, as i t  
d oesn t d ecompose on  heat i ng  i n  the l ab ,  no r  
BeCO because tt decomposes be low room 
tem peratu re .  

Answer any two of the section B questions 

2 a Any two of : it is considerably cheaper [I] ;  
less risk of leaching [1] 

it  does not effect the pH of the soil  [I] 
it releases the n itrogen slowly [I] = [2] 

b The smaller the K. of the conj ugate acid, the 
stronger the base [1] . Therefore ammonia i s  the 
stronger base [I] = [2] 

c Polymerisation occurs when many molecules j oin 
to form a long chain [I] ;  condensation is with 
the e l imination of water or  a small inorganic 
molecule such as HCl [I] .  

A polyamide contains  the -CONH- link [1] as in :  

0 0 H H 

t�-( CH2 ),-�-�- (CH2 ),-�t [ 1 ] 

d i The reagents are : l iquid bromine [1] and 
concentrated sodium hydroxide [I] . The 
condition is that i t  must be heated [I] = [3] 

ii NH2NH2 = [I] 
e i Solids are not included in Kr expressions and 

ammonium nitrate i s  a sol id .  = [I] 
ii As the react ion is endothermic,  the energy 

level of the products is higher than that of the 
reactants [1] ,  therefore the reaction i s  said to 

a The d isadvantages of us ing u rea a re that some u rea 
evaporates espec ia l ly  if the re is  no  ra i n  with i n  4 days of  
app l icat i o n .  I t  cannot be b lended with phosphate nor  
potass i u m  fert i l i s e rs ,  and  it i s  l ess su itab l e  on  cha l ky 
so i l s .  It can cause damage to seed l i n gs .  It does not work 
i f  the  so i l  i s  too co l d .  

c The  stronge r  t h e  base ,  t h e  weaker its con jugate ac i d .  
d Thermodynamic stab i l ity is  t o  do  with !lH and k i net ic 

stab i l ity is  to do  with the  rate of the  react i on .  
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142 A N S W E R S  

b e  thermodyn amically stable [1] and the 
equil ibrium l ies to the left [1] . 
As the reaction proceeds on moderate heating, 
the activation energy is  fairly smal l  [1] and so 
the reaction i s  kinetical ly unstable [1] 

3 a i The reagents are potassium dichromate(VI) [1]  
and sulphuric acid [1] . The conditions are 
carefu l  heating and dist i l  off the aldehyde as it 
i s  formed [1] . = [3] 

ii The conditions for the addition of HCN to a 
carbonyl compound are KCN in aqueous 
ethanol at a pH of 8 (or a mixture of KCN and 
HCN) [1] 
The mechanism i s :  

H H 
I I R - C f":cN-=------+ R - C -CN -Co �- H_QN 
H v 

I R - C - CN 
I OH 

[1] for a curly arrow goi ng from the C i n  C� 
[ 1] for a curly arrow going from the C=O n bond 
to the oxygen atom 
[1] for the i ntermediate with its - charge = [4] 
iii C H3CH2C H2CH(CH3) C H (OH)CN + HCl  + 2 H20 

iv 

� CH3CH2CH2CH(CH3) C H (OH)COOH 
+ N H4Cl [1] ,  
correct formula of organic  product [1] = [2] 

CH3 H 
\ I C =C 0 I \ II  CH2 C \ 0- H HA 

= [1] 

b i K. = [H�01 x [Al or [H1 i nstead of [ H301 [1] 
[HA] 

[ H301 = [Al = �(Ka c) = � (4 . 5  X 1 0-3 X 0 .0 1 00) 
= 6 . 7 1  x 1 0-t mol dm-3 [1] 
p H = -log (6 . 7 1  x 1 0-1) = 3 . 1 7  [1] = [3] 

ii The acid is partially ionised:  HA � H+ + A
The salt is totally ionised: NaA � Na + + A- [I] 
This  suppresses the ionisation of the acid and 
so both [HA] and [A l are large compared to 
any H+ or  O H- that may be added . [I] 
When H+  is added, i t  i s  removed by the 
reaction : 
H+ + A- � HA [I] 
I f  O H- is  added, i t  i s  removed by:  
O H- + H A  � A- +  H20 [I] = [4] 

a i Care has to be taken if you wish to stop the oxidat i on  
o f  a p ri mary a lcoho l  a t  the  a ldehyde .  

i i  As a lways make s u re that you r  cu r ly a rows start on  
an  a tom and  go  to fo rm a bond o r  sta rt on  a bond 
and go  to an  ato m .  

i i i  t h e  reaction  is  s imp ly R-CN � R C O O H .  
i v  t h e  c o n e  s u l p h u ric  dehyd rates t h e  a l coho l  t o  a C=C.  

You were to ld i n  the stem that HA deco l o u rised 
b rom i n e  wate r and so it i s  unsatu rated .  

b i i  Th is  i s  t h e  standard answer t o  t h e  mode  o f  act ion  of 
a buffe r  and m ust be learnt .  

4 a The Fe ion i s  3+ whereas the Na ion i s  only 1+ [1] 
The Fe

3
+ ion i s  much more polaris ing than the Na+ 

ion [I], and so i t  draws the electrons [1] from the 
large cr ion towards itself and the bond becomes 
covalent .  [1]  = [4] 

b i [Fe(H20)6]" 1+ + H20 � H30+ + [Fe(H20),0H]
2
+ [1]  

acid [Fe( H20)i+: con j ugate base [Fe(H20),0H]
2
+ 

[1]  
base H20 : conj ugate acid H30+ [1] = [3] 

ii a red precipitate wi l l  form [ 1] 
which stays with excess NaOH [I] 
[Fe(H20)6f+ + 3 0 H- � Fe(OH)3  + 6H20 [1] or 
[Fe(H20)i+ + 3 0 H- � [Fe(H20)3(0H),] + 3 H20 
The reaction is deprotonation .  [ 1] = [4] 

iii The bonding is dative covalent (coordi n ate) [!] 
The l igands split the d-orbitals  into two l evels 
[1]  
The l ight i s  absorbed and a d electron 
promoted from the lower to the higher leve l .  
[I] = [3] 

c Each oxygen is -2, : . 4 oxygens = -8 . The ion is 
2-, and so the Fe is +6 (6+ and 8- make 2-) [1]  
There are two ways.  The first i s :  add excess 
acidified potassium iodide solution to an a liquot 
of the Fe04

2
- solution [1] ,  then titrate the 

l iberated iodine against  standard sodium 
th iosulphate solution [1] ,  adding starch when the 
solution becomes pale yellow and stopping when 
it is colourlesss [1]  
The second method is :  add excess acid to an 
a liquot [1] ,  then titrate against standard FeSOo� 
solution [1] unti l  the solution becomes very pale 
pink [1] = [4] 

-� -.-Ex��-c4�r�i�1·- ·!�.;(}�:��� 
� - � _. ! - ,. �  :__ __,__ _.;: -::�¥:-.. -�- .... _.._�_.: ..... v=.:_.:!_J.-��=-_:�@ 

a A com par ison with NaC I  m ust be made .  
b Make s u re that you i dent ify both ac id-base pai rs and  

labe l  them c learly. 
i i I ron  is  not amphoter ic and so the p pt stays i n  excess .  
i i i  Afte r the  e l ectrons have been excited they g radua l ly  

fa l l  back  to the l owe r leve l  g iv i ng  out  heat ,  and a re 
then ready to absorb photons .  

c Feo/- is ve ry l i ke Mn04- in co lou r and  in ox i d i s i ng  power. 
So you can use e i ther  the  standard method of est imat i ng  
ox i d i s i ng  agents ( i od i n e  t i trati o n )  o r  the manganate (V I I )  
method wh ich  i s  d i rect t i trat ion  with i ron ( l l )  i ons .  
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� Organ i c  react i ons  
1 .  A S  and A 2  (synoptic) 
A lkanes, e.g. ethane C H3CH3 

• Ethane � carbon dioxide and ,.,·ater 
Reactant :  oxygen (a ir )  
Equation : 2 CH_�CH3 + 7 ___. -l 01 - 6H_ 
Condit ions :  burn I spark 

Cl assification : combustion 
• Ethane � chloroethane 

Reactant :  ch lorine 
Equation : C H3C H1 + C l  U 1 H H I 
Conditions:  sunl ight 
Class i ficat ion:  free radical  ub t i tu t ion 

Al kenes, e.g. ethene, H2C=CH2 

• Ethene � et h a ne 

Reactant:  hydrogen 

Equation : H 2C=CH_ + H2 � 

Conditions:  heated n i ckel or pi tin u m L ta l y t 
C lassification : addition or r u ti n r hydro •enation 

• Ethene � 1 , 2-dibromoethane 
Reactant :  brom i ne 
Equation : H 2C=CH -r Br -+ H 1B r  H B r  

A P P E N D I X  

Conditions:  bubble ethen into bromine dissolved i n  hexane 
Classification : e lectrop h i l i  dditton 

• Ethene � bromoethane 
Reactant:  hydro en bromid 
Equation : H 2C= H - H Br -t H C H2Br 
Conditions:  mix ga e at ro m temperature 
C lassificat ion : e lectrophi l i  ddition 

• Ethene � ethan- 1 , 2-diol  
Reactant :  pota i u m  manoanate( I I )  sol ution 

Equation : H2C=C H1 � ( ] H2 � CH2(0H) CH20H 
Conditions:  a solution made a l ka l i ne with sod i u m  hydroxide 

• Ethene -> poly(ethene) 
Reactant:  ethene 
Equation:  1 1  H_ =CHz � C H 2-CH2+, 
Conditions:  2000 atm p re u re, 250 oc 
Classificat ion :  addition polymerisation 

Halogenoalkanes, e.g.  1 -bromopropane 

• 1 -bromop ropane � propan- 1 -ol 
Reactant :  sod i u m  (or  pota s ium)  hydroxide 
Equation:  CH 1C H. H tBr .... 1a0H � CH3C H2CH20H 
Conditions:  heat und r reflux i n  aqueous solution 
Class i fi cation:  nucleoph i l ic ub t i tution 

• 1 -bromopropane � propene 
Reactant :  pota i u m  hydroxide 
Equation:  C H 1C H. H2Br + KOH � C H3CH-CH2 + KBr + H20 
Conditions:  heat under reflux i n  ethanolic solution 
Class i ficat ion:  e l i m ination 

• 1 -bromopropane � butanenitr i le  
Reactant :  potas  i u m  cyanide 
Equation:  C H3C H2CH2Br + KCN � CH3C H2CH2CN + KBr 
Condit ions:  heat under refl ux i n  a solution of ethanol and water 
Classificat ion : nucleophi l ic  substitution 

• 1 -bromopropane � 1 -a m i nopropane 
Reactant :  a mmonia 
Equation:  C H3C H2CH2Br + 2 N H3 � C H3CH2CH 2NH2 + N H4Br 
Conditions:  h eat a solution of ammonia in  ethanol in a sealed tube 
Class i ficat ion:  nucleoph i l ic substitution 
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148 A P P E N D I X  

• 1 -bromopropane � G rignard reagent (A2 only) 
Reactant :  Magnesium 
Equatio n :  CH1CH2CH2Br + Mg � CH3CH2CH2MgBr 
Conditions:  warm (in water bath )  under refl ux i n  dry ether 

Alcohols,  e.g. ethanol 

• ethanol � eth a n a l  
Reactant :  potassiu m  d ichromate(VI )  + d i lute sulphuric acid 
Equation : C2H50H + (OJ � C H3CH O  + H20 
Condit ions:  h eat carefu l l y  and dist i l  out the a ldehyde as i t  i s  formed 
Class i fication : oxidation 

• ethanol � ethanoic acid 
Reactant :  potass ium d ichromate(V I )  + d i l u te sulphuric  acid 
Equation : C2H50H + 2 [0J � CH3COOH + H 20 
Conditions:  heat u nder refl ux 

Classification : oxidation 

NOTE: Secondary a lcohols  are oxidi sed to ketones and tertiary a lcohols a re not 
oxidised. 
C H3CH (OH)CH3  + [OJ � C H3COC H3 + H20 
(CH3LCOH + [OJ� no reaction; potassi u m  dichromate solution stays ora nge 

• ethanol � ethene 
Reactant :  concen trated su lphuric (or phosphoric) ac id or a l u m i n i u m  

oxide 
Equation : 
Conditions:  

C2H50H - H20 � H 2C=C H2 

h eat 
Classification:  dehyd ration 

• ethanol � chloroethane 
Reactant :  phosphorus  pentachloride 
Equatio n :  C2H50H + PC15 � C2H5Cl + P0Cl 1 + HCl  
Condit ions :  d ry 

• ethanol � bromoethane 
Reactant :  hydrogen bromide 
Equation:  C2H50H + HBr � C2H5Br + H20 

Conditions:  HBr m ade in situ from SO% sulphu ric acid and sol i d  potassiu m  
bromide 

• ethanol  � iodoethane 
Reactant :  hyd rogen iodide 
Equation:  C2H�O H + H I �  C2H,I + H20 
Conditions:  HI  m ade in itu from iodine and m oist red phosphorus 

2.  A 2  only 
Grignard reagents, e.g. ethyl magnes i u m  bromide 

• Ethylm agnes ium bromide � ethane 
Reactant :  water 

Equation:  C2H,MgBr + H20 � C2H6 + Mg compounds 
• Ethylmagnesiu m bromide � a secondary a lcohol 

Reactant:  an a ldehyde such as ethanal  
Equation:  C2H5MgBr + C H3CH O  � C H1C H ( O H ) C2H5 
Conditions:  d ry ether solution,  then hydrolyse with d i lute acid 
Cl assificat ion : nucleophi l ic  addition to t h e  a ldehyde 

• Ethyl magnes ium bromide � a tertiary a lcohol  
Reactant :  a ketone such as p ropanone 
Equation:  C2H5MgB r  + CH3COCH 1  � (CHJ2C(OH)C2H5 
Conditions:  d ry ether solution, then hydrolyse with d i l ute acid 
Classification : nucleophi l ic  addition to the ketone 

• Ethylmagnes ium bromide � a carboxyl i c  acid 
Reactant :  (sol id)  carbon dioxide 
Equat ion:  C2H ,MgBr + C02 � C2H5COOH 
Conditions:  d ry ether solution,  then hydrolyse with d i l ute acid 

Carboxylic acids, e.g. ethanoic acid 

• ethanoic acid � a n  ester 
Reactant :  ethanol  
Equation:  CH1COOH + C2H50H �CH3COOC2H5 + H 20 
Conditions: heat under reflux with a few drops of concentrated sulphuric acid 
Class i fication : esterification 
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• ethanoic acid � an alcohol 

Reactant :  l i th ium aluminium hydride ( l i t h i u m  tetrahydridoal u m i nate( I I I ) ) 
Equation : C H3COOH + 4 [ H ]  � CH 1CH 20 H + H20 
Conditions:  d ry ether solution then hydrolyse with d ilute acid 
Classification : reduction 

• ethanoic acid � a n  acid chloride 
Reactant :  phosphorus pentachloride (or  PC13  or SOC12) 
Equation : C H3COOH + PCls ___. CH OCl + POC1 1 + HCl  
Conditions:  d ry 

• ethanoic acid � a salt  
Reactant :  sod i u m  carbonate 
Equation : 2CH3COOH q + 1( ) 

� 2CH COONa(aq)  + C02(g) + H 20 ( l )  
Classification : neutra l i  at ion 

• ethanoic acid � a salt 
Reactant :  rb n te 
Equatio n :  H ) _, C H  C O O  a ( a q )  + C02(g) + H 20 ( 1 )  
C lassification : 

Esters, e.g. ethyl ethanoate 

• ethyl ethanoate � acid - a lcoh 
Reactant :  
Equation : 
Conditions:  

Classificat ion :  

Carbon y l  compoun ds a l d e h y d  

• Both react wit h :  
Reactant :  
Equation:  
Condit ions:  

• Both react with :  
Reactant :  

ulphuric acid 
H 

HO, and ket o n es, e.g. CH3COCH3 

Equation: H )C 
Conditions:  pota ium # n i  o rn e  di l u te sulph uric acid 
Classification : nucl� >phi l i  addi ion 

• Both react with :  
Reactant:  

Equation:  

l i th ium aluminium hydride (or  sod i u m  borohyd ride) 
CH i - _ (H) _, CH C H 20 H  (a pr imary a lcohol)  
CH H - _ [H ) _. CH 1CH (O H )CH3 (a secondary a lcohol)  

Conditions:  d ry ether th n h) d roly e with d i l ute acid 
Classi fication:  reduction 

• Aldehydes only react with: 
Reactant:  Feh l i n  ... • ol ution or am moniacal si lver n itrate 
Equation:  C H  H - ( ] - H � C H ,Coo- + H20 
Cond itions:  warm 
Classification:  oxidation 

• Carbonyl compounds \\ i th a H � group give a yel l ow precipitate of iodoform 
wit h :  

Reactant:  iod i n e  and od i u m  hydroxide solution 
Equation : CH co H -r- 3 12 + -to H- � CH3Coo- + C H I� + 3 r- + 3 H2o 

Acid c h lorides, e.g. ethanoyl c h l oride 
• ethanoyl c h loride � ethanoic acid 

Reactant:  water 
Equation:  CH3C0Cl + H.O � CH3COOH + HCl 
Classi fication : hydroly i s  

• ethanoyl ch loride � an ester 
Reactant:  a n  a lcohol 
Equation : C H 3COCI + C2H 50 H  � C H 1COOC2H5 + H C l  
Conditions:  rapid reaction at  room tem perature 
Classificat ion :  esteri fication 
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• ethanoyl  ch loride � ethanam ide 
Reactant :  a m monia  
Equation : C H 3C0Cl + 2NH3 � CH3CONH2 + NH4Cl 

• etha noyl ch loride � a substituted
· 
a mide 

Reactant :  an a m i n e  

Equation : CH lCOCl + C2H5NH2 � CHlCONH C2H5 + H C l  

Ami nes, e.g. C2H5N H 2  

• ethyl a m i ne � a sa l t  
Reacta n t :  any a c i d  s u c h  as hyd roch l oric 
Equation : C2H,NH2 + HCl  � C2H5NH /Cr 

• ethyl a m i n e  � a substit uted a m ide 
Reactant :  an acid ch loride 

Equation:  C2H,NH2 + CH3C0Cl � CH1CON H C2H5 + HCl  

Nitril es, e.g. CH3CN 

• et hanenitr i le  � ethanoic acid 
Reactant:  di lute sulph u ric acid (or sod i u m  hydroxide fo l lowed by 

acid ification) 
Equation : CH1CN + H+ + 2 H20 � CH3COOH + NH4+ 
Con dit ions:  h eat under refl ux 
Class i fication : hydrolysis 

• ethanenitr i le  � ethylamine 
Reactant :  l i thium a l u m i n i u m  hydride 
Equation:  C H 1CN + 4 [ H]  � CH3CH2N H2 
Con dit ions:  d ry ether then hydrolyse with d i l ute acid 
Classification : red uction 

Amides, e . g. C H3CON H2 
• ethanam ide � methyla m i ne 

Reactant:  brom ine and sod i u m  hydroxide 
Equation : CH3CON H2 + B r2 + 2NaOH � CH3NH 2  + 2NaBr + H20 + C02 
Condit ions:  l iquid brom ine and cone sod i u m  hydroxide 
Classi fication : Hofm a n n  degradation reaction.  

• ethanamide � ethanenitr i le 

Reactant :  phosphorus(V)oxide 
Equation : C H3CONH2 - H20 � C H3CN 
Cond it ions:  warm 
Class i fication : dehydration 

Benzene 
• benzene� n itrobenzene 

Reacta nt :  concent rated nitr ic  acid 
Equat ion:  C6H. + H N03 � C6H5N02 + H20 
Condit ions :  m i x  with concentrated sulphuric acid at SO oc 
Classi fication : electrophi l ic substitution 

• benzene � bromobenzene 
Reactant:  bromine 
Eq uation:  C6H6 + Br2  � C6H5 B r  + HBr 
Condit ions :  l iquid  bromine with a n  i ron catalyst 
Classification : e lectrophi l ic  substitution 

• benzene � ethylbenzene 
Reactant :  chloroethane 
Equation : C6H6 + C2H5Cl � C6H5C2H5 + HCl 
Condit ions :  an hydrous a l u m i n i u m  chloride catalyst 
Class i fication : e lect roph i l ic  substitution 

• benzene � phenylethanone 
Reactant :  ethanoyl chloride 
Equation:  C6H6 + CH3COC1 � C6H5COCH3 + HCl 
Conditions:  anhyd rous a l u m i n i u m  chloride as catalyst 
Cl assi fication : e lectrophi l ic  substitution 

Alkylbenzenes, e.g ethylbenzene 

• ethylbenzene � etha noate ions 
Reactant :  potassi u m  m anganate(VI I )  + sod i u m  hydroxide 
Equation:  C6H 5C2H5 + 6 [0] + O H- � C6H5COO- + 3 H20 + C02 
Condit ions :  heat under refl ux 
Classifi cat ion:  oxidation 
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Phenol 
• phenol � sod i u m  phenate 

Reactant :  sod i u m  hydroxide 
Equation:  C6H50H + NaOH � C6H �O a +  H20 
Classi fication:  neutral isation 

• phe nol � 2 , 4 , 6-tribromophenol 

Reactant :  bromine 
Equat ion:  C6H50 H  + 3 B r: ---1 H H2Br1 + 3 H B r 

A P P E N D I X  

Condit ions :  aqueou ; oran e bro m i ne water forms a w hite preci pitate 
Cl assi ficat ion :  e lectroph i l ic  u b  t itut ion 

• phenol  � phenyl etha noate 

Reactant :  ethano I ch loride 
Equation : C6H 50 H + C H ,CO 1 ___. H OOCI>Hs + H C l  
Cl assi ficatio n :  esterification 

Nitrobenzene 

Nitrobenzene � phenylamine  
Reactant :  t i n  a n d  concentr  ted hyd roch loric acid 
Equation :  C6H N + 6[H )  --+ C H H + 2 H 20 
Conditions:  heat under retlux, th n add od i u m  hydroxide 
Cl assi fication :  reduction 

Pheuylam i n e  

Phenylamine  � di azon i u m  ion 
Reactant :  step 1 :  n i t rou ; tep 2:  phenol 
Equation:  C,H . ' H  _H. H 2• • 2H20 

CbH 1 '  - H .- � ·
-C6Hs - HzO 

151 

Conditions :  mix  ph tnylam i n  \ •ith dium nitrite and h yd roch loric acid at  
S oc ,  th n dd phenol in  dium hydroxide olution.  
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