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1 Structure, bo and,
main group c/wméftr)/

The relative molecular mass is also
called the relative formula mass
especially for ionic substances.

lonisation energies are always
endothermic and relate to the
formation of a positive ion.

Atomic structure

% Introduction

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

Fe (q.q)+r°
where ¢, and q_ are the charges on the objects (e.g. the nucleus, an
electron, ions etc.) and r? 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 to learn

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

. Relative isotopic mass is the mass of one atom of an isotope relative
to 1/12th the mass of a carbon-12 atom.

Relative molecular mass (M,) 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 mol”), 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 miss out the
+ charge on the formula of a species
responsible for a line in a mass
spectrum.
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1st electron affinity is the energy change per mole for the addition
of one electron to a gaseous atom to form a singly negative ion

E(g) + e —~ E(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 > E*(g)
s block elements are those in which the highest 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.

e Things to understand

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 Br,, which has two
isotopes "’Br (50%) and *'Br (50%), will give three lines at m/e values of
158, 160 and 162 in the ratio 1:2:1. These are caused by (”Br-"Br)*,
(®Br-*'Bn* and (*'Br-*'Br)*.

@ The relative atomic mass of an element can be calculated from mass
spectra data as follows:

A, = the sum of (mass of each isotope x percentage of that isotope)/100

Worked, P/XW

Boron was analysed in a mass spectrometer.
Calculate the relative atomic mass of boron using the results below.

Peaks at m/e of Abundance (%)
10.0 18.7
11.0 81.3

Answer: A =(10.0x18.7 + 11.0x 81.3)/100 10.8

Electron structure

The first shell 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 filling orbitals is shown in Figure 1.1 below.
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Fig 1.1 The order of filling of atomic
orbitals

Electron structures can be shown in two ways:
The s, p, d notation. For vanadium (atomic number 23) this is:
1s%, 2s* 2p°, 35 3p° 3d’, 452,
The electrons in a box notation. For phosphorus (Z = 15) this would be:

T e

1s 2s Zpy 3s 3py

Sizes of atoms and ions

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.
In an atom, the outer electrons are
shielded from the pull of the nucleus

by the electrons in shells nearer to e - 0.
the nucleus (the inner electrons). A positive ion is 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.

The atoms get bigger going down a group, because there are more
shells of electrons.

1st ionisation energy

There is a general increase going from left to right across a period (see
Figure 1.2). This is caused mainly by the increased nuclear charge
(atomic number) without an increase in the number of inner shielding
electrons.
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Fig 1.2 The first ionisation energies P ———

(k] mol™) of the elements up to krypton
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You should be able to sketch the
variation of 1st ionisation energies
with atomic number for the first 20
elements.

The first six ionisation energies/
kJ mol of an element are:

1st 786
2nd 1580
3rd 3230
4th 4360
5th 16000
6th 20000

There is a big jump after the fourth,
so the element is in Group 4.
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There are slight decreases after Group 2 (this is because, for Group 3, it
is easier to remove an electron from the higher energy p orbital), and
after Group S (this is because, for Group 6, the repulsion of the two
electrons in the p, orbital makes it easier to remove one of them).

There is a decrease going down a Group. This is caused by the outer
electron being further from the nucleus. (The extra nuclear charge is
balanced by the same extra number of inner shielding electrons.)

Successive ionisation energies
The 2nd ionisation energy of an element is always 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. if this
jump happens from the 4th to the Sth 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 1st electron affinity values are always negative (exothermic), as a
negative electron is being brought towards the positive nucleus in 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.

e _
&/_z?. 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 in 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 1st and 2nd electron affinities.
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+Mass 1, charge +1
Mass 1, charge 0
Mass 1/1860 , charge —1

23 (p+n)=11p =12n

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

Na(g) — Na‘(g) + e
Cl(g) = Cl'(g) + €
Mg'(g) - Mg*(g) + €

1s%,25% 2p*
1§%, 25, 2p°, 352
187, 25, 2p°, 3%, 3p°, 3d°, 4s?

The answers to the numbered
questions are on page 121.
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Testing your knowledge and understandin

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 {iNa ?

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 1st ionisation energy of sodium

b the 1st ionisation energy of chlorine

¢ the 2nd ionisation energy of magnesium.

Using the 1s, 2s 2p . . notation, give the electronic structures of the

elements:
a [C

b Mg
c Fe.

1 Explain the difference between relative isotopic mass and relative
atomic mass. [llustrate 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 is 6.9 not 6.3.

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

Abundance (%)

24.0 78.6
25.0 10.1
26.0 11.3

Calculate the relative atomic mass of magnesium.

4 Gallium has a relative atomic mass of 69.8. [ts mass spectrum shows two
peaks at m/e of 69.0 and 71.0.

Calculate the percentage of each isotope in gallium.
5 The successive ionisation energies of an element X are given below:

lonisation energy 1st 2nd 3rd 4th Sth 6th 7th 8th
Value/kJ mol™ 1060 | 1900 | 2920 | 4960 6280 |21 200{25 900 30 S00

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

6 a Sketch the variation of 1st ionisation energy against atomic number
for the first 11 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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iii the element of Z = 11 than that for element of Z = 3.

7 Using the electron in a box notation, give the electronic structure of
chlorine (Z =17).

8 Explain, in terms of electronic structure, why the chemical properties of
lithium, sodium and potassium are similar but not identical.

9 a Give the equation, with state symbols, that represents the 1st
electron affinity of i lithium, ii chlorine, iii oxygen.

b Give the equation that represents the 2nd electron affinity of
oxygen.

¢ Why is the 2nd electron affinity of oxygen endothermic whereas
the 1st electron affinities of lithium, chlorine and oxygen are all
exothermic?

Formulae, equations and moles

| %;I Introduction

The keys to this topic are:
To be able to calculate the number of moles from data.
To set out calculations clearly.

@ Things to learn

The Avogadro Constant is the number of carbon atoms in exactly 12 g
of the carbon-12 isotope. Its value is 6.02 x 10 mol™.

One mole of a substance is the amount of that substance that contains
6.02 x 10 particles of that substance. This means that one mole of a
substance is its relative atomic or molecular mass expressed in grams.

1 mol of NaOH has a mass of 40 g
1 mol of O, has a mass of 32 g.

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 is the simplest whole number ratio of the
elements in the compound.

% Things to understand

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 + 12 = 4.1 41+2.7=1.5

Hydrogen 8.1 8.1 +1=28.1 Sl = 270 =03
Oxygen 43.2 432 +16 =27 27+27=1
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lonic equations must also balance
for charge.

Avoid writing mol = 0.11. Instead
state the name or formula of the
substance

e.g. amount of Na = 0.11 mol.

As 3volume in dm’ = volume in

¢m /1000, the following formula can
be used:

moles = M x /1000

or concentration = moles x 1000/V
where M is the concegtration and
Vis the volume in cm.

The last column gives the empirical formula, but if any value in this
column comes to a number ending in .S or .25, you must multiply all the
values by 2 or 4 to get integers. So here the empirical formula is C;H,O,.

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:

# Wirite the ions separately for solutions of ionic compounds (salts, strong
acids and bases).

Write full ‘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

Calculate the amount of H,0 in 1.1 g of water

Answer: 1.1 g/18 g mol” = 0.061 mol of H,0

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

. - 3
Therefore concentration = moles / volume in dm

Calculate the amount of NaOH in 22.2 ¢cm’ of 0.100 mol dm™ solution
Answer: 0.100 x 0.0222 = 2.22 x 10_3 mol of NaOH

@& For gases:
Amount of gas (in moles) = volume (in dm?)/molar
volume.

The molar volume of a gas is 24 dm® mol~, measured at room
temperature and pressure (RTP).
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In Step 2, the stoichiometric ratio is
2/1 as there are 2NaOH molecules
for each 1Si0, molecule in the
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Worked &X&W

Calculate the amount of H,(g) in 3.2 dm’ at RTP.
Answer: 3.2/24 = 0.13 mol of H,(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 in the formula.

Worked, axamp{e

Calculate the number of carbon dioxide molecules in 3.3 g of CO,.

Answer: Amount of CO, = 3.3/44 = 0.075 mol
Number of molecules = 0.075 x 6.02 x 10* = 4.5 x 10?

Calculate the number of sodium ions in 5.5 g of Na,CO,

Answer: Amount of Na,CO, = 5.5/106 = 0.0519 mol
Number of Na*ions = 0.0519 x 6.02 x 10° x 2 = 6.2 x 107

————

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 follow the route:

Step 1 Step 2 Step 3

Mass A 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 &XW{e

Calculate the mass of sodium hydroxide required to react with 1.23 g of silicon

dioxide.

Answer. Equation: SiO, + 2NaOH — Na,Si0, + H,0
Step 1 amount of Si0, = 1.23/60 mol =0.0205 mol
Step 2  amount of NaOH = 0.0205 mol x 2/1 = 0.0410 mol
Step 3  mass of NaOH = 0.0410 x 40 =164¢ |
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Titrations (this will only be examined at AS in Unit test 3B)

The route is much the same:

Step 1 Step 2 Step 3
Concentration and answer

volume of A — Moles A — Moles B—> about B

In Step 2 the stoichiometric ratio is
1/2 as there is 1H,SO, molecule
for every 2NaOH molecules in

the equation.

For Steps 1 and 3 use the relationship:
amount (in moles) = M x V/1000

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

25.0 cm’ of a solution of sodium hydroxide of concentration 0.212 mol dm™
was neutralised by 23.4 cm® of a solution of sulphuric acid. Calculate the
concentration of the sulphuric acid solution.
Answer. Equation: 2NaOH + H,SO0, — Na,S0, + 2H,0
Step 1 amount of NaOH = 0.212 x 25.0/1000 = 5.3 x 10™° mol
Step2  amount of H,50,= 5.3x10°x1/2  =2.65x 10" mol
Step3  concentration of H,S0, = 2.65 x 10™° mol/0.0234 dm®

= 0.113 mol dm™
Concentration of solutions
This is either: amount of solute moles) units: mol dm™
volume of solution in dm?
or: mass of solute units: gdm®

volume of solution in dm’

Gas volume calculations

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

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
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In Step 2 the stoichiometric ratio is
1/2 as there is 1C0, molecule for
every 2NaHCO, molecules in the
equation.
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Calculate the volume of carbon dioxide gas evolved, measured at room
temperature and pressure, when 7.8 g of sodium hydrogen carbonate is heated.
The molar volume of a gas is 24 dm® mol™ at the temperature and pressure of
the experiment.
Answer. Equation: 2NaHCO, — Na,CO, + H,0 + CO,(g)

Step 1 amount of NaHCO, = 7.8/84 mol = 0.0929 mol

Step 2 amount of CO, = 0.09286 mol x 1/2 = 0.0464 mol

e You must show all the steps in
your calculations

e Don’t cut down to two or three
significant figures in the middle
of a calculation

e Check every calculation to ensure
that you have entered the data
correctly

Step 3 volume of CO, = 0.0464 mol x 24 dm*® mol™ = 1.1 dm®

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.

Worked example |

What volume of oxygen is needed to burn completely 15.6 cm® of ethane?
Answer. Equation: 2C,Hs(g) + 70,(g) — 4C0,(g) + 6H,0(l)
Calculation: volume of =/ =I3Y5
volume of ethanegas 2
volume of oxygen gas = 3.5 x 15.6 = 54.6 cm®

Significant figures

You should always 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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:g I Testing your knowledge and understanding

For the first set of questions, cover the margin, write down your an wer,
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 PbCl,

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
a Pb¥'(aq) + 2CI"(ag) — PbCl,(s) b magnesium chloride and sodium hydroxide
b Mg (ag) + 20H (ag)— Mg(OH),(s) C sodium chloride and silver nitrate
¢ Cl(aq) + Ag'(ag)  — AgCI(s) d  sodium hydroxide and hydrochloric acid.
d H'(ag) + OH(ag) — H,0(I) Calculate the amount (in moles) of:
a Nain 1.23 g of sodium metal
a 1.23/23 =0.0535 mol b NaCl in 4.56 g of solid sodium chloride
b 4.56/58.5 = 0.0779 mol ¢ Cl,in 789 cm’ of chlorine gas at room temperature and pressure
¢ 0.789/24 =0.0329 mol d NaClin 32.1 cm® of a 0.111 mol dm™ solution of sodium chloride.

d 0.111 x0.0321 =3.56 x 10°* mol .
Calculate the volume of a 0.222 mol dm™ solution of sodium

0.0456/0.222 = 0.205dm® = 205¢m’ hydroxide, which contains 0.0456 mol of NaOH.

Calculate the number of water molecules in 1.00 g of H,O.

(1.00/18) x 6.02 x 10% = 3.34 x 107 o )
Calculate the number of sodium ions in 1.00 g of Na,CO,.

3 22
(1.00/106) x6.02 x 107 x2.=1.14x10 4.44 g of solid sodium hydroxide was dissolved in water and the

a 4.44g/0.250 dm*=17.8 g dm™ solution made up to 250 cm’. Calculate the concentration in
b 4.44/40 = 0.111 mol a gdm®

Therefore 0.111 mol/0.250 dm’ b  moldm®.

= 0.444 mol dm™

1a An organic compound contains 82.76% carbon and 17.24%

The answers to the numbered hydrogen by mass. Calculate its empirical formula.

questions are on pages 121-122.

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

2 Balance the equations:
a NH;+0,-»NO + H,0
b  Fe®(aq) + Sn™(aq) — Fe”(aq) + Sn"(aq)

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

4 What volume of 0.107 mol dm” potassium hydroxide, KOH, solution is
needed to neutralise 12.5 cm® of a 0.0747 mol dm™ solution of
sulphuric acid?

§ What volume, measured at room temperature and pressure, of hydrogen
sulphide gas, H,S, is required to react with 25 cm® of a 0.55 mol dm™
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solution of bismuth nitrate, Bi(NO;);? The molar volume of a gas is 24
dm’ mol” under these conditions. They react according to the equation:

3H,S(g) + 2Bi(NO;);(aq) — Bi,S;(s) + 6HNO;(aq).

6 What volume of hydrogen gas is produced by the reaction of 33 dm’ of
methane gas when it is reacted with steam according to the equation:

CH,(g) + H,0(g) > CO(g) + 3H,(g)?

@ Structure and bonding

¥ Introduction

You should be able to distinguish between:

® Chemical bonds
Ionic - between separate ions
Covalent

which are divided into two types:

1  polar covalent where the bonding pair of electrons
is nearer to one atom

2  pure covalent where the bonding pair of electrons
is shared equally

Metallic -  bonding caused by electrons delocalised
throughout the solid.

@ Intermolecular forces (between covalent molecules)

Hydrogen bonds — between 8" H in one molecule and & F, O 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 " atoms in one molecule and &
atoms in another molecule.

%Things to 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.
o-bond 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 ¢ bond
or, side by side, which results in a = bond (see Figure 1.3). A double
bond is a 6 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.
n-bond A metallic bond is the force of attraction between the sea of
delocalised electrons and the positive ions which are arranged in a
regular lattice.
The electronegativity of an element is a measure of the attraction its
atom has for a pair of electrons in a covalent bond.

Fig 1.3 o and r bonds.
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In hydrated cations, such as
[Mg(H,0)]*, the water molecules
are bonded to the magnesium ion by
dative covalent bonds. Each oxygen
atom bonds with its lone pair into
empty s and p orbitals in the Mg*
ion.

lonic substances will be water
soluble if the energy required to
separate the ions in the lattice
(lattice energy) is compensated for
by the exothermic nature of
hydration. This is the energy
released when the very polar water
molecules are attracted to the + and
—ions.

In HCI there are no hydrogen bonds,
the dispersion forces count for
about 80% of the total
intermolecular forces, with
dipole/dipole accounting for the
remaining 20%.

A hydrogen bond is an intermolecular force that exists between a &
hydrogen atom in one molecule and a § fluorine, oxygen or
nitrogen atom in another molecule.

van der Waals forces are between covalent molecules and are caused
by dipole/dipole and induced dipole/induced dipole (dispersion) forces.

% Things to understand

Ionic bonding

# An ionic bond is likely 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 (SiO,)
ii simple molecular, such as I, and many organic substances
iii hydrogen-bonded molecular, such as ice, and ethanol

iv non-crystalline, such as polymers like poly(ethene).

Polar covalent bonds may result in polar molecules, but for linear
molecules of formula AB,, planar molecules of formula AB;, tetrahedral
molecules of formula AB, and octahedral molecules of formula ABg, 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 I,, the next strongest are induced
dipole/induced dipole forces (sometimes called dispersion forces) and, in
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 I,, with 106 electrons is a solid,
whereas Cl, 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 CH, to PbH,.

# The boiling 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 HCI, there is a
steady upward trend in boiling temperatures from HCI to HI (in spite of
a decrease in the dipole/dipole forces) because the dispersion forces
increase.
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Fig 1.4 Boiling temperatures of
Groups 5, 6 and 7 hydrides

Do not say that the particles start to
vibrate, as they are vibrating even at
very low temperatures.
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Group 6 Group 7

@ If the number of electrons in 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, boiling temperature — 0.5 °C) and propanone
(32 electrons, but polar, so boiling 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 liquid.

# 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

The stronger the force between
particles, the more energy needed to
separate them and hence the higher
the melting temperature.

melting temperature.

# In a simple molecular solid, such as iodine (I,) 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.

e |t is the bonds not the atoms that
repel.

e Don't forget to count the number
of lone pairs.

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 6 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.


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

@ STRUCTURE AND BONDING

2 bond pairs

OALEVELNOTES.COM

The total number of pairs of electrons indicates the arrangement of

linear

bond pairs
triangular
planar

bond pairs
tetrahedral

bond pairs +
1 lone pair
pyramidal

bond pairs +
2 lone pairs
V-shaped

bond pairs
Trigonal
bipyramid

bond pairs
octahedral

the electrons.
2 = linear
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. NH,, or PCl,

2 bond + 2 lone:

molecular shape is bent or V-shaped, e.g. H,O
6 pairs: S bond + 1 lone:

molecular shape is a square-based pyramid.

4 bond + 2 lone:

molecular shape is square planar.

Shapes of ions

Negative jions have gained 1 electron for each negative charge.

Thus 5042‘ has 4 o bonds (and 2 n bonds) and no lone pairs around the
sulpzhur, and so the ion is tetrahedral.

CO; has 3 o bonds (and 1 7 bond) and no lone pairs around the carbon,
and so it is triangular planar.

NO; has one single covalent, one dative covalent and one double covalent

bond (i.e. 3 0 and 1 x) and no lone pairs around the nitrogen and so is
also triangular planar.
Positive ions have lost 1 electron for each positive charge.

Thus NH,” has 4 o 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

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 boiling temperatures caused by intermolecular forces

the nature of hydration of ions

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

a metallic bond

the shapes of molecules and ions.
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Testing 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=0.

cand

State the value of the charge on the ions of the following elements:
A, Mg*, Na', F, N*, 0% Al, Mg, Na, F, N, O.
1 State which of the cations above:
a A': a  has the smallest radius
b A'y b has the largest charge density
¢ Al ¢ is the most polarising.
N State which of the anions above is the most polarisable.
K" Which ion has the largest radius: Li" or Na’ or K?

- Which of these three ions, Li’, Na" or K’ has:

z t: a  the largest surface charge density

b  the largest polarising power?
a F Which is the most electronegative element in each list:
b Cl a CriOpN, F

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

b Na, Mg, Al?

@ Which is the molecule in each group with the most polar bond:

a hydrogen fluoride n HE HCL. HBr
b hydrogen fluoride ‘ g
c Wﬁterg b  HE H,0, NH,

c  H,0, HS, H,Se

d aluminium chloride d AICL, SiCL,, PCI,?

» List all of the following molecules that are polar:

H, HCl | H,0 | NH, | CH,
co, | 1c1 | HS | BH, | CF,

HCI, H,0, NH;,, ICI, H,S

Rearrange the noble gases in order of decreasing boiling temperature:

Xe > Kr > Ar > Ne > He Ar, He, Kr, Ne and Xe
@ State which of the following has the lowest boiling temperature:
HCI HF, HCI, HBr, or HI

# Which of the following form hydrogen bonds between their molecules?

H,O NH, HF HCI CO, CH,
CH,OH | CH;NH, CH,F CHCEL | CH=CH, poly(ethene)

H,0, NH,, HF, CH;0H, CH,NH,

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

The answers to the numbered a a o bond

" questions are on pages 122-123. b anbond

2 For each pair, state which is the more covalent substance and give a
reason:

a AlF, or AICL,
b BeCl, or MgCl,.
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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 all the following substances state all the types of intermolecular
forces a, b and/or c that are present:

i HF ii I, iii HBr iv PH, v Ar
Solid structures can be divided into six types:

a metallic, b giant atomic (network covalent), ¢ ionic,
d hydrogen bonded molecular, e simple molecular, f polymeric.
For each of the solids listed below, state the structural type in the solid.

iodine ice, H,O(s) copper

-silica (sand), SiO, dry ice, CO,(s)| calcium oxide, Ca
poly(ethene) graphite sulphur

copper sulphate,CuSO, | sucrose lithium fluoride, LiF

Explain the processes of melting and boiling in terms of the
arrangement and motion of the particles.

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 NH, or PH,

b HCI or HBr

C CH;COCH; (propanone) or C,H,, (butane)
d Pyors

e NaCl or CCl,

In order to work out the shape of a molecule or ion, you should first
evaluate the number of ¢ bond pairs of electrons and the number of
lone (unbonded) pairs of electrons around the central atom.

Construct a table similar to that shown below, and use it to deduce the
shapes of the following species.

SiH,, BF;, BeCl,, PCl,, SF,, XeF,, NH,", PCl,

Molecule/ | Number of | Number of | Total number Shape
ion o bond pairs | lone pairs |of electron pairs
NH, 3 1 4 pyramidal

Explain why solid sodium metal conducts electricity whereas solid
sodium chloride does not.
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There are two exceptions with the
first 40 elements. Because of the
extra stability of a half filled or full
set of d orbitals, chromium is [Ar]
4s', 3d°, and copper is [Ar] 4s', 3d"

The more electrons in the molecule,
the stronger the dispersion force

and the higher the melting or boiling -

temperature.
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'

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 metallic character across a Period.
2 Elements show increasing metallic character down a Group.

:g Things to learn and understand

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 shells. 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 fill the orbital types is:
1s; 2s,2p; 3s, 3p; 4s, 3d, 4p; Ss, 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 boiling).

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 understand 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 high melting
temperature.

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, silicon
forms a giant atomic lattice, and phosphorus, P,, sulphur, S, chlorine,
Cl, and argon, Ar, all form simple molecular solids.
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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.

*g ., 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 boiling 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.

% Testing your knowledge and understanding

1 What, in terms of electronic structure, are the features that the
following have in common:

The answers to the numbered

- questions are on page 123.

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 listed. Give your
answer as one of:

metallic, giant atomic, ionic, hydrogen bonded molecular, simple
molecular, polymeric:

a hydrogen b sodium ¢ silicon d sulphur
e chlorine f argon.
3 Explain the difference in melting temperatures of the following
elements:
Element Na Mg Si P, Sz Cl,

Melting temperature/’C 98 | 650 | 1410 | 44 | 113 |[-101

4 The ionisation energies of sodium and magnesium are listed below:

Element 1st ionisation energy/k] mol”' 2nd ionisation energy/kJ mol
Sodium 494 4560
Magnesium 736 1450

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 1st
ionisation energy. ii The 1st ionisation energy of sodium is less than
the 1st ionisation energy of magnesium.
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In an overall equation, the total
increase in oxidation number of one
element (increase x number of
atoms of that element) must equal
the total decrease in oxidation
number of another element.

Lo
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Introduction to oxidation and
reduction

:ZI Introduction

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

Things to 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. it takes electrons from the
substance being oxidised.

Reduction occurs when a substance gains one or more electrons.
There is 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.

:@ Things to understand

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 simple 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 always has an oxidation number of -1, hydrogen (except
in metallic hydrides) of +1, and oxygen (except in F,O and
peroxides) of -2.

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

® When an element is oxidised, its oxidation number increases.
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Calculate the oxidation number of chlorine in Cl,, CI', MgCl, and CIO,".

Answers:inCl, = 0 (uncombined element: rule 1)
inClr =-1 (monatomic ion: rule 2)
in MgCl, = -1 (Mg is 2+; (+2) +2Cl = 0; therefore each Cl is —1:
rules 3 and 5)
in Cl0;” = +5 (Cl+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. Cl, (g) + 2e" = 2CI (aq)

Remember that an oxidising agent
o here chlorine is being reduced and so is acting as an oxidising agent.

becomes reduced (loses electrons),

and a reducing agent becomes or as oxidation with electrons on the right side of the equation,
oxidised. 2 3 s

e.g. Fe” (aq)=Fe" (aq) + e
Half equations must balance for ) ) g. (.q.) () ) )
atoms and for charge. here iron(ll) ions are being oxidised, and thus are acting as a reducing
For example, both sides of the cr” agent.
equation add up to 5. Many oxidising agents only work in acid solution. Their half equations

have H' ions on the left hand side and H,O on the right. This is likely
with oxdising agents containing oxygen (such as MnO,"),

e.g. MnO,(aq) + 8H'(aq) + Se” = Mn"'(aq) + 4H,0(1)

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

e.g. Cr(aq) + 80H (aq) = CrO,” + 4H,0(l) + 3¢”
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).

If the question asks for the overall 1 When they are added the electrons must cancel. To achieve this it may

equation for the reaction of A with B, be necessary to multiply one or both half equations by integers,
make sure that both A and B appear

on the left-hand side of the final :
overall equation. lons
add MnO, (aq) + 8H'(aq) + Se” = Mn*(aq) + 4H,0(1)

to 5 x Fe*(aq) = Fe¥(aq) + e

e.g. for the overall equation for the oxidation of Fe* ions by MnO,
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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 overall redox equation.

% Testing your knowledge and understanding

22

a iodide ions
b none

¢ zinc

d iron(Il) ions
+4 =2

+6 +6

-1 +6 22(1at+2and 2at+3;
average 2%)
—_—

The answers to the numbered
" questions are on pages 123-124.

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

@ In the following equations, state which substance, if any, has been
oxidised:
a 2Ce" (aq) + 2I (aq)
b H' (aq) + OH (aq)
c Zn(s) + 2H (aq)
d 2Fe” (aq) + 2Hg” (aq)

» Calculate the oxidation number of the elements in bold in the
following:

SO,, H,S,

CrO/7,

H,0,,

2Ce* (aq) + 1, (aq)
H,O (1)

Zn*” (aq) + H,(g)
2Fe™ (aq) + Hg,” (aq)

T |

L

1 Construct ionic half equations for:
a  Sn™ ions being oxidised to Sn* ions in aqueous solution
b  Fe” ions being reduced to Fe* ions in aqueous solution.

C Now write the balanced equation for the reaction between Fe** and
Sn* ions in aqueous solution.

2 Construct ionic half equations for:
a hydrogen peroxide being reduced to water in 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 PbO,(s) being reduced to PbSO,(s) in the presence of H,SO,(aq)
b PbSO,(s) being reduced to Pb(s) in the presence of water

C Now write the balanced equation for the reaction between PbO,
and lead in the presence of dilute sulphuric acid.
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Group and Group 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.

.4 Things to learn and understand

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:  lithium carmine red
sodium yellow
4th potassium lilac
Group 2:  calcium brick red
strontium crimson red
barium green.

These colours are caused because:
1 Heat causes the compound to vaporise and produce some atoms of
light out the metal with electrons in a higher orbital than the ground state

heat i <
&8 (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
3rd the form of visible light is emitted. The light that is emitted is of a
characteristic frequency, and hence colour, dependent on the energy
Fig 1.6 Emission of a spectral line level difference between the two shells (see Figure 1.6).

Ionisation energies

® The value of the 1st ionisation energy for Group 1 and of the 1st and
2nd ionisation energies for Group 2 decreases down the group. This is
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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 + O, — 2Lj,0O
Sodium forms a peroxide:  2Na + O, = Na,0,

The vigour of the reaction increases
down the group.

Potassium and the others form a superoxide: K + O, —» KO,
@ Group 2: All burn to form ionic oxides of formula MO, except that in
excess oxygen barium forms a peroxide (BaO,).
2Ca + O, = 2Ca0O

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) + Cl'(aq)

® Group 2: All react vigorously to produce ionic chlorides of formula
MCI,, except that BeCl, is covalent when anhydrous. All Group 2
chlorides are soluble in water producing hydrated ions of formula
[M(H,0),]*. Beryllium chloride gives an acidic solution because of
deprotonation:

[Be(H,0)e]*" + H,0O = [Be(H,0);(OH)]" + H,0*

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.

The rate of reaction increases down 2Na(s) + 2H,0(l) » 2NaOH(aq) + H,(g)
the group.

» Group 2: Beryllium does not react but magnesium burns in steam to

produce an oxide and hydrogen:
Mg + H,O - MgO + H,
the others react rapidly with cold water to form an alkaline suspension
of metal hydroxide and hydrogen gas:
Ca + 2H,0 — Ca(OH), + H,

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 13.

CaO + H,0 — Ca(OH),

Solubilities of Group 2 sulphates and hydroxides

® Sulphates: their solubilities decrease down the group. BeSO, and MgSO,
are soluble; CaSQO, is slightly soluble, StSO, and BaSO, are insoluble.

# Hydroxides: their solubilities increase down the group. Be(OH), and
Mg(OH), are insoluble, Ca(OH), and Sr(OH), are slightly soluble, and
Ba(OH), 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 likely to be
decomposed on heating if the cation
polarises the anion. Thus

Group 2 compounds (cation 2+)
decompose more readily than Group
1 compounds (cation only 1+).
Compounds of metals higher in a
group (smaller ionic radius)
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® Addition of aqueous sulphate ions to a solution of Sr** or Ba* ions
produces a white precipitate of metal sulphate:
Ba*(aq) + SO,”(aq) — BaSO,(s)
Thermal stability of nitrates and carbonates

@ Thermal stability increases down both groups:

Group 2 nitrates all decompose to give a metal oxide, brown fumes of

nitrogen dioxide, and oxygen:
2Ca(NO,), = 2Ca0 + 4NO, + O,
Group 1 nitrates, except lithium nitrate, decompose to give a metal
nitrite and oxygen:
2NaNQ, — 2NaNoO, + O,

decompose more easily than bt 4LINO; = 2L3,0 + 4NO, + O,
compounds of metals lower in the Group 2 carbonates all decompose (except barium carbonate which is
Group. stable to heat) to give a metal oxide and carbon dioxide:

CaCO, — CaO + CO,

Group 1 carbonates are stable to heat except for lithium carbonate:
Li,CO — Li,0 + C

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.

fg Testing your knowledge and understanding

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

Lithium ® Which Group 1 metal has the highest melting temperature?
What is the oxidation number of:
i potassium in K,Cr,0O, and

Kis +1, Cais +2
. L * ii calcium in CaCO;?

Barium compounds normally are poisonous, but barium sulphate is
given to people in order to outline their gut in radiography (X-ray
imaging). Why is barium sulphate not poisonous?

It is extremely insoluble.

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

The answers to the numbered
" questions are on page 124.

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

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

S 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 lithium nitrate, sodium nitrate and magnesium nitrate
b  sodium carbonate, magnesium carbonate and barium carbonate.
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Group 7 (chlorine to iodine)

% Introduction

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 CI’, and oxoanions, such as ClO, .
Solutions of the hydrogen halides are strong acids.

% Things to learn and understand

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:

Cl, + 20H - CI' + OCI" + H,0

(0) =0 el

Physical properties (at room temperature)

Chlorine is a greenish gas.

Bromine a brown liquid.

lodine 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 is 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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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:
HCI + H,0 - H,0" (aq) + Cl'(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 nitrate solution followed by
ammonia solution.

Chloride Bromide Iodide

Addition of Ag'(aq)| white precipitate cream precipitate | yellow precipitate

Addition of
dilute NH;, precipitate dissolves|no change no change

Addition of
concentrated NH,| precipitate dissolves | precipitate dissolves| no change

Addition of concentrated sulphuric acid to the solid
halide

# Chlorides produce steamy acid fumes of HCI.

@ Bromides produce steamy acid fumes of HBr with some brown bromine
and some SO, gas.

® lodides give clouds of violet iodine vapour.

This is due to the fact that HBr is just 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 Cl,.

Chlorine is -1 in chlorides.

Chlorine is +1 in CIO™ ions.
# Chlorine is +5 in CIO; ions.

Redox
Chlorine is a powerful oxidising agent and is reduced to the -1 state.
Chlorine is a stronger oxidising The half equation is:
agent than bromine, which is Cly(aq) + 2e” = 2Cl'(aq)

stronger than iodine.

and is similar for the other halogens.

# Chlorine disproportionates in alkali at room temperature:
Cly(aq) + 20H (aq) — Cl'(aq) + OCI'(aq) + H,O(l)
(0) (-1) (+1)
® Chlorate(I) compounds disproportionate when heated:
30CI" = 2CI" + CIOy
3x(+1) 2x(=1) (+5)
® Bromine is extracted from seawater by bubbling in chlorine gas which
oxidises the Br™ ions.
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Bromine

Add starch. The solution goes blue-
black.

Chlorine

Hydrogen iodide

The answers to the numbered
" questions are on pages 124-125.

" 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(I) ions

the relative strengths of the halogens as oxidising agents.

A‘:’E Testing your knowledge and understanding

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

ame the halogen that is a liquid at room temperature.

Describe the test for iodine.

» Which of Cl,, Br, and I, is the strongest oxidising agent?

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

Why is hydrogen chloride gas very soluble in water?

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?

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

Define disproportionation and give an example of a disproportionation
reaction of chlorine or a chlorine compound.
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Practice Test: Unit 1

Time allowed 1hr

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

The answers are on pages 125-126.

la

Complete and balance the following equations.
i Ca+0, = [1]
ii Na,O+H,O - [1]
iii Na,O + HCl - [2]
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]
State the structure of, and the type of bonding in, the following substances. Draw labelled
diagrams to illustrate your answers.
i Graphite (4]
ii Sodium chloride [3]
Explain why both graphite and sodium chloride have high melting temperatures. [3]
i Explain why graphite is able to conduct electricity in the solid state. [2]
ii Explain why sodium chloride conducts electricity in the liquid state. [1]
(Total 13 marks)
[May 2002 Unit Test 1 question 6)
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 isotopes of mass numbers 79 and 81. A sample of bromine gas, Br,, was
examined in a mass spectrometer. The mass spectrum showing the molecular ions is given below.
100
Relative
intensity
50
158 160 162
i Explain how the molecules in the sample are ionised. [2]
ii State how the resulting ions are accelerated. [1]
iii Identify the species responsible for the peak at m/e = 160. [1]
(Total 7 marks)
[January 2001 CHI question 1 & June 2001 Unit Test 1 question 3|
Hydrogen forms compounds with most non-metallic elements and with some metals.
Calculate the empirical formula of the compound used in the manufacture of artificial rubber, which
has the following composition by mass:
hydrogen 11.1% carbon 88.9% [3]
The boiling temperatures of hydrogen chloride and hydrogen iodide are:
hydrogen chloride -85 °C Hydrogen iodide -35°C
Explain why hydrogen iodide has a higher boiling temperature than hydrogen chloride [2]
Draw and explain the shapes of:
i the PH, molecule [2]

ii the AlIH, ion. [2]
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d Calculate the number of molecules in 8.0 cm® of gaseous phosphine, PH, at room temperature

and pressure.
(The molar volume of a gas at room temperature and pressure should be taken as 2.4 x 10* cm® mol ™.

The Avogadro constant is 6.0 x 10*° mol™.) [2]
(Total 11 marks)

Uanuary 2001 CHI question 2]

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 following table:

Compound Formula Oxidation state of sulphur in the compound

Sulphuric acid

Hydrogen sulphide

Sulphur dioxide

(3]
ii Use your answers to a part i to suggest which of the ions, iodide or bromide, has the greater reducing
power. [2]
i Write an ionic half-equation to show the oxidation of chloride ions, CI', to chlorine, Cl,. [1]
ii Write an ionic half-equation to show the reduction of chlorate(l) ions, OCI’, to chloride ions, in
acidic solution. [2]
iii Bleach is a solution of chlorate(l) 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]

(Total 9 marks)
[May 2002 Unit Test 1 question 7]

Complete the following for the element sulphur

Number of electrons in the 1st shell =

Number of electrons in the 2nd shell =

Number of electrons in the 3rd shell [1]
Write one equation in each case to represent the change occurring when the following quantities are
measured.
i The first electron affinity of sulphur [2]
ii The first ionisation of sulphur. [1]
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.

B
g
o 4.50
b
¥
2.00
0 18
Number of electron removed
[3]
One of the chlorides of sulphur is sulphur dichloride, SCI,. It is a liquid at room temperature; the
electronegativity of S is 2.5 and that of chlorine is 3.0
i Draw a dot and cross diagram to show the bonding in SCI,. [2]
ii The shape of the molecule is bent (V-shaped). Explain why the molecule has this shape. [2]
iii State, with reasons, whether SCI, is a polar molecule overall. [2]

(Total 13 marks)
January 2002 CH1 question 2 & May 2002 Unit Test 1 question 4]
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2 Organic ckmtr/, energetics,
kinetics and eqm'léérm

gl Introduction

It follows from this definition that
the enthalpy of formation of an
element, in its standard state, is
Z€ro.

You should always give an equation
as an example for this and other
enthalpy definitions.

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 AHis an indicator of the
direction of a chemical reaction. The more exothermic the reaction, the
more likely it is to take place, but other factors, such as activation
energy (see page 44), also determine whether the reaction happens.

o
/g Things to learn

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™

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

Standard enthalpy of formation, AH,® is the enthalpy change, under
standard conditions, when one mole of a compound is formed from
its elements in their standard states, e.g. AH; © for ethanol is the
enthalpy change for the reaction:
2C(graphite) + 3H,(g) + 1,0,(g) — C,H;OH(l)
Standard enthalpy of combustion, AH,® is the enthalpy change, under
standard conditions, when one mole of a substance is completely
burned in oxygen, e.g. AH_° for ethanol is the enthalpy change for the
reaction:
C,H,OH(l) + 30,(g) = 2CO,(g) + 3H,0(1)
Standard enthalpy of neutralisation AH,, 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. AH".,, of sulphuric acid,
by sodium hydroxide solution, is the enthalpy change for the reaction:
,H,S0,(aq) + NaOH(aq) — ',Na,SO,(aq) + H,O(l)
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for hydrochloric acid the enthalpy change is for the reaction:
HCl(aq) + NaOH(aq) — NaCl(aq) + H,O(l)
for any strong acid being neutralised by any strong base, the
enthalpy change is for the reaction:
H'(aq) + OH(aq) » H,O(l) AH® =-57 kJ mol™
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, so that heat is then given out to the
surroundings. For all exothermic reactions AH is negative (see
Figure 2.1). This means that chemical en r i being converted into
thermal (heat) energy.

An endothermic reaction gets cold, o that heati then taken in from
the surroundings. For all endothermic reactions AH is positive
(see Figure 2.2).

Y
Reactants Products

Enthalpy AH

Reactants

Fig 2.2 Enthalpy diagram for an

Fig 2.1 Enthalpy diagram for an
9 B g endothermic reaction

exothermic reaction
Route 1

A Hess’s Law. The enthalpy change for a given reaction is independent
I of the route by which the reaction is achieved (see Figure 2.3).
Thus the enthalpy change proceeding directly from reactants to
AH, 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.
AH = AH, + AH, + AH,

Route 2 (;Z' Things to understand
2t

Fig 2.3 A reaction cycle
Calculation of AH._,,. from AH, data
You can use the expression:

= the sum of AH,

reaction formation

JAH, of products - the sum of AH,, ..., Of reactants

Remember that if you have two moles of a substance, you must double
the value of its AH,.

The enthalpy of formation of an element (in its standard state) is zero.
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AH, = — AH, because AH, represents
the reverse of combustion.

If an equation is reversed, the sign
of its AH must be changed.

The mass in this expression is the
total mass of the system (usually
water) not the mass of the reactants.
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Worked, axxmfle

Calculate the standard enthalpy change for the reaction:
4NH;(g) + 50,(g) — 4NO(g) + 6H,0(g)
given the following AH/kJ mol™
NH,(g) = —46.2, NO(g) = +90.4, H,0(g) = —242.

Answer. AHZ... = sum AH? of products — sum AH* of reactants
= 4 x (+90.4) + 6 x (~242) -4 x (~46.2) -5 x (0) = 906 kJ mol”

Calculation of AH, from AH, data

To do this you use the alternative route:

Elements - — 1 mol of substance

o

combustion products of the elements

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

Therefore: AHomuon = AH, + AH,

Worked axamp(a

Calculate the standard enthalpy of formation of propan-1-ol, C,H,CH,0H, given
the following AH ® sompusion/kJ MOI™:
propan-1-ol(l) = 2010, C(graphite) = -394, H,(g) = —286

Answer. 3C(s) + 4H,(g) + 30,(g) = C,H;CH,0H(l)
3 x AH, (graphite) ,L ¥4 x AH,(H,)
3C0,(g) + 4H,0(I)

AH%, =AH?®, of elements — AH®, of compound
= 3 x (~394) + 4 x (~286) — (~2010) = — 316 kJ mol”

—AH,(C,H;CH,0H)

Calculation of AH 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, AH, is minus the heat produced per mole (for an
exothermic reaction AH is a negative number).

@ For an endothermic reaction, calculate the heat lost per mole. This
equals AH, a positive number.
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Worked, &xwle

A 0.120 g sample of ethanol was burnt and the heat produced warmed 250 g
of water from 17.30 °C to 20.72 °C.The specific heat capacity of water is 4.18
J g7°C™". Calculate AH.,mu0n OF €thanol.

Answer. Heat produced =250 g x 4.18 J g™ °C™" x 3.42°C = 3574 J.
Amount of ethanol =0.120 g/46 g mol™ =2.61 x 10™ mol

Heat produced per mole = 3574 J/2.61 x 10”° mol = 1370 x 10° J mol™".
AH,gmpusion = —1370 kJ mol™

Calculation of AH 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 to the negative bond making
enthalpy.

Worked &XW

Calculate the enthalpy of the reaction:

H H H H

\ / |
CcC=C + H—H — H—C—C—H

/ \ |

H H H H

Given the following average bond enthalpies/kJ mol™
C-Cis +348, C=C is +612, H-H is +436, and C-H is +412.

Answer.  break (endo) make (exo)
C=C +612 c-C -348
H-H +436 2xC-H -824
+1048 -1172

AI-Ireac(mn =+1048 - 1172 = -124 kd m0|_1

% Checklist

Before attempting questions on this topic, check that you:

Know the standard conditions for enthalpy changes.
] Know the signs of AH 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 AH from laboratory data.
Can use bond enthalpies to calculate enthalpies of reaction.
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Testing your knowledge 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, CH,COOH(I)
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:
N,(g) + O,(g) = NO(g) + 10, AH = +90.3 k] mol
NO(g) + 40,(g) = NOL(g) AH = -57.1 k] mol”
and hence calculate the enthalpy change for the reaction:
1:N,(g) + O4(g) = NO,(g)

4 Given that the standard enthalpies of formation of NO,(g) and N,O,(g)
are +33.9 k] mol™ and +9.7 kJ mol™ respectively, calculate the enthalpy
change for the reaction:

2NO,(g) = N,0O.(g)

§ The standard enthalpy of combustion of lauric acid,
CH,(CH,),,COOH(s), which is found in some animal fats, is -7377 k]
mol™. The standard enthalpies of combustion of C(s) and H,(g) are -394
k] mol™ and -286 k] mol™.

Calculate the standard enthalpy of formation of lauric acid.

6 100 cm’ of 1.00 mol dm™ HCI was added to 100 cm’ of 1.00 mol dm™
NaOH in a polystyrene cup, both solutions being initially at 21.10 °C.
On mixing the temperature rose to 27.90 °C. Determine the enthalpy of
neutralisation and state whether the reaction is 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™ and that the final
solution has a specific heat capacity of 4.18 ] g °C™".

7 Calculate the enthalpy change for the reaction:
C,H,(g) + H,0(g) - CH,CH,0OH(g)
given the following average bond enthalpies in k] mol™:
C-C +348; C=C +612; C-H +412; H-O +463; C-O +360.
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Introduction

Organic compounds consist of a chain of one or more carbon atoms
and contain functional groups (see Table 2.1). The functional group
gives the compound certain chemical properties. For instance the C=C
group (except in benzene rings) reacts in a similar way in all
compounds. Thus vledge of th chemistry of ethene, H,C=CH,,
enables you to predict the reaction of all compounds containing the
C=C group.

* *
Acid
Substance| Alcohol | Aldehyde | Ketone Acid Ester CI, Amide Nitrile Amine
chloride
| H\ N 20 -0 -0 -0 |
Group | —C—-OH C=0 C=0 | -C R-C -C —(C —C=N | —C—NH3
l R’ R/ “OH NO-R’ Nl “NH2 |

Table 2.1 Functional groups. *These will only be met at A2. R is a carbon-containing group.

When you write structural formulae,
check that:
every carbon atom has four bonds
every oxygen has two bonds and
every hydrogen and every halogen
have only one bond.

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

Things to learn

©# Homologous series: a series of compounds with the same functional

group, the same general formula, and where one member differs from
the next by CH,.

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 C;H,.

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 CH,CH,CH,
and propan-2-ol as CH,CH(OH)CH,.

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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Elimination: a reaction in which the elements of a simple molecule
such as HBr, H,O etc. are removed from the organic molecule and not
replaced by any other atom or group of atoms.

Hydrolysis: a reaction in 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.

L_I‘fI Things to understand

Isomerism

There are three structural isomers of

@ Structural isomers may have:
formula C;H,0: %

propan-1-ol  CH,CH,CH,0H i different carbon chains (straight or branched)
propan-2-ol  CH,CH(OH)CH, ii the functional group in different places in the carbon chain
methoxyethane CH,OCH,CH, iii different functional groups.

® Geometric isomerism
CH; CH;

\ / i Geometric isomerism occurs when there is a C=C in the molecule,
ol C=C and both carbon atoms have two different atoms or groups attached.
A \ ii Geometric isomers are not easily interconverted because of the
H H difficulty of rotating about the n bond.
C\H3 H Alkanes (e.g. methane, CH,)
TS T=— / Alkanes burn in excess oxygen to form carbon dioxide and water:
\ CH, + 20, - CO, + 2H,0
H CH3;
Fig 2.4 Geometric isomers of Alkanes react with chlorine (or bromine) in the presence of UV light in
but-2-ene a stepwise substitution reaction:

CH; #+€l, & CH,Gl + HCI
CH,CI + Cl, » CH,CI, + HCl

Alkenes (e.g. propene, CH,CH=CH,)

solution of bromine is a test for a
C=C group in a molecule. CH,CH=CH, + H, = CH,CH,CH,;
conditions: pass gases over a heated nickel catalyst

Alkenes add bromine (or chlorine):
CH,CH=CH, + Br, » CH,CHBrCH,Br
conditions: at room temperature with the halogen dissolved in hexane.

With unsymmetrical alkenes, the © Alkenes add hydrogen halides, e.g. HI

hydrogen goes to the carbon that CH,CH=CH, + HI - CH,CHICH,
already has more hydrogen atoms - )

directly bonded to it. This is conditions: mix gases at room temperature.
Markovnikov's rule.
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Igle 15| H H

o

b e e R
Fig 2.5 Fig 2.6
Poly(ethene) Poly(propene)

The rate of all these reactions
increases C—Cl to C-Br to C,
because the bond enthalpy and
hence the bond strength decreases
C—Cl to C-Br to C-I. The weaker the
bond the lower the activation energy
and hence the faster the reaction.

H
|
—C—OH
|
! g
|
—C—C—OH
R
5
S 2"
—C—C—OH
o
_C_
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Alkenes are oxidised by potassium manganate(VII) solution:
CH,CH=CH, + [O] + H,0 - CH,CH(OH)CH,OH

conditions: at room temperature, when mixed 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-CH,=CH, - -(CH,~CH,)-,
conditions either: a very high pressure (about 2000 atm)
and a temperature of about 250 °C

or: a catalyst of titanium(IV) chloride and triethyl aluminium
at 50 °C and pressure of about 10 atm.

Halogenoalkanes (e.g. 2-iodopropane, CH,CHICH,)
They substitute with aqueous sodium (or potassium) hydroxide
to give an alcohol:
CH,CHICH, + NaOH — CH,CH(OH)CH, + Nal
conditions: boil under reflux with aqueous sodium hydroxide.

They eliminate with ethanolic potassium hydroxide to give an
alkene:

CH,CHICH, + KOH - CH,CH=CH, + KI + H,O

conditions: boil under reflux with a concentrated solution of potassium
hydroxide in ethanol, and collect the gaseous propene over water.

They substitute with potassium cyanide:
CH,CHICH, + KCN — CH,CH(CN)CH; + KI

conditions: boil under reflux with a solution of potassium cyanide in a
mixture of water and ethanol.

With ammonia they form amines:

CH,CHICH, + 2NH, - CH,CH(NH,)CH, + NH,I
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 just acidic.
3 Add silver nitrate solution.
Result:
® white precipitate, soluble in dilute ammonia indicates chloro-
compound

© cream precipitate, soluble in concentrated ammonia indicates bromo-
compound

® yellow precipitate, insoluble in concentrated ammonia indicates iodo-
compound.

Alcohols

Primary (1°) alcohols contain the CH,OH 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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In equations in organic chemistry,
an oxidising agent can be written as
[0] and a reducing agent as [H], but
the equation must still balance.

Note that this reaction works for all
alcohols, and isomers of the alkene
may be produced.

This is a test for an OH group.
Steamy acidic fumes are given off
when phosphorus pentachloride is
added to the dry organic substance.
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@ Oxidation reaction with aqueous orange potassium
dichromate(VI), K,Cr,0,, acidified with dilute sulphuric acid.

a 1°alcohols are oxidised via an aldehyde to a carboxylic acid. The
solution turns green ([Cr(H,0),*" ions formed).

CH,CH,OH + [0] » CH,CHO + H,0
then CH,CHO + [0] » CH,COOH

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 2°alcohols are oxidised to a ketone. The solution turns green.
CH,CH(OH)CH, + [O] —» CH,COCH;, + H,0

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:
C,H;OH - H,C=CH, + H,0

conditions: add excess concentrated sulphuric acid (or concentrated
phosphoric acid) to the alcohol and heat to 170 °C.

Halogenation 1°, 2° and 3° alcohols react with:

1 Phosphorus pentachloride, PCl;, to form a chloroalkane:
C,H,OH + PCl; = C,H,Cl + HCI + POCl,

conditions: at room temperature and the alcohol must be dry.

2 Solid sodium bromide and 50% sulphuric acid to give a
bromoalkane:
NaBr + H,SO, — HBr + NaHSO,
then HBr + C,H,OH — C,H,Br + H,O
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 + 31, = 2PI,
then 3C,H,OH + PI; = 3C,H,I + H,;PO,
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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0, Boil under reflux
Spark K,Cr,0,/ H,50,(aq)

conc H,50,

at 100 °C at 170°C

Fig 2.8 Summary of

organic reactions Bonding and reactivity

Bond strength is the dominant factor that determines reactivity.

a A n-bond between two carbon atoms is weaker than 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 slowly.

Quantitative organic chemistry

@ This involves calculation of empirical formulae from percent data (see
The percent yield is less than 100% page 6).
because of competing reactions and

handling losses. @ 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 100%
theoretical yield in grams

Applied organic 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 filling 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 limited

c the emission of particulates

4 the energy produced per unit mass of fuel for aeroplanes
S the extent to which the world’s supply of fossil fuels is limited.
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DDT is a chlorine-containing
pesticide and it has eradicated
malaria from some countries, but its
overuse has led to the destruction of
wildlife. It is a very inert chemical
(owing to the strength of the C—Cl
bond) and so persists in an
organism, being stored in fatty
tissue.

ethene and but-1-ene

2-chloro-3-methylpentan-1-ol
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® Polymers. You should realise 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 weedkillers. 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
here they are broken down by light energy and form chlorine
radicals. The e catalyse the destruction of ozone. New substances
have been de eloped which contain hydrogen as well as chlorine,
fluorine and carbon, and these are less stable and are broken down

by atmospheric oxidation.

% Glaekiist

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(VIl) 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.

“ ﬁé Testing 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 following compounds are members of the same
homologous series:

ethene C,H,, cyclopropane C;H,, but-1-ene CH,CH,CH=CH,,
but-1,3-diene CH,=CHCH=CH,, cyclohexene CH,,?
Name CH,CH,CH(CH,)CHCICH,OH


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

@ ORGANIC CHEMISTRY |

tetrachloromethane, CCl,

_ The answers to the numbered
questions are on pages 127-128.

OALEVELNOTES.COM

#® What product is obtained if a large excess of chlorine is mixed with

methane and exposed to diffused light?

A compound X contained 54.5% carbon, 36.4% oxygen and 9.1%
hydrogen by mass. Calculate its empirical formula.

Write the structural formulae of:

a 1,1-dibromo-1,2-dichloro-2,3-difluoropropane

b 1-chlorobutan-2-ol.

Write out the structural formulae of the isomers of:

a C;H,O (alcohols only)

b CH,

¢ C,H; (no cyclic compounds).

Define:

a free radical

b homolytic fission.

Define:

a an electrophile

b heterolytic fission.

Write equations and give conditions for the reaction of:
a ethane + chlorine

b ethane + oxygen.

Write equations and give conditions for the reaction of propene with:
a hydrogen

b bromine *

¢ hydrogen iodide

d potassium manganate(VII) solution *

For reactions marked *, state what you would see.
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

¢ heated in a sealed tube with a concentrated solution of ammonia in
ethanol.

Write the equation and give the conditions for the reaction of
propan-2-ol with sulphuric acid.

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)

¢ 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 temperature also
causes an increase in the rate of
collision, but this is unimportant
compared with the increase in the
fraction of molecules with the
necessary activation energy.
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11 Why does 1-bromopropane react more slowly than 1-iodopropane with
water?

12 When 5.67 g of cyclohexene, C,H,,, reacted with excess bromine, 15.4 g
of CiH,,Br, was obtained. Calculate the theoretical yield of C,H,,Br, and
hence the percentage yield of the reaction.

13 Explain why compounds such as CCLF, are harmful to the
environment.

The rate of a reaction is determined by:
1 the rate at which the molecules collide

2 the fraction of the colliding molecules that possess enough kinetic
energ ‘to get over the activation energy barrier’

3 the orientation of the molecules on collision.

Things to 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:
the concentration of a reactant in a solution

the pressure, if the reactants are gases
the temperature

1

2

3

4 the presence of a catalyst

§ the surface area of any solids
6

light for photochemical reactions.

‘g | I Things to understand

Collision theory

© The effect of an increase 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 colliding molecules with a combined
energy greater than or equal to the activation energy

3 which results in a greater proportion of successful collisions.

@ The effect of heating can be shown by the Maxwell-Boltzmann
distribution (see Figure 2.9) of molecular energies at two temperatures T,
and T, where T, is > T,.
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Note that the peak has moved to the
right for T,, and that the total areas
under the curves are the same, but
the area under the curve to the right
of £, equals the fraction of the
molecules with energy > E,, which is
greater for T, than for T..

Fig 2.9 Maxwell-Boltzmann distribution

molecules

Energy
Fig 2.10 Effect of a catalyst

Fig 2.11 Energy profile diagrams

OALEVELNOTES.COM

molecules

Ener

Catalysts work by providing an alternative route with a lower
activation energy. Thus, at a given temperature, a greater proportion of
the colliding molecules will possess this lower activation energy by
following the route with the catalyst, and so the reaction will be faster.
This is shown on a Maxwell-Boltzmann diagram (see Figure 2.10).

The enthalpy profile diagrams for an uncatalysed and a catalysed
reaction are shown in Figure 2.11.

Do not say that a catalyst lowers the activation energy.
Note that the AH values are the same for both paths.

________ Transition
state

Intermediate

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 will then take place depends upon its kinetic
stability.

Kinetic stability

If a reaction has such a high 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 is
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thermodynamically unstable but kinetically stable. No reaction occurs
unless the mixture is ignited.

% EHLR IR

Before attempting the questions on this topic, check that you:
Can recall the factors which effect the rate of reaction.
Can explain these rate changes in terms of collision theory.

Can draw the Maxwell-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.

Understand the concepts of thermodynamic and Kinetic stability.

% Testing 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 involving gases, state three factors that control the rate of
Pressure, temperature, and catalyst the reaction.

Concentration, temperature and For a reaction carried out in solution, state three factors that control the
rate of the reaction.

The surface area of the solid For the reaction of a solid with a ga§ or with a solution, state one other
factor that controls the rate of reaction.
Fe (Haber), or V,0, (Contact), or Ni

B Give an example of a solid catalyst used in a gas phase reaction.
or Pt (addition of hydrogen to C=C)

1 Define
_ The answers to the numbered i activation energy

questions are on page 128.
ii catalyst.

2 Explain, in terms of collision 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 T}) and
ii at 50 °C (mark this T,).

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.

S Draw energy profile diagrams of:
an exothermic reaction occurring in a single step
the same reaction in the presence of a suitable catalyst

je e e
e jmie

i areaction where the reactants are thermodynamically stable

e
<

a reaction where the reactants are both thermodynamically and
kinetically unstable.
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% Introduction

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 reverse reaction, when there is no
further change in concentrations. The system is then said to be at
equilibrium.

% Things to learn and understand

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:
CH,COOH(l) + C,H;OH(l) = CH;COOC,H,(l) + H,O())

Mix the four substances in their equilibrium concentrations, but

have the water made from the isotope "*O. After some time the "*O

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
Le Chatelier’s principle states that equilibrium in the endothermic direction. Likewise a decrease in

when one of the factors governing temperature will move the equilibrium in the exothermic direction:
the position of equilibrium is

changed, the position will alter in Ni(g) + 3H.(g) = 2NHi(g) AH = —92.4 k] mol”
sucha way asif to restore the As this reaction is exothermic left to right, an increase in temperature
original conditions. 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
Do not say ‘the side with a smaller ammonia in the equilibrium mixture, i.e. an incrgased yield. This i§
volume’, as a gas will always fill its because there are only two gas molecules on the right of the equation
container. and four on the left.

® Concentration. This applies to equilibrium reactions in solution. If a
substance is physically or chemically removed from an equilibrium
system, the equilibrium will shift to make more of that substance:
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All industrial processes that involve
passing 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 129.
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2CrO%(aq) + 2H'(aq) = Cr,0,7(aq) + H,0(l)
Addition of alkali will 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 is fast.
If a low temperature is used, the theoretical yield is higher, but the rate
of reaction is slow.

® In 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 is 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 is too small to be economic.

Two examples of manufacturing processes that use very high pressures
are the Haber process and the polymerisation of ethene.

! ):E Checklist

Z

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 equilibrium.

Can predict the economic conditions for an industrial process.

% Testing your knowledge and understanding

1 Consider the reversible reaction at equilibrium:
A(g) = B(g)

Which statements are/is true about this system?

i There is no further change in the amounts of A or B.

ii No reactions occur, now that it has reached equilibrium.

iii  The rate of formation of B is equal to the rate of formation of A.
2 Consider the equilibrium reaction:

N,O,(g) = 2NO,(g) AH = +58.1 k] mol™
State and explain the effect on the position of equilibrium of:
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i decreasing the temperature
ii halving the volume of the container
iii adding a catalyst.
Ethanoic acid and ethanol react reversibly:
CH,;COOH + C,H;0H = CH,COOC,H; + H,O AH = 0 k] mol
i Explain the effect of adding an alkali.

ii What will happen to the position of equilibrium if the
temperature is increased from 25 °C to 35 °C?

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

PbCl(s) + 2Cl(aq) = PbCl*(aq)

State and explain what you would see when concentrated hydrochloric
acid is added to the equilibrium mixture.

In the manufacture of sulphuric acid, the critical reaction is:
250,(g) + O,(g) = 2SO,g) AH=-196 k] mol”

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

% Introduction

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 to learn and understand

The Haber process for the manufacture of ammonia

N,(g) + 3H,(g) = 2NH,;(g) AH =-92.4 k] mol

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 following 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:
manufacture of nitric acid

@ manufacture of fertilisers such as
ammonium nitrate and urea

©® manufacture of polyamides such
as nylon.

Uses of sulphuric acid:
© the manufacture of fertilisers
such as ammonium sulphate

©® the manufacture of phosphate
fertiliser

the manufacture of paints and
detergents.
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Pressure: 200 atm. The yield at 1 atm is too low, and so a high
pressure is necessary even though it is very expensive.
Catalyst: Iron. This allows the reaction to proceed at a fast, and

hence economic, rate at a moderate temperature.

Yield per cycle:  15%. The gases from the catalyst chamber are cooled in
order to liquefy the ammonia, and then the unreacted
nitrogen and hydrogen are recycled, giving a final
conversion of nearly 100%.

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:
4NH;(g) + 50,(g) = 4NO(g) + 6H,0(g)
2 On cooling, the nitrogen(ll) oxide reacts with more air:
4NO(g) + 20,(g) = 4NO,(g)

3 The nitrogen(IV) oxide and air are then absorbed into water:

4NO,(g) + O,(g) + 2H,0(1) = 4HNO,(aq)

The contact process for the manufacture of sulphuric
acid
® This takes place in three stages:
1 The combustion of sulphur:
S(1) + O,(8) = SO,(8)
2 The reversible oxidation of the sulphur dioxide:

SO,(8) + $,0,(8) = SO4(8)
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 higher temperature would reduce the yield,
and a lower one would make the reaction
uneconomically slow.

Pressure: 2 atm. This is enough to force the gases through the
plant. A higher pressure is not necessary because the
yield is high under these conditions.

Catalyst: Vanadium(v) oxide.

Yield: 96% per cycle. The gases from the catalyst chamber are
passed into the absorber containing the 98% sulphuric
acid, and all the SO, 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 silicon 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 is a base, and silicon dioxide does not
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Aluminium is protected from
corroding by its layer of oxide which
reforms when it is scratched. It is
also less dense than iron. These
properties make it ideal as a material
for aeroplane wings and fuselage
and for drink cans (even though it is
more expensive than iron). It is also
an excellent conductor of electricity,
and so is used in overhead power
cables because of these three
properties.

As the electrolytic method of
manufacture is very expensive, it is
economically sensible to recycle
aluminium objects.

Chlorine is used for:
water sterilisation

ii the manufacture of organic
chlorine compounds, such as the
plastic PVC and the herbicide
2,4-D

iii the manufacture of HCI.

Sodium chlorate(1) is used:
i as a domestic bleach
ii as a disinfectant.
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react because of its giant atomic structure. These solids are filtered off,
and carbon dioxide is blown through the solution precipitating
aluminium hydroxide. This is obtained by filtration and heated to
produce pure aluminium oxide.

The purified aluminium oxide is dissolved in molten cryolite, Na,AlF,,
at 900 °C.

The solution is electrolysed using carbon anodes dipping into a steel
cell lined with carbon, which is the cathode.

At the cathode, aluminium ions are reduced:

AP + 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:

207+ Cs = CO,(g) + 4€
Because of the expense of this 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 sodium
chloride (brine).

At the titanium anode (+): NaCl contains CI ions and these are
oxidised to Cl,:

2CI'(aq) — Cly(g) + 2¢e
chlorine gas is produced.
At the steel cathode (-): water is ionised in an equilibrium reaction:

H,O(l) = H'(aq) + OH (aq)

Na" ions are very hard to reduce, and so H" ions are preferentially
reduced:

2H'(aq) + 2e” — H,(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:

2H,0 + 2e” —» 20H(aq) + H,(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(l) and hydrogen are obtained. The
chlorine produced at the anode disproportionates when in contact with
the alkali from the cathode:

Cl,(aq) + 20H (aq) — OClI'(aq) + Cl'(aq) + H,O(l)
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f_gj 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 recall the details of the production of chlorine and sodium
chlorate(l) and their uses.

Testing your knowledge and understanding

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

A temperature of 350 to 450 °C, a State the conditions used in the manufacture of ammonia.

pressure of 200 to 250 atm and an
iron catalyst @ State two uses of ammonia.

To make fertilisers, and to make
nylon (or nitric acid) State the conditions used for the oxidation of ammonia in the

manufacture of nitric acid.

A temperature of 900 °C and a

platinum/rhodium catalyst
State the conditions used for the oxidation of sulphur dioxide in the

A temperature of 400 to 450°C, a Contact process.
vanadium(V) oxide catalyst and a
pressure of 2 atm

- : State two uses of sulphuric acid.
To make fertilisers, and paints (or

detergents)

It is amphoteric. | What property of aluminium oxide is the basis of its purification from
bauxite?

Molten electrolyte What is the essential condition used in the manufacture of aluminium?

3+ -
Cathode A"+ 3¢~ Al Write the equations for the reactions at the cathode and at the anode in
Anode: 20 +C— CO, + 4e” the manufacture of aluminium.

1 Explain the economic reasons for the choice of the conditions used in
The answers to the numbered the Haber process.

" questions are on page 129.

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 129-130.

la Propene, C,H,, and but-2-ene, CH,CH=CHCH,,, are in the same homologou eries. Explain the term
homologous series. [3]
b Draw a representative length of the polymer chain of poly(propene) [2]
c i Draw the geometric isomers of but-2-ene. [2]
ii Explain how geometric isomerism arises. [1]
(Total 8 marks)
[June 2001 Unit Test 2 question 2 & May 2002 Te t 2 question S
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 ata
temperature T, and at a higher temperature T,. (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]
Total 7 marks)
[June 2001 Unit st 2 question 3|
3 Consider the following reaction scheme:
step 1
-+ C,H,Br (major product)
S
aqueous NaOH
KMnO,
in alkali
@)
P
l step 3 (oxidation)
CH,COCH,
a i Give the reagent and the conditions needed for step 1. [2]
ii Give the structural formula of S. (1]
b i Give the structural formula of P. [1]
ii State the type of reaction in:
step 1 (2]
the conversion of $ to P. [2]
c i Give the reagent and the conditions needed for step 2. [2]
ii Give the reagent and the conditions needed for step 3. 3]
d Give the structural formula of compound Q. [1]
(Total 14 marks)
[May 2002 Unit Test 2 question 4]
4a State Hess's Law. [2]
b Define the term standard enthalpy change of combustion. [3]
c The equation for the combustion of ethanol in air is

C,H;OH(l) + 30,(g) — 2CO,g) + 3H,0()
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And the structural representation of this is:

H H
.
H—C—C—O— H+30—0 —= 20—C—0+3H—O—H

H H
i Calculate the enthalpy change for this reaction using the average bond enthalpy values given below.
[3]
Bond Average bond energy/k] mol™ Bond Average bond energy/k] mol™
Gt +412 GCa@ + 348
=G + 360 O==H + 463
0=0 + 496 C=0 + 743
ii Draw and label an enthalpy level diagram to represent this reaction. [2]

(Total 10 marks)
|June 2001 Unit Test 2 question 5]

Sa The reaction in the Haber Process that is used to produce ammonia is:

N,(g) + 3H,(g) = 2NH,(g) AH = -92 k] mol”
i What temperature is used in the Haber Process? [1]
ii Justify the use of this temperature. [3]
iili 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 HCI, which often is a by-product in
organic preparations
4HCI(g) + O,(g) = 2Cl(g) + 2H,0(g) AH =-115 kJ mol™
This is a homogeneous dynamic equilibrium reaction.
State the meaning of the terms

i homogeneous [1]

ii dynamic equilibrium [2]
c State and explain the effect on the position of equilibrium of the reaction in b of:

i decreasing the temperature. [2]

ii decreasing the volume of the reaction vessel [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,
is electrolysed at 800 °C. Graphite electrodes and a current of about 120 000 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)
[June 2001 Unit Test 2 question 7]
[Paper total 60 marks]
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Laboratory chemistry |

- The specification for these tests includes all of Units 1 and 2.

Unit Test 3B will contain many of the calculations for AS level, and so
Topic 1.2 (pages 6 to 12) must be thoroughly revised.

Unit Test 3A: Assessment of practical
I

This is either internally assessed or a practical exam.
Notes and textbooks are allowed in the tests.

The practical exam will contain some quantitative work, probably a
titration or an enthalpy change experiment.

You should know the following gas tests:

H, burns with a squeaky pop

0O, relights a glowing spill

CO, turns lime water milky

NH, turns red litmus blue

Cl, bleaches damp litmus; turns KBr solution brown

NO, brown gas which turns starch/iodide paper blue-black
SO, turns acidified potassium dichromate(VI) solution green.

You should know the tests for the following ions:

Add acid. Test for CO,.
Add to almost boiling water. Test for CO,.

Gives white precipitate when dil HCI and BaCl,(aq) are
added to the solution.

HSO,” Solution is acidic to litmus, then test as for SO,” above.

SO,” Add dil acid to solid and warm. Test for SO,.

Halide ion: To solution add dil HNO, then AgNO,(aq). White
precipitate soluble in dil ammonia indicates chloride;
cream precipitate insoluble in dil but soluble in conc

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

lon Flame colour NO, Heat solid. All nitrates give off O,. All but sodium and
8 3 potassium nitrates also give off NO,. Alternatively add
Li camine red o ; : .
n aluminium powder and sodium hydroxide solution.
Na yellow Nitrates give off ammonia gas.
K lilac NH,’ Add dil NaOH and warm. Test for ammonia.
2+ .
Ca brick red Mg™ Gives white precipitate when dil ammonia is added
Sr* crimson red to a solution.
Ba™ pale green You must know how to carry out a flame test and the colours obtained.
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2\ Unit Test 3B: Laboratory chemistry I

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.

C=C group Decolourises Iresis
brown bromine » You should know the tests listed in Unit 3A above.
o — hexa1f1e @ You should also know the tests for alkenes, the OH group and the
matlo Sti;rrllj}élumes halogen in halogenoalkanes.
wi
Organic halides | Warm wisth # You should be.able to deduce the identity of a compound from the
sodiin re ult of a series of tests.
hydroxide

solution. Acidify Techniques

with dilute nitric [ You should be able to describe techniques used in:

acid and then » titrations and enthalpy change measurements
test as for ionic @ simple organic procedures such as distillation and heating under
halides as on reflux.
page SS
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 neutralisation of an acid.

® Plan 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 significant 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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UNIT TEST 3B
Practice Test: Unit 3B

Time allowed 1 hr
All questions, except S, are taken from parts of previous Edexcel Advanced GCE questions.
The answers are on pages 130-132.

1 Complete the table below.

Gas Reagents or test Observation expected for a positive result
Hydrogen Burning splint
Oxygen Glowing splint

Carbon dioxide

Sulphur dioxide  Potassium dichromate ) Solution turn from orange to .....
solution acidified with dilute
sulphuric acid.

Moist blue litmus paper 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.

CaCOs(s) + 2HCl(aq) — CaCl,(aq) + H,O(l) + CO,(g)
Four experiments were carried out.
e Experiments 1, 3 and 4 were carried out at room temperature (20°C).
e The same mass of calcium carbonate (a large excess) was used in each experiment.
e 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 cm® 1.00 mol dm™
2 Small pieces 50.0 cm® 1.00 mol dm™ heated to 80 °C
3 One large piece 50.0 cm’ 1.00 mol dm™
4 Small pieces 50.0 cm® 2.00 mol dm™

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

Mass loss/g

2.00

1.50

S 10 15 Time/min
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LABORATORY CHEMISTRY 1

i  Explain why there is a loss in mass as the reaction proceeds. [2]

ii Explain the shape of the curve drawn for experiment 1. [2]

Draw curves on the graph above to represent the results you would expect for experiments 2, 3

and 4. [3]

i  Calculate the mass of calcium carbonate that exactly reacts with 50.0 cm’ of 1.00 mol dm™
aqueous hydrochloric acid. (Molar mass of CaCO, = 100 g mol™) 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)
[January 2002 Unit Test 3B question 2]

A student was required to determine the enthalpy change for the reaction between iron and copper
sulphate solution. The student produced the following account of their experiment.

A piece of iron, mass about 3 g, was placed in a glass beaker. Then 50 cm® of 0.5 mol dm™ aqueous
copper sulphate solution was measured using a measuring cylinder and added to the beaker. The
temperature of the mixture was measured immediately before the addition and every minute afterwards
until no further change took place

Fe + CuSO, — FeSO, + Cu

Timing Before 1 min 2 mins 3 mins 4 mins 5 mins
addition
Temperature/°C 16 27 29 26 24 22

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

improvements suggested. [4]

In an improved version of the same experiment a maximum temperature rise of 15.2 °C occurred

when reacting excess iron with 50.0 cm® of 0.500 mol dm™ aqueous copper sulphate solution.

i  Using this data and taking the specific heat capacity of all aqueous solutions as 4.18 ] g™ deg™,

calculate the heat change.
ii Calculate the number of moles of copper sulphate used. [1]
iii Calculate the enthalpy change for this reaction in kj mol™. [2]
(Total 8 marks)

[June 2002 Unit Test 3B question 4]

A student carried out an experiment to find the percentage of calcium carbonate, CaCO,, in a sample
of limestone following his own plan. The student’s account of the experiment, results and calculations
of the mean titre are given below.

Account

I Mass of piece of limestone = 5.24 g

Il A pipette was used to transfer 50 cm® of 2.00 mol dm™ ageous hydrochloric acid (an excess) to a
100 cm® beaker. The piece of limestone was placed in the beaker and left until there was no more
effervescence.

Il The acidic solution in the beaker was filtered into a 250 cm® volumetric flask. A small amount of the
solid impurity remained in the filter paper. The solution in the volumetric flask was carefully made up
to 250 cm® with distilled water.

IV A pipette was used to tranfer 25.0 cm® portions of the acidic solution to conical flasks. The solution
was then titrated with 0.100 mol dm™ aqueous sodium hydroxide.

HCl(aq) + NaOH(aq) — NaCl(ag) + H,O(l)



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

OALEVELNOTES.COM

® unitTesT 3B

Results
2 8
Burette reading (final) 14.90 15.40 30.25
Burette reading (at start) 0.00 0.05 15.40
Titre/cm® 14.90 15:85 14.85
Mean titre = 1490 + + 1485 _ 45,033 o’

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 II. [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 cm® portion of the acidic solution
transferred in IV. [1]
iili Hence calculate the amount in moles of hydrochloric acid remaining after the reaction in II.  [1]
iv Calculate the amount in moles of hydrochloric acid transferred to the beaker in II. [1]
v Hence calculate the amount in moles of hydrochloric acid used in the reaction. [1]
vi Hence calculate the amount in moles of calcium carbonate and the mass of calcium carbonate in
the sample of limestone {M, (CaCO,) = 100} [2]
vii Hence calculate the percentage of calcium carbonate by mass in the sample of limestone. [1]

¢ The burette used in the titrations had an uncertainty for each reading of +0.05 cm’.
i  Which of the following should be regarded as the actual value of the titre in titration 3?
A between 14.80 and 14.90 cm®:
B between 14.825 and 14.875 cm®:

C between 14.75 and 14.95 cm’. [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-1 and boiling temperature 82 °C) can be prepared by the reaction
between 6.15 g of 2-bromopropane (molar mass 123 g mol™ and boiling temperature 59 °C) and excess
aqueous 2.0 mol dm™ 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 6.15 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]
¢ 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 100%. [1]

(Total 10 marks)
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AH, for chlorine is the enthalpy
change for:

1Cly(g) = CI(g)

AH,,, for the Na" ion is the enthalpy
change for:

Na‘(g) + ag — Na‘(aq)

AH,, for sodium chloride is the
enthalpy change for:

Na'(g) + CI'(g) — NaCl(s)

Introduction

This topic extends 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 gain
marks lost through omission in your word definition.

Things to learn

The sign of the value of AH 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, AH,, 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, AH,,, is the enthalpy change when one
mole of gaseous ions is added to excess water. It is always exothermic.

Lattice energy, AH,,,, 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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Mg2+(g)
2CI(g)
Mg'(g) 2Cl(g)
Mg(g) AH,
AH¢

Mg(s) + Cly(g)
Fig 4.1 Born-Haber cycle
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energies for the formation of the cation, the electron affinity for the
formation of the anion and the lattice energy of the ionic substance.

@ This can either be drawn as a Hess’ Law cycle, or as an enthalpy level
diagram (see Figures 4.1 and 4.2).

Mg (g) + 2Cl(g)

Mg2+(g) +
AH, AH
Mg*(g) + Cl,( ) i
g™+ 2CI (g)
AHe Mg(g) + Cl,(g) |
AH,
Mg(s) + Cly(g)

AHy
MgCly(s)
Fig 4.2 Enthalpy level diagram

AH; of MgCl, = AH, of Mg (AH,) + 1st ionisation energy of Mg (AH,) + 2nd ionisation ener o { AH +2x
AH, of Cl (AH,) + 2 x electron affinity of Cl (AH;) + AH,,, of MgCl, (AH,) = AH, + AH, + AH, + AH + AH  AH

If a bond is partially covalent, the
experimental lattice energy (from
Born Haber) will be bigger (more
exothermic) than the value
calculated from a purely ionic
model.

The greater the difference between
the experimental and theoretical
values, the greater the extent of
covalency. This will happen if the
cation is very polarising (small or
highly charged) or the anion is very
polarisable (large). See page 13.

Any one value can be calculated when all the others ar n wn.

Lattice energy

® Lattice energy is always exothermic.
® Its value depends upon the strength of the forc of attraction
(sometimes called the ionic bond) between the ion .
@ The strength of this force depends upon the value of the charges and
the sum of the radii 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 radii 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 radii of Ba>* and OH™ are about
the same), the sum of the radii alters significantly, and so the lattice
energy decreases by a large amount.
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Enthalpy of hydration

Enthalpy of hydration is always exothermic.
For a cation it is the result of the force of attraction between the ion

You must not use AH,,, when
& and the 8 oxygen in the water.

referring to a compound. It refers to

separate ions. The enthalpy change @ For an anion it is the result of the force attraction between the ion and
for NaCl(s) + ag — Na+(aq) + CI"(aq) the 8" hydrogen in the water.
is called the enthalpy of solution. # 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 partially determined by the value of
the enthalpy change. When discussing solubilities, it is assumed that the
more exothermic the enthalpy of solution, the more soluble the substance
is likely 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) 3 X

Note that both lattice and hydration
enthalpies are negative numbers, so -AHZ, AHS, AHS
—AH,, is positive

MX(s) + aq M*(aq) + X(aq)

A H,, = — (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 (ii) 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 solubility of the
hydroxides to increase down the Group.
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a MgCO,
b MgCO;,
¢ NaF

Ba(OH),

_ The answers to the numbered
questions are on page 132.

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 AH,,, 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.

Testing your knowledge and understanding

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

In each of the following state which compound has the larger (more
exothermic) lattice energy:

a MgCO, or BaCO,

b Na,CO, or MgCO,

¢ NaF or NaCl.

Arrange the following ions in order of decreasing (less exothermic)
enthalpy of hydration: Na', Mg*, Ba* and Al™

State the formula of the most soluble Group 2 hydroxide.

The following data, in k] mol”, should be used in this question.
Enthalpies of atomisation: calcium +193; chlorine +121.
lIonisation energies for calcium: 1st +590; 2nd +1150
Electron affinity for Cl(g): —-364
Lattice energies: for CaCl,(s) -2237; for CaCl(s) —-650 (estimated).
a Construct a Born-Haber cycle for:

i the formation of CaCl(s)

ii the formation of CaCl,(s).
b Calculate the standard enthalpy of formation of:

i CaCly(s)

ii CaCl(s)

iii hence calculate the enthalpy of the reaction:

2CacCl(s) — Ca(s) + CaCly(s)

and comment on the fact that CaCl(s) does not exist.
Comment on the values of the lattice energies, in k] mol”, given
below:

Experimental | Theoretical
NaF -918 -912
Mgl, -2327 -1944
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The Periodic Table Il

% Introduction

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 to learn and understand

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:

Na ~ Mg Al Si P S Cl Ar
Oxygen | Na,0 or MgO | ALO,  SiO, P,0,, SO, No No
Na,0, " reaction | reaction
Chlorine | NaCl MgCl, | AICL,®?  SiCl, PCl, S,Cl, No
Y reaction
Water NaOH + MgO +| No No No No HCI + No
H, I reaction reaction | reaction | reaction | HOCI reaction

Notes: "’ with excess oxygen sodium peroxide is formed, ” aluminium chloride is covalent, *’ with excess
chlorine, ¥ with steam.

Metal hydroxides and oxides
NaOH alkaline: NaOH(s) + aq — Na'(aq) + OH (aq)
The hydroxides become less basic and e B ) gl () ME (aq) + 2E,0(1)
more acidic as the surface charge MgO basic: MgO(s) + 2H'(aq) = Mg~ (aq) + H,0O(l)
density of the cation increases. AI(OH), amphoteric: AI(OH),(s) + 3H'(aq) = Al"(aq) + 3H,0(1)
Al(OH),(s) + 30H (aq) — Al(OH),"(aq)

ALO, amphoteric: ALO,(s) + 6H'(aq) - 2Al*(aq) + 3H,0(1)
ALO,(s) + 60H (aq) + 3H,0(1) = 2A1(OH),*(aq)

Silicon dioxide is such a weak acid that Non-metal oxides

molten sodium hydroxide is required. SiO, weakly acidic: SiO,(s) + 2NaOH(l) — Na,SiO;(1) + H,0(g)
The oxides of the non-metals form P,Oq weakly acidic: P,O4+ 6H,0 — 4H,PO; = 4H'(aq) + 4H,PO;”
increasingly strong acids as the P,0, strongly acidic: P,0,,+ 6H,0 —» 4H,PO,— 4H'(aq) + 4H,PO,”

number of oxygen atoms in the acid
increases.
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lonic chlorides dissolve in water to
form hydrated ions.

These hydrated ions may
deprotonate, if the surface charge
density of the metal ion is high.
Covalent chlorides (of Period 3)
react with water to form HCI and
either the oxide or the oxoacid.

The trend in metallic character is
caused by the decrease in ionisation
energy as the radius of the atom
increases, making it energetically
favourable for the formation of ionic
bonds.
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weakly acidic: SO, + H,O = H,SO, = H'(aq) + HSO;
strongly acidic: SO; + H,O — H,SO, = H'(aq) + HSO,

Chlorides
@ NacCl ionic solid, dissolves in water:
NaCl(s) + aq — Na'(aq) + Cl(aq)
MgCl, ionic solid, dissolves in water:
MgCl,(s) + aq » Mg*(aq) + 2Cl'(aq)
Hydrated AICl, ionic solid, deprotonated by water:
[Al(H,0)(*(aq) + H,0 — [AI(H,0)(OH)]*'(aq) + H,0"(aq)
@ Anhydrous AIC], covalent solid, reacts with water:
AlCl,(s) + 3H,0(1) — Al(OH),(s) + 3HCl(aq)
SiCl, covalent liquid, reacts with water:
SiCL,(1) + 2H,0(l) — SiO,(s) + 4HCl(aq)
PCl, covalent liquid, reacts with water:
PCL(l) + 3H,O(l) —» H,PO,(aq) + 3HCl(aq)
» PCI; covalent solid, reacts with water:
PCl(s) + 4H,O(l) —» H,PO,(aq) + SHCl(aq)

Variation of properties down Group 4

The metallic character increases down the Group:

carbon and silicon are non-metallic (not malleable; only graphite
conducts electricity)

germanium is semi-metallic (semi-conductor).

tin and lead are metallic (malleable and electrical conductors).

The +2 oxidation state becomes more stable relative to the +4
state. Lead(IV) is oxidising and is itself reduced to lead(Il), whereas
tin(Il) is reducing and is itself oxidised to tin(IV). This is illustrated by:
® lead(IV) oxide oxidises concentrated hydrochloric acid to chlorine:
PbO, + 4HCI — PbCl, + Cl, + H,0
# tin(II) ions are oxidised to tin(IV) ions by chlorine:
Sn* + Cl, - Sn* + 2CI

Tetrachlorides. Both CCl, and SiCl, are covalent and are tetrahedral
molecules owing to the repulsion of the four bond pairs of electrons.
SiCl, is rapidly 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 silicon atom. The energy released is enough to overcome the
activation energy barrier involved in the breaking of the Si-Cl bond.
Carbon’s bonding electrons 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 equally 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 is weakly acidic, and reacts with metal oxides and
alkalis:
CO,(g) + 20H (aq) = CO,*(aq) + H,0(l)
@ Silicon dioxide is very weakly acidic, and reacts with molten sodium
hydroxide:
SiO,(s) + 2NaOH(l) — Na,SiO,(1) + H,O(g)
@ Lead oxides (and hydroxide) are amphoteric, and react with aqueous
acids and alkalis, but lead(Il) oxide is the strongest base of the Group
4 oxides:
PbO(s) + 2H'(aq) — Pbr(aq) + H,O()
PbO(s) + 20H (aq) + H,0 — Pb(OH),*(aq)
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I E 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:

Know why the elements become more metallic down the Group.

Know that the +2 oxidation state becomes more stable down the
Group.

Know why SiCl, is rapidly hydrolysed by water, whereas CCl, is
unreactive with water.

Can write equations to show the acid/base character of the oxides of
carbon, silicon and lead.

Hﬁ. Testing your knowledge and understanding

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

PbOand PbO, ' State the formulae of lead(II) oxide and lead(IV) oxide.
PbO State the formula of the most basic Group 4 oxide.
1 a Write equations for the changes caused by the addition of water to:
_ The answers to the numbered i sodium chloride
questions are on pages ii silicon tetrachloride
132-133. iii phosphorus pentachloride.

b Relate these reactions to the bonding in the chlorides.
¢ Explain why silicon tetrachloride, SiCl,, reacts rapidly with water,
but tetrachloromethane, CCl,, does not react even when heated with
water to 100 °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
iili sulphur dioxide
b aqueous alkali with:
i magnesium hydroxide
ii lead monoxide
iii sulphur dioxide.
4 a Write an equation to show lead(IV) oxide acting as oxidising agent.
b Write an equation to show aqueous tin(Il) ions acting as a reducing
agent.
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The value of K; is specific to a
reaction — and to the equation used
to represent that reaction — and can
only be altered by changing the
temperature.
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Chemical equilibria |1

Concentration, in the context of equilibrium, is always measured in
mol dm™, and the concentration of a substance A is written as [A].

The common errors in this topic are to use moles not concentrations
and initial values not equilibrium values when substituted in
expressions for K.

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, in a heterogeneous equilibrium there are two
or more pha e .

Things to learn and understand

The equilibrium constant K,

The equilibrium constant, measured in terms of concentrations, is found
from the chemical equation.

For a reaction:
mA + nB = xC +yD

where m, n, x and y are the stoichiometric numbers in the equation:
K.= [C' [D)

[Al" [B]'
All the concentrations are equilibrium values.

In a heterogeneous equilibrium a solid substance does not appear in the
expression for K..

K. is only equal to the quotient [C]" [D]"
[A]Hl [B]”
when the system is at equilibrium.

If the quotient does not equal K., the system is not in equilibrium and
will react until it reaches equilibrium when there will be no further
change in any of the concentrations.

K. has units. For the reaction:
N, + 3H, = 2NH,

K.= [NHJ,
[Nl [H.) g

the units of K. are (mol dm™) - 1 _ mol® dm®
(mol dm™) (mol dm™)> ~ (mol dm™)* ~ mot-dm
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Calculation of K,

This must be done using equilibrium concentration values, not initial
concentration values. The calculation is done in S steps:

i Draw up a table and fill in the initial number of moles, the change
for each substance and the equilibrium number of moles of each
substance.

ii Convert equilibrium moles to concentration in mol dm™.

iii State the expression for K..

iv Substitute equilibrium concentrations into the expression for K.

v Work out the units for K. and add them to your answer.

Worked &xwle -

An important reaction in the blast furnace is the formation of carbon monoxide
from carbon and carbon dioxide. This reaction is an example of a
heterogeneous equilibrium.
When 1.0 mol of carbon dioxide was heated with excess carbon to a
temperature of 700 °C in a vessel of volume 20 dm®, 95% of the carbon
dioxide reacted fo form carbon monoxide. Calculate K, for

C(s) + CO,(g) = 2CO(g)

® C(s) does not appear in the K. Answer. I e
B o0 | cog | ums
the amount of CO, reacted. Initial amount 1.0 0 mol
Change -0.95 +0.95 x 2 mol
Equilibrium amount 1.0-0.95=0.05 1.9 mol
Equilibrium concentration [0.05/20 = 0.0025 | 1.9/20 = 0.095 | mol dm™

K. [COP. =(0.095) (moldm™} = 3.6 moldm®
[CO,J,  0.0025 mol dm

Partial pressure

® The partial pressure of a gas A, p,, in a mixture is the pressure that the
gas would exert if it alone filled 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 K,

The equilibrium constant, measured in terms of partial pressure, only
applies to reactions involving gases. Solids or liquids do not appear in
the expression for K.
For a reaction:

mA(g) = xB(g) + yC(g)

where m, x and y are the stoichiometric numbers in the equation:
K, = x (p
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As carbon is a solid it is ignored in
the expression.

K only equals the quotient when the
system is at equilibrium. If the
quotient is greater than K, the
reaction will move to the left until
the two are equal. If the quotient is
less than K, the reaction will move
to the right until the two are equal.
Temperature changes alter the value
of K (unless AH = 0). Concentration

and pressure changes alter the value -

of the quotient.
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All partial pressures are equilibrium values.

So for the reaction:
CO,(g) + C(s) = 2CO(g)

K, = p(CO)’,, and its units are atm’= atm
P(CO,), atm

Calculations involving K,

The calculation of K, from equilibrium data is done in a similar way to

those involving K.:

i Draw up a table and fill 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 equilibrium moles to mole fraction.

iii Multiply the mole fraction of each by the total pressure.

iv State the expression for K,,.

v Substitute equilibrium concentration into the expression for K.

vi Work out the units for K, and add them to your answer.

0.080 mol of PCl; was placed in a vessel and heated to 175 °C. When
equilibrium had been reached, it was found that the total pressure was 2.0 atm
and that 40% of the PCl; had dissociated. Calculate K; for the reaction:

PCls(g) = PCly(g) + Cl(9)

Answer. As 40% had dissociated, 60% was left. Thus at equilibrium:
0.60 x 0.080 = 0.048 mol of PCI, was present and therefore
0.080 — 0.048 = 0.032 mol of PCl, had reacted.

l, PCl, Cl, Total
Initial amount/mol 0.080 0 0
Change/mol -0.032 +0.032 +0.032
| Equilibrium amount | 0.60 x 0.080
‘ /mol =0.048 0.032 0.032 0.112
m Mol fraction 0.048/0.112  0.032/0.112 | 0.032/0.112
| =0.429 = 0.286 = 0.286
Partial pressure 0.429 x 2 0.286 x 2 0.286 x 2
“ /atm =0.857 = 0157 = 157

p(PCIS)eq

0.857 atm

K. = D(PCls)sq P(Cly)eq = 0.571 atm x 0.571 atm = 0.38 atm

Variation of K with conditions

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
equilibrium will shift to the right.

Catalyst. This neither alters the value of K nor the position of

equilibrium. It speeds up the forward and the reverse reactions equally.

Thus it causes equilibrium to be reached more quickly.
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® 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 equilibrium. It will react until the value of the quotient
once again equals K. If the concentration of a reactant on the left hand
side of the equation is increased, the position of equilibrium will move
to the right.

® Pressure. A change in pressure does not alter K. If 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
N,O,(g) = 2NO,(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 K, and its units given the equation.
Can deduce the expression for K, and its units given the equation.
Can calculate the value of K. given suitable data.
Can calculate the value of K, given suitable data.

Know not to include values for solids and liquids in the expression
for K.,

Know that only temperature can alter the value of K, and how it will
affect the position of equilibrium.

% Testing your knowledge and understanding

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

p(N,) = 0.781 x 104 = 81.2 kN m? Dry air at a pressure of 104 kN m™ contains 78.1% nitrogen 21.0%
p(0,) =0.210 x 104 = 21.8 kN m”* oxygen and 0.9% argon by moles. Calculate the partial pressures of
p(Ar) = 0.009 x 104 = 0.9 kN m* each gas.

0.1 s Write the expression for K,, stating its units, for the following reactions:
i B a 250,(g) + O,(g) = 250s(g)

SO,)’[0
S b 2HCI(g) + ',0,(g) = H,0(g) + Cl,(g)

b K. = [H,0] [Cl,] =mol™ dm®
[HCI? [0,]" Write the expression for K, stating its units, for the following reactions:

a CO(g) + 2H,(g) = CH OH(g)

a K, = p(CH;0H) atm? b Fe,0,(s) + CO(g) = 2FeO(s) + CO,(g)
p(CO) x p(H,))*

b K, = p(CO,) no unlts 1 When a 0.0200 mol sample of sulphur trioxide was introduced into a

D p(CO) vessel of volume 1.52 dm’ at 1000 °C, 0.0142 mol of sulphur trioxide

was found to be present after equilibrium had been reached.
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b The answers to the numbered
questions are on page 133.
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Calculate the value of K. for the reaction:
250,(g) = 250,(g) + O,(g)

2 1.0 mol of nitrogen(ll) oxide, NO, 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 value of K, for the reaction:

2NO g + O,(g) = 2NO,(g)

3 This question concerns the equilibrium reaction:

2S0,8)+ ., )=2 AH =-196 k] mol™
K. =3 x 10" mol™ dm® at 450 °C

a 2 mol of sulphur dioxide, 1 mol of oxy en and 2 mol of sulphur
trioxide were mixed in a ve 1 of volume 10 dm’ at 450 °C in the
presence of a catalyst. Stat  h ther th e ubstances are initially in
equilibrium. If not, explain which way th tem vould react.

b State and explain the ff tonth value of K n on the position of
equilibrium of:
i decreasing the temperature
ii decreasing the pressure
iii adding more catalyst.

Acid—base equilibria

% Introduction

It is essential that you can write the expression for K, of a weak acid.

Make sure that you know how to use your calculator to evaluate
logarithms, and how to turn pH and pK, values into [H'|] and K, values.

This means using the Ig key for log,, and 10" key for inverse log,,.
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 H;O" as the formula of the hydrogen ion.

@ Things to learn

A Brensted-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 Brensted-Lowry base is a substance that accepts an H' ion from
another species.

K, = [H'(ag)] [OH (aq)] = 1.0 x 10" mol* dm™ at 25 °C.
A neutral solution is one where [H'(aq)] = [OH (aq)].

pH = -log,[H'(aq)], or more accurately = -log,,([H,0"(aq)]/mol dm).
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If the acidity of a solution increases,
[H'] increases but the pH decreases.

The 2nd ionisation of a dibasic acid
such as H,S0, is weak. So [H'] for
0.321 mol dm™ H,SO0, is not 0.642

mol dm?, but is only 0.356 mol dm".

For an alkali with 2 OH per formula,
the [OH] is 2 x the [alkali].

The pH ofa 0.109 mol dm™ solution
of Ba(OH), is

pOH = —10g,,(2 x 0.109) = 0.66
Therefore pH = 14 — 0.66 = 13.34
Remember that acids have a pH < 7
and alkalis a pH > 7.

POH = -log,,[OH (aq)].
pH + pOH = 14 at 25°C.

A strong acid is totally ionised in aqueous solution, and a weak acid
is only partially ionised in aqueous solution.

K, for a weak acid, HA, = [H'] [A7] / [HA].
pKa = _logm 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.

:/;WZ: Things to understand

Conjugate acid/base pairs

I These are linked by an H' ion:

Acid - H' — its conjugate base:

CH,COOH (acid) - H" - CH,COO" (conjugate base)
Base + H" — its conjugate acid:

NH;, (base) + H — NH,’ (conjugate acid)

When sulphuric acid is added to water, it acts as an acid and the water
acts as a base:

H,SO, + H,0 — H,0" + HSO,
acid base  conjugate acid of H,O conjugate base of H,SO,

Hydrogen chloride gas acts as an acid when added to ammonia gas:

HCI + NH, - NH,’ + €L,
acid base conjugate acid of NH, conjugate base of HCI

pH scale

Water partially ionises

H,0 = H'(aq) + OH(aq)

As the [H,0] is very large and so is effectively constant, its value can be
incorporated into the K for the reaction:
K,= [H] [OH] = 1.0 x 10" mol* dm™ at 25 °C

or pH + pOH = 14 at 25 °C

' So at 25 °C:

# A neutral solution is one where [H'] = [OH7], and the pH = 7.
® An acidic solution is one where [H'] > [OH], and the pH < 7.
# An alkaline solution is where  [H']< [OH7], and the pH > 7.

pH of strong acids and bases

@ For a strong monobasic acid:
pH = -log,l[acid]
Therefore the pH of a 0.321 mol dm™ solution of
HCI = -log,, (0.321) = 0.49
& For a strong alkali with one OH ion in the formula:
pOH = -log,,[alkali] and

pH = 14 - pOH
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At half way to the end point (12.5
cm?® if the end point is at 25 cm’),
the curve for a weak acid and a
strong base will be almost horizontal
at a pH of about 5. This is when the
solution is buffered and [HA] = [A].
Thus at the half way pH, pK, = pH
for the weak acid.

Fig 4.3 Titration curves
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Therefore the pH of a 0.109 mol dm™ solution of NaOH is calculated:
pOH = -log,,(0.109) = 0.96

Therefore pH = 14 - 0.96 = 13.04

PH of weak acids
® Weak acids are partiall ionised. A general equation for this is:
HA(aq = H'(aq) + A'(aq)
The acid produces equal amounts of H" and A", so that:
[H'(ag)] = [A"(aq)]

This enables either the pH of a weak acid solution or the value of K, of a
weak acid to be calculated.

Calculate the pH of a 0.123 mol dm™* solution of an acid hich has
= 4.56 x 10° mol dm™:
HA(aq) = H'(aq) + A"(aq)

Answer: K, = [H'(ag)] [A(ag)] = [H'(aq))*
[HA(aq)] [HA(aq)]

[H'(@q)] (K. . [HA(aq)])
(4.56 x 10°x 0.123) = 2.37 x 10° mol dm"
pH = —l0g,(2.37 x 107) = 2.63

Titration curves

® These are drawn either for the addition of base to 25 cm® of a 0.1 mol
dm™ 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 cm’.

# There are several pH values to remember.

Starting  End point  Vertical pH Final

| pH pH range pH

Strong acid/strong base 1 7 SESFtONIOES 13

Weak acid/strong base 3 9 7 to 10.5 13

Strong acid/weak base 1 S 3.5to7 11
13 r13 IS
11 11 11
9 9 9
pH 7 7 7
S 5 S
S 3 3

0 25 0 25 0 25

Volume of alkali/cm?® Volume of alkali/cm?® 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 of Suitable indicator
Strong acid and base 3.5 to 10.5 Methyl orange or phenolphthalein
Weak acid/strong base 7 to 10.5 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 CH,;COOH/CH,COONa, or a weak base and its salt, e.g.
NH,/NH,CI.

# 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 is
fully ionised:
CH,COONa(aq) — CH,COO (aq) + Na'(aq)

The weak acid is partially ionised:
CH,COOH(aq) = H'(aq) + CH,COO (aq)

The CH,COO ions from the salt suppress most of the ionisation of the
acid, and so both [CH,;COOH(aq)] and [CH,COO(aq)] are large.

If H" ions are added to the solution, almost all of them are removed by
reaction with the large reservoir of CH;COO" ions from the salt:
H'(aq) + CH,COO (aq) — CH,COOH(aq)

If OH ions are added, almost all of them are removed by reaction with
the large reservoir of CH,COOH molecules of the weak acid:
OH'(aq) + CH,COOH — CH,COO"(aq) + H,O(l)

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 K, = [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 concentrations of the weak Thus K, = [H'(aq)] [salt]

acid and its salt are the same, then: [weak acid|
[H" (ag)] = K, , and or [H'(aq)] = K, [weak acid]
pH = pK..
[salt]

pH =-log[H'(aq)]
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Worked &wa

Calculate the pH of 500 cm® of a solution containing 0.121 mol of ethanoic acid
and 0.100 mol of sodium ethanoate.
pK, for ethanoic acid = 4.76

Answer. pK, = 4.76,
Therefore K, = inverse =174 x 10" mol dm®
[weak acid] = 0.121 = 0.500 = 0.242 mol dm®
[salt] = 0.100 + 0.500 = 0.200 mol dm.
[H'(aq)] = K, . [weak acid] = 1.74 x 10™ x 0.242 = 2.10 x 10™° mol dm"®
[salt] 0.200

pH = -log,[H'(aq)] = 4.68

Enthalpy of neutralisation

When a strong acid is neutralised by a solution of a tron ba e, AH',, =

-57 kJ mol”', because the reaction for stron a id wi h tron bases is:
H'(aq) + OH(aq) = H_ |

The value for the neutralisation of a weak acid is | au "nr ha to

be used to ionise the molecule to form H" ions.

@ Checklist

Before attempting the questions on this topic, che k thaty u:
Can identify acid/base conjugate pairs.
Can define pH and K,,.
Can define K, and pK, for weak acids.

Understand what is meant by the term tr 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 neutralisation of strong and weak
acids.

Can use the curve to calculate the value of K, 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.

% Testing your knowledge and understanding

Acid H,SO,: its conjugate base HSO,”
Base CH,COOH: its conjugate acid
CH,COOH,’

a 096

b 13.04

c 13.34

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:
H,SO, + CH;COOH = CH,COOH," + HSO,

Calculate the pH of:

a 0.11 mol dm™ HCI

b 0.11 mol dm™ LiOH

¢ 0.11 mol dm” Ba(OH),
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, The answers to the numbered
questions are on pages 133-134.

The two isomers are not
interconvertible at ordinary
temperatures because there is no
rotation about a double bond.

1 Calculate the pH of 0.22 mol dm™ C,H;COOH which has pK, = 4.87.

2 25 cm’® of a weak acid HX of concentration 0.10 mol dm™ was titrated
with 0.10 mol dm™ sodium hydroxide solution, and the pH measured at
intervals. The results are set out below:

Volume NaOH/cm’ |S |10 |12 |20 |23 |24 25 |26 30

pH 45| 48] 49| S5] 6.5 7.0 9.0/12.0 | 12.5
a Draw the titration curve and use it to calculate pK, 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, CH,COONa, to 100 cm’ of a 0.44 mol dm™ solution of
ethanoic acid. K, for ethanoic acid = 1.74 x 10° mol dm™.

Organic chemistry ||

Things to learn and understand

Isomerism

* Structural. There are three types:

a

Carbon chain. Here the isomers have different arrangements of
carbon atoms in a molecule,

e.g. butane, CH,CH,CH,CH;, and methyl propane, CH,CH(CH,)CH,.

Positional. Here a functional group is on one of two or more
different places in a given carbon chain,

e.g. propan-1-ol, CH;CH,CH,OH, and propan-2-ol, CH;CH(OH)CH,.
Functional group. Here the isomers have different functional groups,
e.g. ethanoic acid, CH;COOH and methyl methanoate, HCOOCH,.

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 Figure 4.4).

H H

cis-but-2-ene trans-but-2-ene
Fig 4.4 cis and trans isomers of but-2-ene
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Having four different groups
attached to one carbon atom will
cause this. This carbon atom is
called a chiral centre.

A 50/50 mixture of the two isomers
will have no effect on plane
polarised light. This type of mixture
is called a racemic mixture and is
often the result when chiral
substances are produced by a
chemical reaction.

Methanal produces a primary
alcohol.

OALEVELNOTES.COM
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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), CH,CH(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

_C.
Ho” |\ “cH,
H

Fig 4.5 Optical isomers of lactic acid

One isomer will rotate th pl n of p larisation of plane polarised
monochromatic li ht clo -wi n h ther will rotate it anti-
clockwise.

Further reaction

Grignard reagents

These have the formula R-Mg-halogen such a ,HM I.Th y ar u dto
increase the carbon chain length, because the are nucleophile an
contain a & carbon atom which will attack a &' 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.
C,H,l + Mg - C,H,Mgl

Reactions
+ aldehydes to produce (after hydrolysis with dilute hydrochloric acid) a
secondary alcohol:

C,HMgl + CH,CHO — CH,CH(OH)C,H;
butan-2-ol
+ ketones to produce (after hydrolysis) a tertiary alcohol:
C,HMgl + CH,COCH, — CH,C(CH,)(OH)C,H,
2-methyl butan-2-ol
+ solid carbon dioxide (dry ice) to form (after hydrolysis) a carboxylic
acid:
C,HMgl + CO,(s) = C,H,COOH
propanoic acid
® Grignard reagents react with water to form alkanes:
C,HMgl + H,O = C,H,
which is why they must be prepared and used in dry conditions.

Carboxylic acids

These have the functional group:
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Preparation

They can be made by the oxidation of a primary alcohol. The alcohol is
heated under reflux with dilute sulphuric acid and excess potassium
dichromate(VI).

Reactions
@ + alcohols to produce esters:
CH,COOH + C,H;OH = CH,COOC,H; + H,0
ethyl ethanoate
conditions: heat under reflux with a few drops of concentrated
sulphuric acid.

@ + lithium tetrahydridoaluminate(IIl) to produce a primary alcohol:

Test for a carboxylic acid. When CH,COOH + 4[H] = CH,CH,OH + H,0O

added to aqueous sodium ethanol .
hydrogencarbonate (or sodium conditions: dissolve in dry ether, followed by hydrolysis with H (aq).
carbonate), it gives a gas, CO,,

which turns lime water milky. ® + phosphorus pentachloride to produce an acid chloride:

CH,COOH + PCl, — CH,COCI + HCI + POCl,
ethanoyl chloride

conditions: dry; observation: steamy fumes given off.
Esters
These have the general formula RCOOR' where R and R’ are alkyl or aryl

groups, and which may or may not be different.

©
Va
N==—=(C
(O
Reactions of ethyl ethanoate
» Hydrolysis with aqueous acid to produce the organic acid and the

alcohol:
CH,COOC,H; + H,0 = CH,COOH + C,H;OH
The acid is a catalyst. This reaction ethanoic acid
has a low yield because it is a conditions: heat under reflux with dilute sulphuric acid.

reversible reaction.

® Hydrolysis with aqueous alkali to produce the salt of the acid and the
alcohol:
CH,COOC,H, + NaOH — CH,COONa + C,H,OH
sodium ethanoate

This reaction has a high yield conditions: heat under reflux with aqueous sodium hydroxide.

because it is not reversible.

Carbonyl compounds (aldehydes and ketones)

These contain the C=0 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

% /
R—=4@ Recte @
\ \

H R

Aldehyde Ketone
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The formation of an orange or red
precipitate with 2,4-DNP is a test for
carbonyl compounds, i.e. for both
aldehydes and ketones.

OALEVELNOTES.COM

Reactions in comimon
® Addition of hydrocyanic acid, HCN, to produce a hydroxynitrile:
CH,CHO + HCN — CH,CH(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(IlI) to produce an
alcohol:
CH,CHO + 2[H] - CH,CH,OH
CH,COCH; + 2[H] —» CH,CH(OH)CH,
conditions: dissolve in dry ether, followed by hydrolysis with H'(aq).
Or reduction with sodium tetrahydridoborate(III), also to produce an
alcohol:
CH,CHO + 2[H] —» CH,CH,OH
CH,COCH, + 2[H] - CH,CH(OH)CH,
conditions: aqueous solution, followed by hydrolysis with H*(aq).
Reaction with 2,4-dinitrophenylhydrazine (2,4-DNP) to give an
orange/red precipitate:

NO, NO,
CH, CH,
h
C=0 + HN—N NO, C=N—N NO, + H,0
/ | 4 |
H H H
2,4-DNP

The formation of the silver mirror
with ammoniacal silver nitrate is the
test which distinguishes aldehydes,
which give a positive result, from
ketones, which have no reaction.
Aldehydes are also oxidised by
potassium manganate(VIl) or
acidified potassium dichromate(V1).

The only aldehyde to do this is
ethanal, CH,CHO.

This reaction is often used in
organic ‘problem’ questions. The
pale yellow precipitate produced on
addition of sodium hydroxide and
iodine is the clue. The organic
compound that produces this
precipitate will either be a carbonyl
with a CH,C=0 group or an alcohol
with a CH,CH(OH) group. It is not a
general test for ketones.

Specific reaction of aldehydes

Aldehydes are oxidised to carboxylic acids by a solution of silver nitrate in

dilute ammonia. On warming the silver ions are reduced to a mirror of

metallic silver.

Aldehydes are also oxidised by warming with Fehling’s solution, which is

reduced from a blue solution to a red precipitate of copper(I) oxide:
CH;CHO + [O] —» CH,COOH

lodoform reaction

@ This is a reaction which produces a pale yellow precipitate of iodoform,
CHI;, 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 CH,C=0O group, and the
reaction involves breaking the C-C bond between the CH, group and
the C=0 group.

CH,COC,H; produces C,H;COONa + CHI,(s)

# All ketones containing the CH,C=0 group will give this precipitate.

@ This reaction is also undergone by alcohols containing the CH,CH(OH)
group. They are oxidised under the reaction conditions to the CH,C=0
group, which then reacts to give iodoform.

Acid chlorides
These have the general formula RCOCI, and the functional group is:

0
/

(&

Cl e.g. ethanoyl chloride, CH,COCI, and propanoyl
chloride, C,H,COCI.
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The amine can be regenerated from
the salt by adding a strong alkali.

Nitriles can be prepared by the
reaction of a halogenoalkane with

KCN in aqueous ethanol.
Hydroxynitriles can be prepared by
the addition of HCN to carbonyl
compounds in the presence of base. -

Reactions of ethanoy! chloride
« + water to produce the carboxylic acid, ethanoic acid:
CH,COCI + H,0 —» CH;COOH + HCI(g)

observation: steamy fumes of HCI.
« + alcohols to produce an ester:
CH,COCl + C,H;OH - CH,COOC,H; + HCI

observation: characteristic smell of the ester, ethyl ethanoate.
® + ammonia to produce the amide, ethanamide:
CH,COCI + 2NH, —» CH,CONH, + NH,Cl

® + primary amines to produce a substituted amide:
CH,COCl + C,H,NH, » CH,;CONH(C,H;) + HCI

Nitrogen compounds

Primary amines
They contain the -NH, group, e.g. ethylamine C,H,NH,.
They are soluble in water (if the carbon chain is 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:
C,HsNH, + H'(aq) = C,H,NH,'(aq)

» + acid chlorides, to form a substituted amide:
C,H,NH, + CH,COCI —» CH,CONHC,H, + HCI

Nitriles

They contain the C=N group, e.g. propanenitrile C,H,CN.

Reations of propanenitrile
@ Hydrolysis either with acid:
C,H,CN + H" + 2H,0 - C,H,COOH + NH,’

conditions: heat under reflux with dilute sulphuric acid
or with alkali.
C,H,CN + OH + H,0 = C,H;COO" + NH,

conditions: heat under reflux with dilute sodium hydroxide
# Reduction by lithium tetrahydridoaluminate(III):
C,H,CN + 4[H| - C,H,CH,NH,

conditions: dry ether, followed by addition of dilute acid
Amides
They contain the CONH, group, e.g. ethanamide CH;CONH,,.

Reactions of ethanamide
# Dehydration with phosphorus(V) oxide:
CH,CONH, - H,0 - CH,CN

conditions: warm and distil off the ethanenitrile.
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Amides can be prepared from acid
chlorides + ammonia.

Amides can be converted into an
amine either with the same number
of carbon atoms (reduction) or with
one less (Hofmann degradation).

Amino acids can be prepared from
chloroacids by heating them in a
sealed tube with an ethanolic
solution of ammonia.

OALEVELNOTES.COM

» Hofmann degradation reaction:
CH,CONH, + Br, + 2NaOH — CH,;NH, + CO,+ 2NaBr + 2H,0

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 NH, and a COOH group (usually bonded to the same

carbon atom). They react both as acids and bases.

They are water-soluble ionic solids because they form a zwitterion.
NH,CH,COOH = H,"CH,COO

Reactions
With acids:
NH,CH,COOH + H (aq) . . CH,COOH(aq)

With bases:
H,CH,

Figure 4.6 ummarire the reaction of or.ani ub tan e .

CO, C,H;COOH
HCHO ——— C,H,CH,OH
Grignard
C,HsMgBr CH;CHO C,H;CH(OH)CH;, H,0 ——— CH;COOH
CH3;COCH; — C,H;C(CH3),OH Acid C,H;OH — CH;COOC,H;
chlorides
CH;3;COCl NH; ———— CH;CONH,
— C,H,OH CH;NH, — CH;CONHCH,
—— LiAlH,——— CH,CH,OH
—— PCly ———mmm CH;COCl
— +
= H* ————— CH3COOH + C,H,OH
CH;COOC,H; . ]
——OH CH;COO™ + C,H;OH
— HCN ——————— > C(OH)CN
Aldehydes and
ketones | il e
~C=0 2,4-DNP ———— precipitate
— [H] >CH(OH) I
CH;COO"
— Ag'/NH;—— CH3;COO™ + silver mirror
i LiAIH,——— CH,CH,NH,
L —— Fehling’s — CH3;COO" + red precipitate

Fig 4.6 Summary of organic reactions
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CH,CH,CH(OH)CH,
CH,CH,C(OH)(CH,)CH,
CH,CH,0H

Heat under reflux with dilute
sodium hydroxide, then add
dilute sulphuric acid.

Add lithium
tetrahydridoaluminate(Ill) in dry
ether, followed by dilute
sulphuric acid.

water
methanol
ammonia

CH,CH,NH," CI
CH,CONHCH,CH,

1 2. Checklist

Before attempting questions on this topic, check that you:

Can recognise stereoisomerism (geometric and optical) in organic
compounds.

Know the effect of an optical isomer on plane polarised light.
Understand the nature of a racemic mixture.

Can recall the preparation and reactions of Grignard reagents.
Can recall the reactions of carboxylic acids.

Can recall the reactions of esters.

Can recall the reactions of carbonyl compounds (aldehydes and
ketones).

Can recall the reactions of ethanoyl chloride.

Can recall the reactions of amines with acids and with acid chlorides.
Can recall the hydrolysis and the reduction of nitriles.

Can recall the reactions of amides with P,O,, and with Br,/NaOH.

Know that amino acids are both acids and bases.

Testing your knowledge and understanding

For the following 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 CH,Mgl with:
a propanal

b butan-2-one

¢ methanal

® State the names of the reagents and give the conditions for the
following conversions:
a C,H;,COOCH;, to C,H;,COOH + CH,OH in a high yield

b C,H;COOH to CH,CH,CH,OH.

© State the names of the reagents needed to convert ethanoyl chloride to:
a ethanoic acid

b methyl ethanoate
¢ 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 reflux with NaOH(aq)
then acidify.

b Add LiAlH, in dry ether, followed
by dilute alkali.

¢ Warm with liquid bromine and
concentrated aqueous sodium
hydroxide.

Because it forms the zwitterion
*NH,CH,CO0"
| wwm———y

. The answers to the numbered
questions are on page 134.

OALEVELNOTES.COM

@ State the conditions for the conversion of:
a ethanenitrile, CH,CN, to ethanoic acid, CH,COOH

b ethanenitrile, CH,CN, to ethylamine, C,H,NH,
¢ propanamide, C,H;,CONH,, to ethylamine, C,H,NH,.

® Explain why aminoethanoic acid is a olid that is soluble in water.

1 Draw the stereoisomers of:
a CH,;CH=C(Cl)CH,
b CH,CH(OH)E

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.
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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 134-136.

1 a Draw a Born-Haber cycle for the formation of magnesium chloride, MgCl,, and use the values below to

calculate the lattice energy of magnesium chloride. [5]
AH®/k] mol™
1st electron affinity of chlorine -364
1st ionisation energy of magnesium +736
2nd ionisation energy of magnesium +1450
Enthalpy of atomisation of chlorine +121
Enthalpy of atomisation of magnesium +150
Enthalpy of formation of MgCl,(s) -642

b Use the following to answer the questions in this section.

AH®/k] mol™

Enthalpy of hydration of Sr* -1480

Enthalpy of hydration of Ba* -1360

Enthalpy of hydration of OH -460

Lattice energy of Sr(OH),(s) -1894

Lattice energy of Ba(OH),(s) -1768
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 in water than strontium hydroxide. [4]

(Total 13 marks)
[January 2001 CH 3 question 4]

2 a i Give the structural formula of a nitrile, C,H,N, 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, CH,COClI, reacts with both amines and alcohols
i Give the full structural formula of the compound produced when ethanoy! chloride reacts with

ethylamine, C,H;NH,. [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 full structural formula of the ester made in ¢ part iii [1]

(Total 9 marks)
[January 2002 Unit Test 4 question S - modified)
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3 Compound X is a secondary alcohol which has a molecular formula of C,H,,0.
X exhibits optical isomerism.
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 involving a
Grignard reagent. (You are not expected to describe how you would prepare a Grignard reagent) [3]
¢ 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 would 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 organic products of this reaction. [2]

(Total 13 marks)
[June 1 H 4 question 1- modified)

4 At about 1000 °C, when aluminium chloride vapour i heated with olid aluminium, the following
equilibrium is set up:
AlCl,(g) + 2Al(s) = 3AICI(g)

a Give the expression for the equilibrium constant, K, 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 AIC]; and 0.63 g of AICI vapours at an equilibrium pressure of 2.0 atm. Calculate the value of the

equilibrium constant, K, at this temperature, stating its units. [4]
¢ The position of equilibrium moves to the right as the temperature is raised. 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 equilibrium. [3]
e Suggest how this reversible reaction could be used in a process to recycle aluminium by extracting it
from impure aluminium. (2]

(Total 11 marks)
[June 2001 CH3 question 3]

S ai Write an equation for the reaction between magnesium oxide and dilute sulphuric acid, including

the state symbols. [2]
ii Describe what you would see during this reaction. [2]

b i Write an equation for the reaction between phosphorus(V) oxide and aqueous sodium hydroxide
solution. [2]

ii With the aid of two equations, show how aluminium hydroxide exhibits amphoteric behaviour.
(3]

c With reference to the reactions in a and b, describe the variation in the metallic character of the
elements across Period 3 of the Periodic Table (sodium to argon) [2]

d Suggest, with reasoning, the acid-base character of Indium(lll) oxide, In,O;. 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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In the context of Bronsted-Lowry acid-base behaviour, explain the terms:

acid weak acid dilute acid. [3]
Define pH [1]
Calculate the concentration, in mol dm™, of a solution of chloric(l) acid, HOCI, which has a pH of
4.23. Chloric acid is a weak acid with K, = 3.72 x 10® mol dm™. [4]

Sketch, on a grid of pH (y-axis) versus volume of alkali added / cm® (x-axis), the titration curve for
the titration of 25 cm® of the chloric(l) acid solution in b part ii with S0 cm® of a solution of
sodium hydroxide of equal concentration. [5]
The concentration of hydrogen ions in a 0.100 mol dm™ solution of sulphuric acid is 0.105 mol
dm™.

Write equations to show the two successive ionisations of sulphuric acid, H,SO,, in water. [2]
Suggest why the concentration of hydrogen ions is not 0.20 mol dm™ in 0.100 mol dm™ sulphuric
acid. (1]

(Total 16 marks)
[January 2001 CH2 question 4 & January 2002 CH2 question 2]
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Redox equilibria

Introduction

You must revise Topic 1.5 (Introduction to oxidation and reduction).
® The sign of E® indicates the direction of spontaneous reaction.

A useful mnemonic is OIL RIG. When a substance is Oxidised It Loses
one or more electrons, and if Reduced It Gains one or more electrons.

@ 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.

% Things to learn and understand

Salt
bridge

H*(aq)
1 mol dm™

Fig 5.1 A standard hydrogen electrode

The standard hydrogen electrode

This consists of hydrogen gas at 1 atm pressure bubbling over a platinum
electrode immersed in a 1 mol dm™ 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°

@ 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™, the temperature is
25 °C and any gases are at 1 atm pressure.

@ for a metal the standard electrode potential is when the metal is
immersed in a solution of itsions at a concentration of 1 mol dm™.

For the reaction:
Zn*(aq) +2e” — Zn(s)

it is for a zinc electrode immersed in a 1 mol dm™ solution of Zn*
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™) is in contact with a platinum electrode immersed in a
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1,0, +e = Clr E* =+1.36 V
/Br,+e =Br E*=+1.07V
As +1.36 > +1.07, chlorine is a
stronger oxidising agent than
bromine.

Sn* +2e =Sn* E¥=+0.15V
Fe* +e =Fe®* E®*=4+0.77V
As +0.15 < +0.77, Sn* ions are a

better reducing agent than Fe* ions.

solution of the non-metal’s ions at a concentration of 1 mol dm™
A2SERE)

For the reaction:
'/,Cl,(g) + e = Cl'(aq)
it is for chlorine gas, at 1 atm pressure, being bubbled over a

platinum electrode dipping into a 1 mol dm™ solution of CI ions
Ate2S/EE.

@ 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™.

For the reaction:

Fe*(aq) + e” — Fe*(aq)
it is for a platinum electrode immersed in a solution which is 1 mol
dm™ in both Fe* and Fe* 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® 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® is the more
powerful reducing agent.

Calculation of E......, (E..)

The value can be deduced in one of three ways:
1 From a cell diagram:

Ecell = Eright-hand electrode Eleil-hand electrode
If E., works out to be a negative value, you have written the cell
diagram backwards, and so the reaction will go right to left.

2 From an overall equation: write both half reactions as reduction
potentials, i.e. with electrons on the left.

E...cion is calculated as:

E..cion = (E Of half equation of the reactant being reduced) - (E of
half equation of reactant being oxidised.

Thus for the reaction:
Zn(s) + Cu®(aq) = Zn*(aq) + Cu(s)
The half equations are:
Cu”(aq) +2e"= Cu(s) E°=+034V
Zn*(aq) + 2e = Zn(s) E°=-0.76 V
In the reaction the Cu® ions are being reduced (electron gain), and the
zinc atoms are being oxidised (electron loss):
E® uion = +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®.
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When a redox half equation is
reversed, its sign must be changed.
The number of electrons on the left-
hand side of one half equation must
equal the number on the right-hand
side of the other half equation.
When a redox half equation is
multiplied, its E* value is not
altered.

Always ensure that the reactants
that are specified in the question
(here they are iron(ll) and
manganate(VIl) ions) are on the left-
hand side of the final overall
equation.
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Worked, &xW

Use the following data to deduce the overall equation and the value of E¥ e
for the reaction between acidified potassium manganate(VIl) and iron (Il) ions.
i MnO, (aq) + 8H'(aq) + 56" = Mn*(aq) + 4H,0(aq) E¥=+152V

i Fe“(aq) + e = Fe*(aq) E®=+077V
Answer.
Reverse equation (i) and multiply it by 5. Then add it to equation (i):
5Fe**(aq) = 5Fe*(aq) + 56 E® =—(+0.77 V) =-0.77V

MnO, (aqg) + 8H'(aq) + 56" = Mn‘ (aqg) + 4H,0(l) E®=+1.52V

MnO, (aq) + 8H"(aq) + 5Fe*(aq) = Mn* (aq) + 4H,0(l) + 5Fe*(aq)
E® =077+152=+075V

In the reaction above, the oxidation
number of the manganese decreases
by 5 from +7 to +2, and as the iron
increases by 1, there must be 5
iron(ll) ions to each MnQ," ion in the
overall equation.

Stoichiometry of an overall equation

The total increase in oxidation number of one element must equal the
total decrease in another.

Spontaneous change

@ Electrode potential data can be used to predict the feasibility of a
chemical reaction. A reaction is feasible (thermodynamically unstable) if
E., is positive.

However the rate of the reaction may be so slow that the reaction is not
observed (kinetically stable).

Non-standard cells

@ Non-standard conditions may result in a reaction taking place even if
the standard electrode potential is negative.

@ The reaction:
2Cu™(aq) + 4I'(aq) = 2Cul(s) + I,(aq)
should not work because E® (assuming all species are soluble) = -0.39 V.
However copper(I) iodide is precipitated and this makes [Cu’(aq)] very
much less than 1 mol dm™. The equilibrium is driven to the right by

the removal of Cu’ (aq) ions, so that E,., becomes positive and the
reaction takes place.

Potassium manganate(VII) titrations - estimation of
reducing agents

Acidified potassium manganate(VII) will 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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Worked &XW

25.0 cm” of a solution of iron(1l) sulphate was acidified, and titrated against

The ratio of iron(Il) to
manganate(VIIl) ions in the equation
is 5:1 and so the number of moles
of Fe* is 5 times the number of
moles of manganate(VII).

0.0222 mol dm™ potassium manganate(VIl) solution. 23.4 cm* were required
to give a faint pink colour. Calculate the concentration of the iron(ll) sulphate
solution.

Answer: The equation for the reaction is:
Mn0,(aq) + 8H"(aq) + 5Fe*"(aq) — Mn*(aq) + 4H,0()) + 5Fe™(aq)
Amount of manganate(VIl) = 0.0222 x 23.4/1000 = 5.195 x 10 mol

Amount of iron(ll) sulphate = 5.195 x 107 x 5/1 =2.597 x 10" mol
Concentration of iron(ll) sulphate = 2.597 x 10" + 0.0250 = 0.104 mol dm”’

Iodine/thiosulphate titrations - estimation of oxidising

agents

® The procedure is to add a 25.0 cm® sample of an oxidising agent to
excess potassium iodide solution (often in the presence of dilute
sulphuric acid).

* The oxidising agent liberates 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

The ratio of iodine to thiosulphate
ions is 1:2, so the moles of iodine
are '/, the moles of thiosulphate.

thiosulphate continued until the blue colour disappears.
lodine reacts with thiosulphate ions according to the equation:
L + 25,0, - 2I' + S,0.F

Worked axample

25.0 cm® of a solution of hydrogen peroxide, H,0,, was added to an excess of

acidified potassium iodide solution, and the liberated iodine required 23.8 cm®
of 0.106 mol dm™ sodium thiosulphate solution. Calculate the concentration of
the hydrogen peroxide solution.

Answer. The equation for the oxidation of iodide ions by hydrogen peroxide is:
H,0, + 2H" + 2I" = |, + 2H,0

Amount of sodium thiosulphate =0.106 x 23.8/1000 =2.523 x 10° mol
Amount of iodine produced =2523x10°x 1/2 =1.261 x 10™ mol
Amount of hydrogen peroxide =1.261 x 10° x 1/1 =1.261 x10® mol
Concentration of H,0, =1.261x10°+0.0250 = 0.0505 mol dm™

Disproportionation

A disproportionation reaction can be predicted by using electrode
potentials. Use the data to work out E,,, for the proposed
disproportionation reaction. If it is positive, the reaction will occur.
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Fig 5.2 Rusting

Stainless steel is iron containing a
high proportion of chromium, which
forms a protective layer of Cr,0,
over the whole surface of the metal.
If the surface is scratched, a new
protective layer of Cr,0, is formed.

The reactions for charging the cell
are the opposite, and only take place
if a potential >2.05 V is applied, with
the anode being connected to the
negative terminal of the charging
source.

OALEVELNOTES.COM

Will copper(l) ions disproportionate in aqueous solution to copper and
copper(ll) ions?

E®=+052V
E®=+015V

Cu'(aq) + e = Cu(s)
Cu*(aq) + e"= Cu'(aq)

Answer. Reverse the second equation and add it to the first. This gives the

equation:

2Cu’(ag) = Cu®(aq) + Cu(s) E%, =+0.52 - (+0.15) = +0.37 V

Because £°,, is positive, the reaction is feasible. and so aqueous copper(l) ions

will disproportionate. gl‘|
L _ |

Corrosion (rusting)

This is an electrolytic process. When iron is stressed 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 oxidised and lo e _ electrons:

Fe(s) - Fe*(aq) + 2e
The electrons travel through the metal and reduce
',0,(aq) + 2¢” + H,0 - 20H (aq)
The Fe*" and the OH™ ions meet and iron(ll) hydroxid i pr ipitated:
Fe**(aq) + 20H (aq) — Fe(OH),(s)
Finally oxygen oxidises the iron(ll) hydroxide to iron III
2Fe(OH),(s) + ',0,(aq) — Fe,O.(s) + 2H (I

ide (rust):

Prevention of corrosion

This can be done by:
placing a physical barrier between the steel 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 blocks 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) = PbSO,(s) + 2e
At the cathode (reduction) which is positive:
PbO,(s) + 2e™ + SOf'(aq) + 4H'(aq) — PbSO,(s) + 2H,0(l)

E®=+1.69V

E°=+0.36 V

The overall discharging reaction is:
Pb(s) + PbO,(s) + 25S0,*(aq) + 4H"(aq) — 2PbSO,(s) + 2H,0(l)

E® = +1.69 + (+0.36) = +2.05 V
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% 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 overall equations.
Predict the feasibility of redox and disproportionation reactions.
Deduce oxidation numbers and use them to balance redox equations.
Recall the principles of manganate(VII) and thiosulphate titrations.
Recall the corrosion of iron and its prevention.

Understand the chemistry of the lead/acid battery.

T‘E Testing your knowledge and understanding

'/, Hy(g) = H'(aq) + €,
State symbols are essential.

H, (g) at 1 atm pressure,
[H'(aq)] = 1 mol dm™

+7 and +2

+4 and +6

5:2 So that oxidation numbers of
both change by 10

Because the manganate(VIl) ions are
intensely coloured.

The answers to the numbered
questions are on pages 136-137.

For the following 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 Mn*?

What are the oxidation numbers of sulphur in SO,* and in SO,*?
What is the ratio of SO, to MnO,  in the reaction between them?

Why is it not necessary to have an indicator present in potassium
manganate(VII) titrations?

a Write ionic half equations for the reduction of:

i Cr,0,” to Cr” in acidic solution E®°=+133V
ii Sn*toSn* E°=+0.15V
iii lodate(V) ions, (I0,) to I, in acidic solution E®=+1.19V
iv I, tol E°=+0.54V

b Write overall ionic equations, calculate E,,.,, values and hence
comment on the feasibility of the reactions between:

i potassium dichromate(VI) and tin(Il) chloride in acid solution
ii potassium iodate(V) and potassium iodide in acid solution.
1.32 g of mild steel filings was reacted with excess dilute sulphuric acid,
and the resulting solution made up to a volume of 250 cm’. 25.0 cm®
samples of this were titrated against 0.0200 mol dm™ potassium
manganate(VII) solution. The mean titre was 23.5 cm’. Calculate the
percentage of iron in the steel.

Write the half equations for the redox reactions involved in the
corrosion of iron.


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

OALEVELNOTES.COM

@ TRANSITION METAL CHEMISTRY

/2\: Introduction

You should know the colour of the aqua complex ions and of the
hydroxides of the d block elements scandium to zinc.

You must be able to link the reactions in this topic to the theory of
redox equilibria, Topic S.1.

Things to learn

d block elements are those vhich the highest occupied energy
Neither scandium nor zinc is a level is a d orbital.

transition metal although they are in 18 . e I .
the d block, because their ions have A tran‘s1t10n element is one that has at least one of its ions with a
the electronic structure [Ar] 3d°, 4s° partly filled d shell.

and [Ar], 3d", 4s° respectively. Electron structure of the atoms

Sebchi L VA I CrsiMmni | Fe | Co |'Ni J'Cu}"Zn
Note that the number of d electrons ek s R e S G 3 i 8 |10 | 10
increases left to right, except that Cr

and Cu have 4s’ electron structures, s [ 2]2 |2 1 2 2|2 2 1 2
whereas the others have 4s>This is

because stability is gained when the Electron structure of the ions. The element first loses its 4s
d shell is half full or full. electrons when forming an ion. Thus the electron structures of iron and
its ions are:

Fe [Ar], 3d°, 45°
EES AT 3% 4s°
Fe* [Ar], 3d°, 4s°

Things to understand
Properties of transition metals

Complex ion formation

Bonding in complex ions. The simplest view is that the ligands 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 S5.3).

3d 4s 4p 4d

Fig 5.3 Electron arrangement in the \

hexa-aquairon(ll) ion Fe?* electrons Ligand electrons: six pairs
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[Cu(H,0),)*" is turquoise blue,
[Cu(NH,),(H,0),]** is deep blue, and
[CuCl,]* is yellow.

Hydrated cations of charge 4+ or
more do not exist because the sum
of all the ionisation energies is too
large to be compensated for by the
hydration energy.

Copper forms Cu* and Cu*, and
chromium Cr** and Cr**.

Typical ligands are:
neutral molecules: H,O (aqua), NH; (ammine)
anions: F~ (fluoro), CI" (chloro), (CN)™ (cyano).

@ Shapes of complex ions (see pages 14-15). 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 ligands will be as far apart from each
other as possible.

Coloured complex ions

@ If the ion has partially filled d orbitals, it will be coloured. Sc** and Ti*
have d° structures, and Cu* and Zn** have d" 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 light is shone into the substance, a d electron is moved
from the lower energy to the higher energy level.

® The frequency of the light 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 ligand.

Variable oxidation state

®» Successive ionisation energies increase steadily until all 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
all 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 higher energy
orbital is compensated for by the bond energy released.

# Formation of oxoions. In ions such as MnO,’, VO,, VO, and VO¥, the
oxygen is covalently bonded to the transition metal which uses a
varying number of d electrons.

@ Manganese exists:

in the +2 state as Mn*
in the +4 state as MnO,
in the +6 state as MnO,”
in the +7 state as MnO,.

Catalytic activity

Transition metals and their compounds are often good catalysts.
# Vanadium(V) oxide is used in the oxidation of SO, to SO, in the contact
process for the manufacture of sulphuric acid.

® Iron 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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Reactions of transition metal compounds

Reactions with sodium hydroxide and ammonia solutions

The table gives a summary of these reactions.

Ion* Colour Addition of Excess NaOH(aq) Addition of Excess NH,(aq)
NaOH(aq) NH;(aq)

Qr Green Green ppt Green solution Green ppt Ppt remains
Mn*  Pale pink Sandy ppt® Ppt remains Sandy ppt’ Ppt remains
Fe* Pale green Dirty green ppt Ppt remains Dirty green ppt Ppt remains
Fe™ Brown/yellow Foxy red ppt Ppt remains Foxy red ppt Ppt remains
Ni* Green Green ppt Ppt remains Green ppt Blue soln

Cu®  Pale blue Blue ppt* Ppt remains Pale blue ppt Deep blue soln
Zn* None White ppt Colourless solution White ppt Colourless soln

The correct formula for the ions should be the hexa-aqua ion, except for zinc, which forms a tetraqua ion.
The precipitate of Mn(OH), goes brown as it is oxidised b air.

The precipitate of Fe(OH), goes brown on the surface as it is o idi ed by the oxygen in the air.

The precipitate of Cu(OH), goes black as it lo e water to form u .

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(lIl) ions:

[Fe(H,0)J"(aq) + H,0 = [Fe(H,0),(OH)|"(aq) + H;O'(aq)
This means that solutions of iron(IIl) ions are acidic (pH < 7).

Amphoteric hydroxides ‘redissolve’ p
in excess strong alkali, e.g.
Cr(OH),(s) + 30H (aq) — [Cr(OH),]*
(aq)

and Zn(OH),(s) + 20H (aq) —
[Zn(OH),J* (aq).

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(H,0)4*(aq) + 30H(aq) — Fe(OH),(s) + 6H,0
If aqueous ammonia is added, the same precipitate is formed:
[Fe(H,0).*(aq) +3NH,(aq) — Fe(OH),(s) + 3NH,’(aq) + 3H,0

Ligand exchange

When aqueous ammonia is added to aqua complexes of d block
elements such as those of nickel, copper and zinc, ligand exchange takes
place and a solution of the ammine complex is formed.

This reaction is used as a test for:
a nickel(Il): with agueous ammonia
nickel(Il) ions first give a green

precipitate which then forms a
blue solution with excess
ammonia.

b copper(ll) ions give a pale blue
precipitate which forms a deep
blue solution with excess
ammonia and

¢ zinc ions give a white precipitate

which forms a colourless solution

with excess ammonia.

First the hydroxide is precipitated in a deprotonation reaction:
[Cu(H,0)4*(aq) + 2NH,(aq) = Cu(OH),(s) + 2NH,’(aq) + 4H,0
The hydroxide then ligand exchanges to form an ammine complex with
excess ammonia:
Cu(OH),(s) + 4NH,(aq) +2H,0 — [Cu(NH;),(H,0),]* + 20H (aq)
The final result is that the NH, ligand has taken the place of four H,O
ligands.

@ Addition of cyanide ions to iron(Il) ions produces a solution of

hexacyanoferrate(Il):
[Fe(H,0),)*"(aq) + 6CN (aq) — [Fe(CN),]" (aq) + 6H,0

A test for iron(Ill) ions is to add a solution of potassium
thiocyanate, KCNS. Iron(Ill) ions give a blood red solution:

[Fe(H,0)s*(aq) + SCN(aq) — [Fe(SCN)(H,0),]**(aq) + H,0
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Vanadium chemistry

¢ Vanadium compounds exist in four oxidation states:

+5: VOj;(aq) which is colourless, but in acid solution reacts to form a
yellow solution of VO,(aq) ions:
VO; + 2H" = VO, + H,0

+4&: VO*(aq), which is blue.

+3: V¥(aq) which is green and is mildly reducing.

+2: V*(aq) which is lavender and is strongly reducing.

# Reduction by zinc. If zinc and dilute hydrochloric acid are added to a
solution of sodium vanadate, NaVO,, the colour changes in distinct
sequence, as it is steadily reduced from the +5 to the +2 state:

start: yellow caused by VOZ*(aq)ions (+5 state)

then: green caused by a mixture of yellow VO,'(aq) and blue
VO™(aq)

then: blue caused by VO*(aq) ions (+4 state)

then: green caused by V’*(aq) ions (+3 state)

finally: lavender caused by V*(aq) ions (+2 state)

» Redox reactions

Vanadium compounds can be oxidised or reduced by suitable reagents. For
a redox reaction to work, the E®, value must be positive. A list of E®values
for the half reactions of vanadium in its various oxidation states and for
some oxidising and reducing agents is given below. These values show, for
instance, that anadium(V) will be reduced only to vanadium (IV) by Fe**
ions, wherea n” ions will reduce it first to vanadium (IV) and then

to vanadium (III).

+5 VO, +5
VO, +2H +e =VO* +H,0 E°=+1. V A
Fe* +e =TFe* E®=+0.77 Fe** Cl,
1,Cl, +e =CI E°=+1.36 Y

+4 +4
VO* +2H"+e =V*+H,0 E®=+034V A
Sn*  +2¢ =Sn* E°=+0.15V Sn** Fe
Fe* - +e . = Fe* E®=+0.77 V Y

+3 ]
V¥ te = V¥ E°=-0.26V
Zn” +2e =2Zn E®=-0.76 V Zn/H*
H*" +¢e& ='LH, E°= 0.00V Y

+2 +2
E®_, for the reduction of: E®_, for the oxidation of:
VO, by Fe* =+1.0-(+0.77) =+0.23V  V¥byH' = 0.0-(-0.26) =+0.26V
VO™ by Sn* = +0.34 - (+0.15) = +0.19 V. V* by Fe* =+0.77 - (+0.34) =+0.43V
v by Zn =-0.26-(-0.76) = +0.50 V vVO* by Cl, = +1.36 — (+1.0) =+0.36 V

:ﬁ Checklist

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(H,0),]* turquoise-blue.

Dative covalent (ligand to ion) and
covalent (within the water molecule)

Octahedral

Deprotonation

Ligand exchange
+5,V0,", yellow. +4, VO, Dlue.
é }:30 g_g?% g:!b é ?%EI

Iron in the Haber process to
manufacture ammonia

Vanadium(V) oxide in the Contact
process to manufacture sulphuric
acid

. The answers to the numbered
questions are on pages 137-138.

Can recall 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 recall the action of aqueou odium hydroxide and ammonia on
solutions of their aqua ions.

Understand deprotonation and li and e reactions.
Can recall the oxidation states of vanadium, and the colours of its ions.
Know reactions to interconvert the oxidation states of vanadium.

Can recall examples of vanadium, iron nd nickel and their compounds
as catalysts.

Testing your know! d  and und r t nding

For the ving set of questions, cover the mar o the p for vou
answer, then check to see if you are corr t.
» Write down the electronic structure of a vanadium atomand \ ion.

State the formula and colour of the aqua complex of copper(Il).

o State the formula and colour of the ammine complex of copper(lI).

@ Name the types of bonding in the aqua complex of iron(II).

What is the shape of the iron(Il) 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(II).

» State the type of reaction that occurs when excess aqueous ammonia is
added to a solution of the aqua complex of copper(Il).

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(H,0),)** 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(III)
b a solution of the aqua complex of iron(II)
¢ a solution of the aqua complex of zinc(Il).
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(III)
b a solution of the aqua complex of copper(Il).
4 Write the half equations for the following changes in oxidation state:

a vanadium(V) to vanadium(II)
b vanadium(V) to vanadium (IV)
¢ vanadium(IIl) to vanadium(IV)
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@ Organic chemistry |l

% Things to learn and understand

The structure of benzene and reactions of aromatic
compounds

The benzene ring does mot consist of alternate double and single bonds.
All 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 n system.

This gives stability to the benzene structure which is 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:

C¢H¢ + HNO; —» C,H,NO, + H,0
= Bromination. Benzene reacts with liquid bromine in the presence of a
catalyst of anhydrous iron(Ill) bromide (made in situ from iron and
liquid bromine) or of anhydrous aluminium bromide:
C¢H;¢ + Br,(1) = C¢H;Br + HBr

Friedel-Crafts reaction. Benzene will react with halogenoalkanes or
with acid chlorides in the presence of a catalyst of anhydrous
aluminium chloride:

C.H, + C,H,Cl - C,H,C,H; + HCI

ethylbenzene
CH, + CH,COCl —» C,H,COCH, + HCI
phenylethanone (a ketone)

Reactions of compounds with a carbon-containing side
chain

® Compounds such as methyl benzene C,H;CH,; and ethyl benzene
C.H;C,H; 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:

CH;C,H; + 6[O] + OH = C,H,COO" + CO, + 3H,0

conditions: heat under reflux with potassium manganate(VII) and
aqueous sodium hydroxide.
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Phenol is a weaker acid than
carbonic acid, and so it will not
liberate CO, from sodium hydrogen
carbonate, unlike carboxylic acids
which will.

The solution of diazonium ions can
react with phenol. A yellow
precipitate of diazo compound is
obtained.

(O)-n=x~O)-on
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Phenol
OH

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:

CeH;OH(l) + OH (aq) » C,H;0 (aq) + H,O(l)

+ bromine water. The presence of the OH group makes substitution
into the benzene ring much easier. No catalyst is required:

OH OH
(aq) + 3Bry(aq) — (s) + 3HBr(aq)

Br

observation: when brown bromine water is added, a white precipitate is
rapidly formed.

® + acid chlorides. Phenol reacts as an alcohol, and an ester is formed:
C,H;OH + CH,COCI - CH,COOC¢H, + HCI

Phenylamine
Phenylamine has a NH, group attached to the benzene ring.

Preparation

Nitrobenzene is reduced by tin and concentrated hydrochloric acid when
heated under reflux. Then sodium hydroxide is added to liberate the
phenylamine, which is removed by steam distillation.

Reactions

+ acid

+ nitrous acid
CH,NH, + 2H" + NO,” =» C,H,N," + 2H,O
conditions: add dilute hydrochloric acid to phenylamine and cool the

solution to S °C. Sodium nitrite solution is then added, keeping the
temperature close to 5 °C and above 0 °C.
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Ensure that the curly arrow starts
from a bond or an atom with a lone
pair of electrons.

Ensure that the arrow points
towards an atom either forming a

negative ion or a new covalent bond.

Another way of polymerising ethene
is by using titanium tetrachloride
and aluminium triethyl, but this is
not a homolytic mechanism.

With the addition of a hydrogen
halide to an unsymmetrical alkene,
the hydrogen atom adds to the
carbon which already has more
hydrogen atoms directly bonded to
it.

This is because the secondary
carbocation,

ki |
e.g. —C—C—é—
| @ |
is more stable than a primary one.
| | ]
e

Mechanisms

A curly arrow (/y) represents the movement of a pair of electrons, either
from a bond or from a lone pair. A half-headed arrow (/")) 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: light energy causes homolytic fission of chlorine:
Cl, - 2CI

2 Propagation: each propagation step involves a radical reacting
with a molecule to produce a new radical:
CH, + ClI: = CH;* + HCI

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 (1000 atm) and a trace of oxygen.
The conditions produce radicals, R*, which attack an ethene molecule:

R: + H,C=CH, - R-CH,-CH,"
then R-CH,-CH,* + H,C=CH, — R-CH,-CH,-CH,-CH," 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.

Br—Br Br Br

H,C = CH,

Heterolytic, electrophilic substitution

Nitration of benzene

1 Sulphuric acid is a stronger acid than nitric and so protonates it:
H,SO, + HNO, — H,NO;" + HSO,

then the cation loses water:
H,NO;" = H,0 + NO,’
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Similar mechanisms occur for
bromination, where the catalyst
reacts with bromine to provide the
electrophile Br*, and in the Friedel-
Crafts reaction where the catalyst
reacts with the halogen compound
to provide electrophiles such as
CH,C'0 or CH;"

In the transition state, the new 0-C
bond forms as the C-Br bond
breaks. The transition state has a
charge of -1.

Any optical activity is maintained in
a S,2 reaction.

If the mechanism is S,1, a reactant
which is an optical isomer will
produce a racemic mixture, as the
carbocation can be attacked from
either side.

The CN ion is a catalyst, and the
conditions must be such that there
is a significant amount of both HCN

molecules and CN™ ions present, i.e.

a mixture of HCN and KCN.

OALEVELNOTES.COM
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2 The NO, ion is the electrophile and attacks the benzene ring.
3 The HSO, ion pulls off a H" and reforms H,SO, (the catalyst).

The loss of H' results in the reforming of the benzene ring and the gain in
stability associated with the ring.

Heterolytic, nucleophilic substitution

Reaction between halogenoalkanes and hydroxide or cyanide ions
There are two mechani m ; on the type of halogenoalkane.
With primar 1) halo enoalkanes, an $,2 mechanism is dominant.

Reaction proceeds via a transition state when the lone pair of electrons
on the nucleophile attacks the halogenoalkane.

CH, CH; 1~ CH;

HO: Coall HO=Cu-pr ==Ll JdHo—C  Br

Ul N |

H

transition state

@ With tertiary (3°) halogenoalkanes the S,1 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.

CH, CH,
|~ |

CH;— C—Br CH;—C' + :Br

CH; CH,

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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#® 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.

(‘)—H
Re=C="T1 ResaCs==il
|
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.

conc HNO3 ——— = C(H;NO,

conc H,S0,
Br, CgHsBr
Fe catalyst

Benzene

CeH

C,H; Cl ———————e C,H,C,H;
AlCl;catalyst

CH;3;COC] —————mmm C H,COCH;
AlCl; catalyst

Fig 5.4 Summary of reactions of aromatic substances

Substitution Addition
Free radical:  alkanes + Cl Free radical: ~ polymerisation of alkenes
Nucleophilic: halogenoalkanes + OH7(aq) Nucleophilic: carbonyl + HCN
compounds

Electrophilic: benzene + HNQG Electrophilic: alkenes +

+ Bry(l) + HCVHBr/HI

+ Rl

+ RCOCI

Fig 5.5 Summary of mechanisms

@ 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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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.

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 nucleophilic substitution and addition.

IZL; Testing your knowledge and understanding

acC
b C.H,0 Na'
¢ C,H,COOCqH;

The brown bromine water would go -
colourless and a white precipitate
would form.

Heat under reflux with tin and
concentrated hydrochloric acid, cool
and then add aqueous sodium
hydroxide.

_ The answers to the numbered
questions are on page 138.

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(VII)
b phenol with sodium hydroxide solution

¢ phenol with propanoyl chloride.

What would you observe if bromine water were added to aqueous
phenol?

State the conditions for the conversion of nitrobenzene to
phenylamine.

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?

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.

When benzenediazonium chloride is prepared, the reaction is 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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Introduction

You must also revise Topic 2.3 in Chapter 2, page 44 and especially how
the changes in the Maxwell-Boltzmann distribution of energy with
increase in temperature affect the rate of reaction.

Things to learn

The units of k are:
for a zero-order reaction:
mol dm®s™
for a first-order reaction: s

@ for a second-order reaction:
mol™ dm®s™

1

¥ The rate equation for the reaction:

xM + yN — products, is:

Rate of reaction = k [M]" [N]’ where a and b are integers and are
experimentally determined.

The rate constant, k, is the constant of proportionality 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, E,, is the total kinetic energy that the
molecules must have on collision in order for them to be able to react.

The half-life of a first-order reaction
is constant.

Half-life, t,,, is the time taken for the concentration to fall from any
selected value to half that value.

'\g " Things to understand

Determination of 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 time, the order with respect
to each substance can be found.

Look for two experiments where the concentration of only one substance
varies. If 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 first-order graph,
the half-life remains constant
throughout the reaction, whereas for
the second-order the half-life
increases as the concentration falls.

100 —a&— 7Zero order

80 —e— 1st order
g —a— 2nd order
s 60
=
€ 40
<l
5)
Q

20

0 20 40

Time
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Experiment [A] [B] [C] Relative rate
1 1 1 1 1
2 2 1 1 2
S 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

@ From experiments 3 and 4: [C] doubles and rate unaltered. Therefore
order with respect to C =0

Rate of reaction = k [A]' [B]’ [C]°, and the reaction is 3rd order.

Experimental techniques for following a reaction

1 Titration method. Mix the chemicals and start the clock. At interval
withdraw a sample, add it to iced water to slow the reaction. Then
titrate one of the substan e in the reaction. This method can e used if
an acid, an alkali or iodine i a reactant or a product.

2 Colorimetric method. This can be used when either a reactant or a
product is coloured (iodine or potassium manganate(VII) are examples).
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 light 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
cylinder filled with water.

Graphs of results

If the concentration of a reactant is plotted against time, three shapes of
graph are likely 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
determining step will be zero. The rate-determining step is the slowest
step, e.g.
NO,(g) + CO(g) = NO(g) + CO,(g) has the rate expression:
Rate = k [NO,)* [CO]"

A suggested mechanism is:
@ Step 1 (slow):

* Step 2 (fast):
NO, + CO —» NO, + CO,
As the CO enters the mechanism after the rate determining step, the

mechanism 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

Uncatalysed Catalysed
Fig 5.6 Energy profile diagrams

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 Fe** ions as
a catalyst in:

$,0,(aq) + 2I'(aq) — 250, (aq) + I,(aq)

In this mechanism the catalyst first reduces the S,0,* ions:
2Fe’(aq) + S,0,7(aq) — 2Fe*(aq) + 250,%(aq)
then the Fe* ions are reduced back to Fe* ions:
2Fe™(aq) + 2I'(aq) — 2Fe*(aq) + L,(aq)

Checklist

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 information 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 following reactions.

Can deduce the order of a reaction from concentration/time graphs.
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*/g;g 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.
The following results were obtained from a study of the reaction:
NO,(g) + CO(g) = NO(g) + CO
a From experiments 1 and 2, order 8) ® ® (8)
with respect to NO, = 2

b From experiments 1 and 3, order ] e . y
with respect to CO = 0 Experiment [NO,|/mol dm [COJ]/mol dm Relative rate
¢ Order of reactionis 2 + 0=2
d Rate = k [NO,)° 1 0.02 0.02 1
0.04 0.02
3 0.02 0.04 1

a What is the order with respect to NO,?

b What is the order with respect to CO?

C What is the order of reaction?

d State the rate expression.

<]

Reaction A has a high value of E,, and rea ti n B has a lower E, value.

a Reaction B a  Which reaction has the larger rate constant?
b Reaction B b Which is the faster reaction?

» A reaction takes place in 3 steps. The E,/k] mol™ for each step are:
Step 2 as it has the largest £, value step 1: 32, step 2: 51, step 3: 20

Which step determines the rate?

——— =
==

100 to 6.25 = 4 half-lives, therefore
time =4 x 25 = 100 minutes

# The decomposition of N,O; is first order. At 200 °C the reaction has a
half-life of 25 minutes. Calculate how long it will take for the
concentration of N,O; to fall to 6.25% of its original value.

1 The rate of the second order reaction:

_ The answers to the numbered 2HI(g) = Ha(g) + L(8)
questions are on page 138. is 2.0 x 10™* mol dm™ s when [HI] = 0.050 mol dm™ at 785 K. Calculate

the value of the rate constant, giving its units.
2 Describe how you would follow, at 60 °C, the rate of the reaction:
CH,COOH(aq) + CH;0H(aq) = CH,COOCH,(I) + H,O(l).

3 The decomposition of 3-oxobutanoic acid, CH,COCH,COOH, was
studied:

CH,COCH,COOH — CH,COCH, + CO,
The results, at 40 °C, are tabulated below.

Time/min  [3-oxobutanoic acid]/mol dm™

0 1.6
26 0.8
52 0.4
78 0.2

Deduce the order of the reaction.
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Organic chemistry 1V

]
Introduction

@ Questions on this topic will form part of the synoptic assessment in
Unit Test S.

® This Topic brings together all the organic chemistry that has been
covered in earlier topics, so you will need to revise Topics 2.2, 4.5
and S.3.

@ Things to learn and understand

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 nitrate solution.

Observation: Chlorides give a white precipitate that is soluble in dilute
ammonia.
Bromides give a cream precipitate that is insoluble in
dilute ammonia but dissolves in concentrated ammonia.
lodides give a yellow precipitate that is 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 Cr* ions.
Tertiary (3°) alcohols do not affect the colour as they are
not oxidised.
To distinguish between 1° and 2° repeat the experiment,
but distil the product into ammoniacal silver nitrate
solution:
1° alcohols are oxidised to aldehydes, which give a silver
mirror.
2° alcohols are oxidised to ketones, which do not react.

@ Carbonyl, C=0 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 solid must be purified by
recrystallisation in order to have a
sharp and accurate melting
temperature.

When identifying species that cause
lines in the spectrum, always give a
structural formula for the ion and its
+ charge.

Fig 5.7 Mass spectrum of ethanol

The peaks given by O-H and N-H are
usually broad owing to hydrogen
bonding.

OALEVELNOTES.COM

To distinguish between aldehydes and ketones:
Test: Warm with ammoniacal silver nitrate solution.
Observation: Aldehydes give a silver mirror, ketones have no reaction.

¢ Iodoform reaction
Test: Gently warm with a solution of sodium hydroxide and
iodine.
Observation: A pale yellow precipitate of CHI,
This test works with carbonyl compounds containing the
CH,;C=0 and alcohols containing the CH,CH(OH) groups.
@ Carboxylic acids, COOH group
Test: Add to a solution of sodium hydrogen carbonate.
Observation: Bubbles of gas, which turn lime 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 determine the functional groups in the
molecule. Measure the melting point of the substance. Make a solid
derivative (such as the 2,4-DNP derivative from carbonyl compounds),
purify it, and measure its melting temperature. Check the melting
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-15)*. If so the substance probably had a
CH, group which is lost forming the (M-15)* peak.
@ If there is a peak at (M-28)™, the substance probably had a CO group.
Other fragments will help to identify the structure.

100
80
60

40

Relative intensity

20

0
ORISR OMNZON 300,85 40 45

m/z

o 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:

1650 to 1750 cm™ given by C=0
2500 to 3500 cm™ given by O-H
3300 to 3500 cm™ given by N-H

1000 to 1300 cm™ given by C-O
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4000 3000 2000 1500 1000 500

=i
Fig 5.8 Infrared spectrum of ethanol S g

# NMR spectra

® The phenomenon of nuclear magnetic resonance occurs when nuclei
such as 'H are placed in a strong magnetic field and then absorb
between the absorption frequencies appliedrtadio frequericy radiation. _ _

of the hydrogen nuclei in the The nuclei of hydrogen atoms in different chemical environments

compound and those in the within a molecule will show up separately in a NMR spectrum. The

reference compound. values of their chemical shift, 8, are different.

= The hydrogen nuclei in a CH; group will have a different chemical
shift from those in a CH, or in an OH group. The value of ¢ of the
peak due to the hydrogen in OH (or in NH) depends upon the
solvent.

» In low resolution NMR, each group will 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, CH,CH,OH will have
three peaks of relative intensities 3:2:1 and methyl propane
CH,CH(CH,)CH,, will have two peaks with relative intensities of 9:1.

# In high resolution NMR spin coupling is observed. This is caused
by the interference of the magnetic fields of neighbouring hydrogen
nuclei. If an adjacent carbon atom has hydrogen atoms bonded to
it, they will cause the peaks to split as follows:

The chemical shift is the difference

1 neighbouring H atom peak splits into 2 lines (a doublet)
2 neighbouring H atoms peak splits into 3 lines (a triplet)
n neighbouring H atoms peak splits into (7 + 1) lines.

Thus ethanol gives three peaks (see Figure 5.9):
1 peak due to the OH hydrogen, which is a single line
(as it is hydrogen bonded)
1 peak due to the CH, hydrogens, which is split into four lines
by the three H atoms on the neighbouring CH, group.
1 peak due to the CH; hydrogens, which is split into three lines
by the two H atoms on the neighbouring CH, group.

Fig 5.9 High resolution NMR spectrum 11 10 9 8 % 6 S 4 3 2 1 0
of ethanol ppm
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1 A common error is to think that
KCN or HCN will react with
alcohols to form RCN. You must
first convert ROH to R-halogen.

2 Many questions on organic
synthesis require, somewhere in
the sequence, the conversion of
the starting substance to a
carbonyl compound or a
halogenoalkane.

Recrystallisation is only suitable for
purifying solids.

When a specific safety precaution is
asked for, do not give the use of
safety glasses, lab coats etc. as
examples. The answer is probably
‘no naked flames (ether solvent)’ or
‘carry out the experiment in a fume
cupboard’, in which case the specific
hazard such as toxicity must be
stated.

100% X N Z 100%
A B

Fig 5.10 Boiling
temperature/composition diagram
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Visible and UV spectra
7 bonds will absorb light 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 © bonded electrons are linked to a conjugated system (alternate
double and single carbon-carbon bonds), the absorption will shift to
a lower frequency, and the substance may be coloured. The colour
observed will be the complementary 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 is:
# increased by one, consider:
a halogenoalkane with KCN
b carbonyl with HCN
¢ the Grignard reagent CH;MgBr
d a Grignard reagent added to CO, 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 solid in a minimum f het solvent.
Filter the hot solution through a preheated funnel u in fluted filter
paper. Allow to cool. Filter under reduced pressure (Buchner funnel),
wash with a little cold solvent and allow to dry. The solid should have
a sharp melting temperature.

Heating under reflux is necessary 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, irritant or is carcinogenic.

Fractional distillation. This is used to separate a mixture of two
liquids. These mixtures can usually be separated into pure samples, but
if the boiling points are too close, a good separation will be difficult.

&

If a liquid of composition X is heated, it will boil at T, °C to give a vapour

of composition Y (see Figure 5.10). If this is condensed and reboiled, it will
boil at a temperature of T, °C giving a vapour of composition Z. Eventually
pure B will distill 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 will be excreted.

@ Nitrogenous fertilisers are of three types:
1 quick release, such as those containing NO,  and NH," ions
2 slow release, such as urea, NH,CONH,
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.


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

OALEVELNOTES.COM

TRANSITION METALS, QUANTITATIVE KINETICS AND APPLIED ORGANIC CHEMISTRY

Esters, oils and fats. Simple esters are used in food flavourings,
perfumes 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 C;;H;;COOH. 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 usually soften over a Polymers are of two distinct chemical types:
range of temperatures rather than 1 Addition. The monomers contain one or more C=C groups.
have a sharp melting temperature. Polymerisation is the addition caused by breaking the n bonds, and
The main reason for this is that the the polymer and the monomer have the same empirical formula.
polymer is a mixture of molecules of Examples are poly(ethene), poly(tetrafluoroethene) (PTFE) and
different chain lengths. poly(propene).

2 Condensation. Both the monomers have two functional groups,
one at each end. Polymerisation involves the loss of a simple
molecule (usually H,O or HCI) as each link forms. Examples are
nylon, a polyamide (see Figure 5.11), and terylene, a polyester.

a diacid chloride a diamine a polyamide

Fig 5.11 A polyamide Synthetic polymers are not easily biodegraded and can cause an

environmental problem of disposal. One answer is for them to be recycled.

Checklist

Before attempting the questions on this topic, check that you:
Can recall the tests for C=C, C-Hal, COH, C=0, CHO and COOH groups.
Can deduce the functional groups present from results of chemical tests.
Can interpret mass, IR, 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.

Testing your knowledge and understanding

The answers to the numbered 1 How would you distinguish between:
questions are on pages 138-139.

a pentan-3-one and pentanal
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b 2-bromopropane and 2-chloropropane
¢ methylpropan-2-ol, methylpropan-1-ol and butan-2-ol?
2 The mass spectrum of a substance X of molecular formula C;H,O had

peaks at mass/charge values of 120, 105, and 77. Identify the peaks and
suggest a structural formula for X.

3 The IR spectrum of aspirin showed peaks at 3200, 1720 and 1150 cm™.
Use the data on page 109 to identify the groups which cause these
peaks.

4 Low-resolution NMR spectra of two aromatic isomers with molecular
formula C4H,, were obtained. [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 139-141.

1 a The kinetics of the hydrolysis of the halogenoalkane (where R is an alkyl group) RCH,Cl with aqueous
sodium hydroxide was studied at 50 °C. The following results were obtained:

Experiment [RCH,Cl] |[OHT] Initial rate/mol dm™ s™
1 0.050 0.10 4.0x 10™
2 0.15 0.10 1.2 x 107
3 0.10 0.20 1.6 x 107

i Deduce the order of reaction with respect to the halogenoalkane, RCH,Cl, and with respect to the

hydroxide ion, OH’, 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)
[January 2001CH6 question 1]

2 Benzene, C,H,, reacts with ethanoyl chloride, CH,COCI, by an electrophilic 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

|
C6H5—$—COOH
CH, [5]

d Ethanoyl chloride can be used to prepare esters such as 3-methylbutyl ethanoate,
(CH,;),CHCH,CH,00CCH,, 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)
[June 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
C,HBr C,HMgBr —— > CH,,0 > F
E
OH’ (aq)\\ step 2
——F—F > C,H,0
D
a Give the reagents and conditions necessary for step 1 [2]
b Compound D reacts with ammoniacal silver nitrate solution to give a silver 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 silver nitrate solution. [1]
¢ Give the structural formula of compound E (C,H,,0). [2]

d Compound F reacts with 2,4-dinitrophenylhydrazine solution but has no effect upon ammoniacal
silver nitrate solution. F will also undergo the iodoform reaction.
i Explain the significance of the results of the test with ammoniacal silver nitrate and 2,4-

dinitrophenyl hydrazine concerning the functional group in F. [2]

ii What structural feature in F is identified by the iodoform reaction? Give the formula of the
products of the reaction. [3]
iii Give the structural formula of F. [2]

e The mass spectrum of F showed major peaks at in/e values of 72, 43 and 29. Identify the p -ie
responsible for these peaks. [3]

(Total 18 marks)
[January 2002 CH4 question 1)

4 a Describe how you would measure the standard electrode (reduction) potential of the Fe*(aq)/ Fe*(aq)
system. [5]
b A standard Fe*(aq)/Fe*'(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
Fe*(aq)/Fe*(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 Fe*'(aq)/Fe*(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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§ Iron and chromium are very important industrial metals.

a Complete the boxes below to show the electronic configurations of:

3d s
Fe: B ol ke, e gt Pt fgefe? 700 o)
Cr: G W S AV NN FT] e ey = TR ]
cr': w ] ] ) [ ] [ ] (3]

b Chromite, FeCrO, or FeO.CrO;, is a mixed oxide of iron and chromium that is used in 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]
The mixture of metals that results from the reduction in b was reacted with excess dilute sulphuric
acid to give a solution of iron(Il) sulphate and chromium(IIl) sulphate. Sodium hydroxide solution
was added to the mixture until in excess. The mixture was then filtered to give a precipitate Q,
containing all the iron, and a filtrate R, containing all the chromium.

i What is the formula of the iron-containing ion in the aqueous iron(Il) 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 E°IV Electrode reaction E°/V
WF,+e=F +2.87
Crr+ e =1Cr -0.41 ',CL + e = CI +1.36
',Cr,0,” + 7H' + 3¢ = Cr’** + 3',H,0 +1.33 '/,Br, + e” = Br- +1.07
YL+e =T +0.54

d Use the standard electrode (reduction) potentials of the chromium ions and the halogens shown below

to answer the questions that follow.
i Define the term standard electrode potential. [2]
ii List those halogens which will oxidise chromium(II) to chromium(III). [1]
iii List those halogens which will oxidise chromium(II) to chromium(IIl) but not to chromium(VI).[1]
iv Chromium(Il) in aqueous solution is sky blue whereas aqueous chromium(IIl) solution is dark
green. Describe how you would show that your prediction in d part ii actually worked in practice.
(2]
(Total 19 marks)
January 2002 CHI question 3 & June 2001 CH3 question 5]
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Laboratory chemistry Il

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 will
also assess the candidate’s quality of written communication.

* 7 Unit Test 6A: Assessment of practical
skills II

This is either internally assessed or a practical exam.

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 listed in Units 4 and S.

ii recognize the results of experiments to identify functional groups in
organic compounds.

iii carry out the techniques described in Topic 5.5 and those used in
volumetric analysis, kinetics and equilibria.

iv present and interpret quantitative and qualitative results.

v devise and plan simple experiments based on the chemistry and
techniques as above.

S5
Unit Test 6B

All candidates will do this paper

The Unit Test question (exam) paper

Section A will consist of a compulsory question and will 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 will test a candidate’s ability 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 first 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 links that exist between different branches of

chemistry.

Each question should have a thread or link 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 119 and 120.
Question 2 is based on organic and inorganic nitrogen compounds,
with questions on fertilisers, pK,, polymers, amine preparation, and
K,for ammonium nitrate linked to thermodynamic and kinetic
stability.

® Question 3 is a reaction scheme where the carbon chain is increased
leading to a carboxylic acid, then a pH and buffer question about that
acid.

Question 4 is about the chemistry of iron, linking bonding, transition
mental properties, Bronsted—Lowry pairs, tests for Fe'" 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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PRACTICE TEST: UNIT 6B (SYNOPTIC)

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 141-142.

Section A

1 A fertiliser is known to contain ammonium sulphate, (NH,),SO,, 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 cm’. To 25.0 cm®
portions of this solution about 5 cm® (an excess) of aqueous methanal was added. The following
reaction took place:

4NH,’(aq) + 6HCHO(aq) — C,H,,N,(aq) + 4H"(ag) + 6H,0O I

The liberated acid was titrated directly with 0.100 mol dm™ aqueous sodium hydroxide. The average
volume required was 28.0 cm®. Calculate the percentage of ammonium sulphate in the fertiliser. [S]
b In 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 fertiliser 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 fertiliser, aqueous barium chloride was added in
excess to the fertiliser solution. The precipitate produced was filtered 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 all 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, (NH,),C = O, is commonly used as a fertiliser in most of the European
Union, whereas in the UK the most popular fertiliser is ionic ammonium nitrate, NH,NO,. Apart from
its nitrogen content suggest two advantages of using urea as a fertiliser compared with using
ammonium nitrate. [2]

b The ammonium ion in water has an acid dissociation constant K, = 5.62 x 10" mol dm™. The
conjugate acid of urea has K, = 0.66 mol dm™. Use this data to explain which of ammonia or urea is thre
stronger base. (21

¢ 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, CH,CONH,, can be converted to methylamine, CH;NH,.
i State the reagents and conditions for carrying out this conversion. [3]
ii Suggest the formula of the likely product if urea were used instead of ethanamide in this
conversion. [1]

e Ammonium nitrate can explode when heated strongly.
NH,NO,(s) — N,0(g) + 2H,0(g) AH =-23 k] mol
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With moderate heating the ammonium nitrate volatilises reversibly
NH,NO;(s) = NH,(g) + HNOs(g) AH = +171 KJ mol

i State why the expression for K, 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 2001CH6 question 4]

3 The principal source of the odour in sweat is the organic acid HA, C,H,,0,. It will decolourise bromine
water immediately, and it shows geometric isomerism.
a HA can be made by the following sequence of reactions:

CH,CH,CH,CH(CH,)CH,OH
2-methylpentan-1-ol

'

/ B
MCl(aq) conc. H:80s

CH,CH,CH,CH(CH,)CH(OH)CN =L p e

C D 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 hydrolysis 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 K, = 4.50 x 10° mol dm™, and is a monobasic (monoprotic) acid which
dissociates according to the equation:
HA(aq) + H,0() = H;0'(aq) + A(aq)
i  Write the expression for K, and calculate the pH of a solution of HA of concentration 0.0100 mol
dm™. 3]
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(III) chloride exists in two forms, the covalent anhydrous chloride and the ionic hydrated chloride.
a Explain why anhydrous iron(Ill) chloride is covalent whereas sodium chloride is ionic. [4]
b Hydrated iron(Ill) 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 iron(III) chloride.
Write an ionic equation for this reaction and identify the type of reaction. (4]
iii A test for Fe’ ions is to add a solution of thiocyanate ions, SCN™(aq), which react to form a blood
red ion of formula [FeSCN(HZO)S]Z*. What is the bonding between the SCN™ ion and the Fe* ion,
and what is the cause of the colour of the ion? [3]
¢ Iron also forms the intensely red coloured anion, FeO,”. In acidic solution this is a powerful oxidising
agent, and is itself reduced to Fe* ions.
Calculate the oxidation number of iron in FeO,*. Suggest, in outline, how you could determine the
concentration of a solution of FeO,” ions. [4]
(Total 18 marks)
[January 2001 CH6 question 6]
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Unit 1

Topic 1.1 Atomic structure

1

6

The relative isotopic mass is the mass of a single
isotope of an element (relative to 1/12th the mass
of a carbon 12 atom), whereas the relative atomic
mass is the average mass taking into account the
isotopes of the element. The relative isotopic
masses of the two chlorine isotopes are 35 and 37,
but the relative atomic mass of chlorine is 35.5

There are many more "Li atoms than °Li atoms in
natural lithium, so the average is closer to 7.

A, of magnesium

=(24.0x78.6 + 25.0x 10.1 + 26.0 x 11.3) = 24.3
100
Let the % of “Ga be x,
and so the % of "'Ga = (100 - x)
69.8 = [69.0x + 71.0 100 -
100
Therefore 6980 = 69x + 7100 - 71x

Therefore 2x = 120 and x = 60.0
Gallium contains 60.0% of the *°Ga isotope.

Group S. There is a big jump between the Sth and
6th ionisation energies. Therefore the 6th electron
is being removed from a lower shell (nearer to the
nucleus) than the first five electrons.

a 2500
2000
1500
1000

500 4

1st ionisation energy

(RS2SRRSR O RRARe 9 10 11
Atomic number

b i A 2p electron, which is in a higher energy
level, is being removed. So less energy is
required to remove it compared to that
required to remove a 2s electron.

ii There are two electrons in the 2p, orbital
which repel one another, so less energy is
required to remove one of the pair than if
there had only been one electron in that
orbital.

9 ai
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iii Although the element with Z = 11 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.

The electron in a box notation for chlorine is:

All have one electron in their outer shells, but K is
bigger (larger atomic radius) than Na, which is
bigger than Li. Therefore the outer electron is held
on less firmly (the extra nuclear charge is balanced
by the same extra number of shielding electrons)
and so is the easiest to remove from potassium and
the hardest to remove from Li. This makes
potassium the most reactive.

Li (g) + e — Li (8)
ii Cl(g+e—Cl (g
iii O(g)+e ~>0 (8)

Note that the species on the left hand side is a gaseous
atom and the one on the right is a negative ion.

b O (g +e~ o’ (g)

¢ For the 1st electron affinity, the (negative)
electron is brought closer to the positive
nucleus in a neutral atom, and so energy is
released. For the 2nd electron 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

a % + 6.90
C 82.76 + 12 = 6.90 1
H 17.24 + 1 =17.24 2485
Therefore the empirical formula is C,H;
b Mass of C,H, is 29, but M, = 58,
Therefore the molecular formula is C,H,,
a 4NH, + 50, - 4NO + 6H,0
b 2Fe"(aq) + Sn*(aq) - 2Fe”'(aq) + Sn*(aq)
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lonic equations must also balance in charge. Here
both sides are 8+.

3 Equation: H,;PO, + 3NaOH — Na,PO, + 3H,0
Amount of H,PO, = 2.34/98 = 0.02388 mol
Amount of NaOH = 0.02388 x 3/1 = 0.07163 mol
Mass of NaOH = 0.07163 x 40 = 2.87 g

4 Equation: 2KOH + H,SO, = K,SO, + 2H,0
Amount of H,SO, = 0.0125 dm® x 0.0747 mol dm™
=9.338 x 10™ mol
Amount of KOH = 9.338 x 10 x 2/1
= 1.868 x 10~ mol
Volume of KOH solution = mol/conc
= 1.868 x 10 mol
0.107 mol
=0.0175dm*=17.5 cm®

5 Amount of Bi(NO,), =0.025 dm’x 0.55 mol dm™
=0.0138 mol
=0.0138 x 3/2
= 0.0206 mol
= mol x molar volume
=0.0206 x 24 = 0.50 dm?
6 Ratio mol of H,(g):mol of CH,(g) = 3:1
Volume of H,(g):volume of CH,(g) = 3:1
Volume of H,(g) =3 x33=99 dm'

Topic 1.3 Structure and bonding

Amount of H,S

Volume of H,S gas

n-bond

o-bond

2 a AICI, because either there is less difference in
electronegativity between Al and Cl than
between Al and F
or Al* is very polarising and the bigger Cl-ion
is more polarisable than the smaller F-ion.

b BeCl, because either there is less difference in
electronegativity between Be and Cl than
between Mg and Cl
or Be” is smaller than Mg* and so is more

OALEVELNOTES.COM

copper a metallic

Sio, b giant atomic

solid CO, e simple molecular
CaO c ionic

poly(ethene)  f polymeric

graphite b giant atomic
sulphur e simple molecular
CuSO, c ionic

sucrose d H-bonded molecular
LiF € ionic

Melting: on heating, the molecules or ions vibrate
more until the intermolecular forces (in molecular)
or ion/ion forces (in ionic) substances are overcome
and the lattice breaks down.

Do not say that the molecules or ions start to vibrate.

Boiling: 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
liquid, forming bubbles.

a NH,. There are stronger intermolecular forces
in NH, as it forms H bonds and PH, does not.

b HBr. It has more electrons in its molecule, and
so it has stronger dispersion forces (which
outweigh the difference in dipole/dipole
forces).

¢ DPropanone. Both have about the 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 well.

d S, It has about twice as many electrons as P,,
and so has stronger dispersion forces.

e NacCl. It has ion/ion forces that are very much
stronger than the weak intermolecular
dispersion forces between CCl, molecules.

Number of Number Total Shape
¢ bond of lone number of
pairs pairs electron
pairs

SiH; 4 0 4 Tetrahedral
BF, 3 0 3 Triangular

planar

BeCl, 2 0 2 Linear
PCl, 3 1 4 Pyramidal
SF, 6 0 6 Octahedral

XeF, 4 2 6 Square

planar
NH,’ 4 0 4 Tetrahedral
PCly 6 0 6 Octahedral

polarising.
3 a Hydrogen | b Dispersion ¢ Dipole
bond
HF Yes Yes Yes
1, No Yes No
HBr No Yes Yes
PH, No Yes Yes
Ar No Yes No
4 iodine e simple molecular
ice d H bonded molecular

8 In Na (s) there are loosely held delocalised
electrons that can move through the lattice. In
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NaCl(s) the electrons are localised on the ions, not
loosely held and the ions are fixed in their
positions in the lattice and so are not free to move.

Topic 1.4 The Periodic Table I

1 a They all have the same number of electrons in
their outer shell. For Group 2 this number is 2.
This period is Period 4, and so all the members
have electrons in four shells.

=

H, is simple molecular

Na is metallic

Si is giant atomic

Sg is simple molecular

Cl, is simple molecular

Ar is simple molecular (argon is monatomic).

e an o

The answer ‘hydrogen bonded’ or ‘ionic’ cannot apply to
elements.

3 Sodium and magnesium are metals. Magnesium is
2+ and has a smaller ionic radius, therefore it will
have stronger metallic bonds and a higher melting
temperature. Silicon forms a giant atomic structure
with each silicon atom joined covalently to four
other silicon 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 diamond, has a similar structure,
but as the smaller carbon atom forms stronger bonds
than silicon, diamond’s melting temperature is even
higher.

White phosphorus, sulphur and chlorine all 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 electrons in the molecule.

The simplest way in which to work this out is to add
together the atomic numbers of all the atoms in the
molecule.

P, has 4 x 15 = 60, S, has 8 x 16 = 128 and Cl, has
2 x 17 = 34 electrons per molecule. Thus sulphur
has the strongest intermolecular forces and the
highest melting temperature and chlorine has the
weakest intermolecular forces and the lowest
melting temperature.
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Nuclear charge is equal to the number of
protons in the nucleus.

ii  Screening or shielding occurs when an outer
electron is insulated from the pull of the
positive nucleus by electrons in inner shells.

b i The 1st ionisation energy of sodium is for
the removal of the 3s electron. Sodium has a
nuclear charge of +11, but the 3s electron is
shielded by the 10 electrons in the 1st and
2nd shells. The second electron that is
removed comes from the 2nd shell (itis a 2p
electron). This electron is shielded from the
nucleus only by electrons which are in a
lower shell, which in this case is by the two
Is electrons and so it is held much more
strongly by the nucleus. It is also nearer to
the nucleu , which makes it even harder to
remove.

ii Sodium has a nuclear charge of +11 and its
3s electron is shielded by the inner 1st and
2nd shell electrons. . fa nesium has a
nuclear charge of +12 one more than
sodium), but its 3s electron is shielded by
the same inner electrons. Thus its 3s
electrons are pulled more strongly to the
nucleus and are harder to remove.

It is because of this extra pull that a magnesium
atom is smaller than a sodium atom.

Topic 1.5 Introduction to
oxidation and reduction

Electrons are on right because Sn* is oxidised: 2e-
is needed because oxidation number changes by 2.

b Fe“(aq) + e - Fe*'(aq)
¢ Sn”(aq) + 2Fe™(aq) - Sn*"(aq) + 2Fe”(aq)

Equation b has to be doubled, so that the electrons
cancel when 2 times b is added to a.

H,0, is reduced, so electrons are on the left.
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2e” are needed on the left because S is reduced and its
oxidation number goes from 0 to -2.

Both H,S and H,0, must be on the left because they are
the reactants; equation b is reversed and added to a;
note that the H" ions cancel out.

3 a PbO,s) + 2H,SO,(aq) + 2e" = PbSO,(s) + 2H,O(1)

+50,”(aq)

2¢” are needed on the left as Pb0, is reduced and its
oxidation number changes from +4 to +2.

b PbSO,(s) + 2e” = Pb(s) + SO,*(aq)

2e” are needed on the left because PbSO, is reduced and
the oxidation number of lead changes from +2 to 0.

¢ PbO,(s) + Pb(s) + 2H,SO,(aq) — 2PbSO.(s) +
2H,0(1)

Because Pb is a reactant, equation ii has to be reversed
and then added to i. This is the reaction that takes place
when current is drawn from a lead-acid battery.

Topic 1.6 Group 1 and Group 2

1 Dip a hot platinum (or nichrome) wire in clean

concentrated HCI and then into the solid. Place in a

hot bunsen flame. The substance that turns the
flame carmine red is LiCl, the one which turns the
flame lilac is KCl and the one that turns the flame
apple green is BaCl,.

2 The heat of the flame vaporises the sodium
chloride, producing some Na and Cl atoms.
Electrons are promoted into the 4th shell in some

of the sodium atoms. These electrons then fall back

to the ground state, which is the 3s orbital, and
energy is given out in the form of light. The flame

7
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is yellow because the energy difference between the
4th shell and the 3s orbital is equivalent to the
yellow line in the spectrum.

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
electron is held on more firmly, and more energy is
required to remove it.

This is the case in spite of the fact that potassium has
eight more protons than sodium, because it also has
eight more electrons between the nucleus and the outer
electron, so the extra nuclear charge is balanced by the
extra shielding.

2Ca + O, — 2CaO (or Ca + '/,0, = Ca0)
Ca + 2H,0 —» Ca(OH), + H,

2K + 2H,0 —» 2KOH + H,

Mg(s) + H,0(g) » MgO(s) + H,(g)

=T eI~

The white precipitate is the insoluble magnesium
hydroxide. Barium hydroxide is soluble and so is
not precipitated.

Beryllium, as BeCO, is the least thermally stable of
the Group 2 carbonates. It decomposes very easily
on heating because the Be™ ion is very polarising.

The other Group 2 ions are less polarising because
they are larger.

a 4LiNO, - 2Li,0 + 4NO, + O,
2NaNO, = 2NaNO, + O,
2Mg(NO,), » 2MgO + 4NO, + O,

b Na,CO, — no reaction
MgCO, - MgO + CO,

BaCO, — no reaction

Topic 1.7 Group 7

1

Covalent HCI 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 break the covalent H-CI bonds:

HCI(g) + H,0(l) » H,0'(aq) + Cl (aq)

First a solution has to be made. The sample can be
dissolved either in water or in dilute nitric acid. (If
water is chosen, dilute nitric acid must then be
added to destroy the carbonate). To this slightly
acidic solution, add silver nitrate solution. If there
is chloride present, there will be a white precipitate
that will dissolve in dilute aqueous ammonia.

H,SO, is a stronger acid than HCI (or HI), and so it
will protonate the CI ions in the sodium chloride
producing HCI gas. HCI is not a strong enough
reducing agent to reduce sulphuric acid, and so
no further reaction will take place. With sodium
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iodide, HI is produced by the protonation of the
iodide ions, but the HI is a very strong reducing
agent, and so it will reduce the sulphuric acid and
itself become oxidised to iodine.

4 Disproportionation is a reaction in which an
element is simultaneously oxidised and reduced.
Chlorine disproportionates when added to alkali:

Cl, + 20H - CI + CIO + H,0
(0) -1 (+1)

Also, chlorate(l) disproportionates when heated:

3Cl1O" - 2Cl + CIO;
(+1) (-1) (+9)

Answers to Practice Test Unit 1

The allocation of marks follows Edexcel mark
schemes.

The marks that you will need for each grade are
approximately:

A 70%

B 61%

C 52%

D 44%

E 36%
1ai 2Ca+ O,— 2Ca0O =[1]
ii Na,0O + H,0 — 2NaOH =[1]

iii Na,O + 2HCI — 2NaCl + H,O

Species [1], balancing [1] =[2]

b The thermal stability increases down the group
[1] as the cation size increases [1] and so the
carbonate ion is distorted (or polarised) less [1]

= [3]

b Do not attempt to answer this type of question in
terms of size match.

Graphite has a giant atomic (or giant
covalent) structure [1]. The bonding between
atoms is covalent [1].

Your diagram must show several interlinked
hexagons [1] in layers [1] = [4]

ii Sodium chloride has a lattice structure [1].
The bonding is ionic [1].
Your diagram must show a 3-D arrangement
of ions, Na" alternating with CI". [1] = [3]
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ii

b Graphite has covalent bonds between atoms that
have to be broken [1]; sodium chloride has
electrostatic forc between the ions [1]. In both
these forces ar trong and so a lot of energy is
needed to break them [1] =[3]

c i Graphite ha delocali ed electrons above and

below the plan of h xagons [1], which can

flow (which are mobile) [1] =[2]
ii The latticei brok n down in the liquid and
to move = [1]

a Structure means giant atomic. ionic lattice,
simple or hydrogen bonded molecular or a
lattice of me al ions in a sea of electrons.

¢ A substance v.i 1 conduct electricity if it has
deloca sed electrons throughout the structure
or ions ' hich are free to move.

3 ai Atomic number is the number of protons in
the nucleus [1] Mass number is the total (or

um of the) number of protons and neutrons

(1] = [2]

ii | Br =[1]

b i Hi henergy electrons bombard the Br,
molecules [1] and knock out an electron [1]

=[2]

ii They are accelerated by charged plates (or
across an electric field) =[1]
iii ‘Br- 'Br’ =[1]

a ii As the particle has 1 fewer electrons than
protons, it will be a positive ion.

a iii In a mass spectrometer most elements
produce ions containing one atom, but
diatomic elements such as N,, 0, and the
halogens give molecular ions such as Br,
which may contain two different isotopes.

4 a
Divide each % by their A, values [1] and then divide
by the smallest [1]

H 11.1+1=11.1 then+74=1.5

C 88.9 +12=7.4 then+7.4=1

Multiply both by 2 to get whole numbers

.. E.E. is C,H, [1] =[3]
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b HI has more electrons [1] .. induced dipole
or dispersion or London or v.d.Waals
are stronger [1] =[2]
c i 3 bond pairs and 1 lone pair repel to get
as far apart as possible [1] see diagram
below [1] =[2]
ii 4 bond pairs around Al repel to get as
far apart as possible [1] see diagram
below [1] =[2]

(i) (i)

d Moles of gas = volume + molar volume
=8.0 cm"/2.4 x 10' cm’ mol™ = 3.33 x 10™ mol

1]

Number of molecules = 6.0 x 10*' x number of

moles = 2.0 x 10” [1] =[2]
M !.\ - [ SR % | - - -

b Do not say because the molar mass of HI is larger.

¢ Remember that it is the electron pairs not the
atoms nor the bonds that repel to give maximum
separation.

a i The oxidation number of sulphur: in H,SO, is
+6 [1], in H,S is +2 [1], in SO, is +4 [1] = [3]

ii The I ion is the stronger reducing agent
because it reduces sulphur from +6 to +2 [1],

whereas Br” only reduces it to +4 [1] =[2]

bi 2CI'>Cl,+2 or Cl »'/Cl,+¢ =[1]
ii OCl +2H +2¢ - Cl + H,0

species [1], balance [1] =[2]

iii OCl' + 2H" + CI - Cl, + H,0 =[1]

2 - »y

b i & ii For an oxidation reaction, the electrons are
on the right, and for reduction they are on the left.
iii You would not be penalised for failing to cancel

one of the CI” ions, i.e. having the equation.
OCI" + 2H" + 2CI" = Cl, + H,0 + CI’

6 a2so6 =[1]
bi S@g+e~S (gl
ii S(g) —S'(g) +e [1]
and [1] for state symbols in both equations
= [3]
¢ A big jump in ionisation energy means that an
electron has been removed from a new shell [1]
The first big jump is after 6 electrons and so
there are six electrons in the outer shell [1]
The second big jump is after 8 electrons and so
there are 8 in the 2nd shell [1] =[3]
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d i [1] for the electrons around S and [1] for the
electrons around both Cl atoms. =[2]

S

ii The 2 bond pairs and the 2 lone pairs [1]
repel each other to get as far apart as
possible [1] =[2]

iii Cl is more electronegative than S, so the
bonds are polar [1], but as the molecule is
bent, the polarities do not cancel [1] =[2]

Unit 2

Topic 2.1 Energetics I

1 Gases at a pressure of 1 atmosphere, a stated
temperature (298 K) and all solutions of
concentration 1.00 mol dm™. Substances in their
most stable state.

2 i 2C(s) + 2H,(g) + O,(g) » CH,COOH(])
ii CH,COOH(l) + 20,(g) — 2CO,(g) + 2H,0(])
iii CH,COOH(aq) + NaOH(aq) - CH,COONa(aq)
+ H,0(1)
or CH,COOH(aq) + OH (aq) » CH,COO(aq)
+ H,0()

- 2 ) ..

Note that ethanoic acid is a weak acid, and so its
formula must be written in full and not as H*.

57.1KJ

Enthalpy NO,(g)

+90.3K]

AH, = +90.3 kJ + (=57.1) kJ = +33.2 kJ mol

Note that the + sign is given in the answer in order
to emphasise that the reaction is endothermic.
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2NO,(g) ———— N,04(g)

AH, = AH, + AH, = =2 x (+33.9) + (+9.7) = =58.1 kJ mol

‘7
83

AH, = minus 2 times the enthalpy of formation of
NO,(g), because the reaction represents the
formation of NO,(g) reversed and AH, = enthalpy of
formation of N,0,(g).

12C(s) + 12H,(g) + O,(g)

CH3(CH,),,COOH(s)

AH, AH,

12C0O,(g) + 12H,0())

where AH, = 12 x enthalpy of combustion of carbon
(graphite) + 12 x enthalpy of combustion of hydrogen
and

AH, = minus the enthalpy of combustion of lauric acid.

AH,= 12 x(-394) +12 x (-286) = (-7377) = =783 k] mol ™.

6 HCI + NaOH — NaCl + H,0
Amount of HCI = conc(mol dm™) x vol(dm”’)

=1.00 x 100

1000
=0.100 mol

Rise in temperature = +6.80 °C

Heat produced when 0.100 mol reacts

= total mass x specific heat capacity x rise in
temperature

=200 gx4.18) g" °C" x 6.80 °C = 5685 J

=5.685K]

Heat produced when 1 mol reacts

= 5.685/0.100 = 56.9 k] mol

therefore AH,, = -56.9 k] mol™ (exothermic).

neut
L

= = == = “ P = B EX I ~

Because the mixture became hotter, the reaction is
exothermic. The mass used is the mass of the whole
solution,100 cm® + 100 cm® = 200 c¢m*® = 200 g, not the
mass of the HCI.
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H H H H

|
C=C + H—O—H—> H—C—C—O0—H

H H H H
Break (endo) Make (exo)
1 xC=C =+612K] 1 xC-C=-348 k]
1 x H-O = +463 K] 1xC-H=-412Kk]J
1 xC-0O=-360 kJ
Total =+107S5 K] Total =-1120 kJ

AH = net result of bonds broken and bonds made

=+1075 - 1120 = -45 kJ mol .

Topic 2.2 Organic chemistry I

1 a b
Br F F Cl OHH H
| |
Br—C—C—C—H H—C—C—C—C—H
o I
Cl CI H H H H H

This type of unambiguous formula is allowed unless a
full structural formula is asked for.

b CH,CH,CH,CH,CH, CH,C(CH,),CH, and
CH,CH,CH(CH,)CH,

¢ CH,CH=CHCHj, (both the cis and trans
isomers), (CH,),C=CH, and CH,CH,CH=CH,

3 a A free radical is a species with a single unpaired
electron, e.g. Cl-.
b Homolytic fission is when a bond breaks with
one electron going to each atom.

4 a An electrophile is a species which seeks out
negative centres and accepts a lone pair of
electrons to form a new covalent bond.

b Heterolytic fission is when a bond breaks with
the two electrons going to one atom.

5 a C,H,+ Cl,— C,H,CI + HCI
then: C,H,Cl + Cl, » C,H,Cl, + HCI etc
conditions: ultraviolet light
b C,H, + 3,0, - 2CO, + 3H,0
conditions: flame or a spark

6 a CH,CH=CH, + H, » CH,CH,CH,

conditions: heat and Pt catalyst

b CH,CH=CH, + Br, » CH,CHBrCH,Br
conditions: solution in hexane
observation: goes from brown to colourless

¢ CH,CH=CH, + HI - CH,CHICH,
conditions: mix gases at room temperature

d CH,CH=CH, + [O] + H,0 - CH,CH(OH)CH,OH
condition: aqueous
observation: goes from purple to brown
precipitate
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7 a CH,CHICH,; + NaOH - CH,CH(OH)CH, + Nal
propan-2-ol
b CH,CHICH, + KOH - CH,CH=CH, + KI + H,0O
propene
¢ CH,CHICH, + 2NH, » CH,CH(NH,)CH, + NH,I
2-aminopropane

8 CH,CH(OH)CH, - H,0 - CH,CH=CH,
conditions: concentrated acid at 170 °C

9 a
H H 0
| | 7
Bis=H6=—C—C
| \
H H O—H

Propanoic acid
observation: solution goes from orange to green
b No reaction
observation: solution stays orange
¢ CH,CHCICH,
2-chloropropane
observation: steamy fumes

10 The n carbon-carbon bond in ethene is weaker
than the o carbon-carbon bond in ethane. This
makes the activation energy less, and so the
reaction is faster.

11 The C-Br bond is stronger than the C-I bond. This
makes the activation energy more, and so the
reaction is slower.

12 CH,, + Br, » C,H,Br,
5.67 g of C;Hy, = 5.67/82 = 0.0691 mol
Because the reaction is a 1:1 reaction, the amount
of product is also 0.0691 mol.
Therefore the theoretical yield of C.H,Br,
=0.0691 x 242 = 16.7 g
The % yield = 15.4 g x 100 = 92%.
16.7 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 radicals and destroy the ozone layer.

Topic 2.3 Kinetics 1

1 i The activation energy is the minimum energy
that the reacting molecules must have when
they collide in order for them to react. It is
measured in kJ mol ™.

ii A catalyst is a substance that speeds up a
chemical reaction without being used up. It
works by providing an alternative route with a
smaller activation energy.

Never say that a catalyst lowers the activation energy.
Light is not a catalyst, because it is not a substance
and it is used up. It is just a specific form of energy.

OALEVELNOTES.COM

2 Pressure. As the pressure is increased, the number
of molecules in a given volume increases, and the
frequency of collision increases and hence the rate
of reaction, which is dependent upon this
frequency of collision, increases too.

Temperature. If the temperature is increased, the
average kinetic energy of the molecules is also
increased. This means that a greater proportion of
the colliding molecules will have, between them,
energy greater than or equal to the activation
energy. There will be a larger number of successful
collisions and a faster rate of reaction.

Catalyst. This increases the rate of reaction by
providing an alternative path with a lower
activation energy, thus a greater proportion of the
colliding molecules have energy greater than or
equal to the lower catalysed activation energy.

molecules

Energy

4 Bacterial and enzyme reactions are also slowed
down by a decrease in temperature for exactly the
same reason as ordinary chemical reactions, which
is that fewer colliding molecules will have the
necessary activation energy to react on collision. So
the low temperature in the refrigerator will slow
down the biological decay reactions.

5 i ii

iv

R is the reactant and P is the product.
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Topic 2.4 Chemical equilibria I

1 i true
ii false
iii true
2 i DPosition moves R—L, because that is the
exothermic direction.
ii Pressure increases, therefore position moves
R—L as fewer gas moles on left
iii None, catalyst speeds up the forward and
reverse reactions equally, reducing the time
taken to reach equilibrium.
3 i Alkali removes ethanoic acid, therefore position
moves R—-L.
ii No change because AH is zero
4 Solid dissolves because high [Cl] drives equilibrium
L—R.

5 Too high a temperature produces too low a yield.
Too low a temperature produces too slow a rate
Catalyst allows reaction to proceed at a fast rate at
a temperature where the yield is high.

Topic 2.5 Industrial inorganic
chemistry

1 Reaction is slow at moderate temperatures.
Therefore a catalyst is used which allows a fast rate
and reasonable yield at 400 °C, that is, an economic
rate and yield. A very high pressure (200 atm) is
used, even though this is very expensive because
the yield at ordinary pressures is very low. A very
high pressure drives the equilibrium L—R to the
side with fewer gas moles. After NH, is separated,
the unreacted gases are recycled.

2 The ammonia liquefies under the high pressure and
is removed from the unreacted nitrogen and
hydrogen, which are then put back through the
reaction chamber.

3 Anode: 2Cl(aq) — Cl,(g) + 2e”
Cathode: 2H,O(l) + 2e” = 20H (aq) + H,(g)
or 2H"(aq) + 2e” — H,(g)

Answers to Practice Test Unit 2

The allocation of marks follows Edexcel mark
schemes.

The marks that you will need each grade are
approximately:

A 70%
B 61%
52%
44%
E 36%
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1 a It is a series of compounds with the same general
formula [1] which differ by CH, [1], and have
the same functional group [1] = [3]
b -(CH(CH,)CH,),- : correct carbon chain [1] with

extension bonds at both ends [1] =[2]
c i See Fig 2.4 on page 38. [1] for each
isomer =[2]

ii Rotation around the 7 bond is restricted = [1]

b Do not have the 3 carbon atoms in a straight
chain.

¢ Do not draw the structure with a bond angles of
90° around the C=C group.

2 a SeeFig 2.9 on page 45: [1] for having the axes

correct (y-axis labelled fraction of molecules,
x-axis energy), [1] for having the curves with the
correct shape, and [1] for having the T, curve
flatter with the peak moved to the right =[3]
b Draw the activation energy on the graph to the
right of both peaks [1], explanation that the area
under the curve to the right of the E, line
measures the number of molecules with E > E,
[1], which is larger at T, than at T [1], so there
are a greater proportion of successful collisions

(1] = [4]

a The total area under the two curves should be the
same.
b Mention must be made of collisions.

3 a i The reagent is HBr [1] and the conditions are

in the gas phase [1] =[2]
ii S is CH,CHBrCH, = [1]
bi Pis CH,CH(OH)CH, = [1]

ii The type of reaction in step 1 is electrophilic

[1] addition [1] = [2]
in the conversion of S to P the type is
nucleophilic [1] substitution [1] =[2]

c i For step 2, the reagent is conc sulphuric (or
phosphoric) acid or aluminium oxide [1] and
the condition is heat [1] =[2]

ii For step 3, the reagents are potassium
dichromate(VI) [1] and sulphuric acid [1] and
the conditions are heat under reflux [1] = [3]
d Qis CH,CH(OH)CH,OH [1] = [1]
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s .- R »

a If the full structural formula had been asked, you
must then show each atom separately, with all
bonds shown.

b As there are 2 marks for each, you must make
2 points.

¢ ii Potassium manganate(VIl) is an alternative to
potassium dichromate(VI). Always give either the
full names or the full formulae, e.g. not
‘acidified dichromate’ nor ‘Cr,0,/H". Also ‘reflux’
by itself does not imply heat.

4 a Hess’s law states that the enthalpy change for a
reaction [1] is independent of the route [1] = [2]
b The definition is the enthalpy (or heat but not
energy) change when 1 mole [1] of a substance is
completely burnt in oxygen (or burnt in excess
oxygen) [1] under standard conditions (at 1 atm

pressure) [1] = [3]
¢ i Bonds broken bonds made
1 xC-C =+ 348 4 x C=0 =-2972
5 xC-H =+ 2060 6 x O-H =-2778

1 x C-O =+ 360 Total = 5750 kJ [1]
1x O-H =+ 463
3 x 0=0 = + 1488

Total = + 4719 KJ [1]

AH =+ 4719 - 5750 = -1031 kJ mol" [1]  =[3]
ii See Fig. 2.1 on page 33.
Labelling of reactants and products [1],
with energy of reactants higher than
products and AH shown [1] =[2]

¢ i Remember that bond breaking is always
endothemic (+) and bond making exothermic
(=)

ii Ifthe reaction profile had been asked for,
then you must show an energy barrier (the
activation energy) in your enthalpy level
diagram.

Your answer for the temperature should be
between 350 and 500 °C (623 and 773K) = [1]
ii A high temperature favours a high rate of

reaction [1], but gives a low yield [1], so a
temperature is chosen which gives a balance
between rate and yield [1] =[3]
iii The catalyst used is iron =[1]
iv A catalyst provides an alternative pathway
[1], which has a lower activation energy [1]
=[2]
b i Homogeneous means that all the substances
are in the same phase (here all are in the
gaseous state)

-]
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ii Dynamic means that the reaction is occurring
in both directions [1] and equilibrium means
that there is no change in concentrations
(1] = [2]

c i A lower temperature will move the position
to the right [1], because that is the
exothermic direction (or this produces heat)
(1] =[2]

ii Decreasing the volume increases the pressure
and so moves the equilibrium to the right [1]
as the right has fewer gas molecules [1] = [2]

- >

a ii Inindustrial processes, the choice of
temperature depends on rate (high
temperature good) and position of
equilibrium (high temperature bad for
exothermic reactions). A catalyst allows a
fast rate at a lower temperature.

6 a 20> 0, + 4e (or 0" = '/,0, + 2¢) = [1]
b Al + 3e - Al = [1]
¢ The reaction at the anode. = [1]

d The oxygen produced at the anode reacts with
the carbon anode and eats it away =[1]

e Aluminium oxide (pure bauxite) has an
extremely high melting temperature [1], and so
the process would be too expensive [1] =[2]

a Remember that the oxide ion has a charge of 2—.
b In both electrolysis and cells, oxidation occurs at
the anode (o and a are both vowels).

Answers to Practice Test Unit 3B

The marks that you will need for each grade are
approximately:

A 70%
B 62%
C 54%
D 47%
E 40%

1 Hydrogen: burns with a squeaky pop [1]
Oxygen: relights splint [1]
Carbon dioxide turns lime-water [1] milky [1]
Sulphur dioxide: the solution turns green [1]
The gas which turns moist litmus red then bleaches
it is chlorine [1] = [6]
2 a i There is a loss in mass because CO, gas [1] is
lost from the flask [1] = [2]
ii At first the slope of the graph is steep, so the
reaction is fast, then as the slope gets less it
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slows down [1], when the line is horizontal

(after 6 or 7 minutes) the reaction has

stopped (all the acid has been used up) [1]
=[2]

b For experiment 2: your graph should initially be

a

steeper than in 1 but is horizontal earlier, but
with the same mass loss (1 g) as in 1. [1]
For experiment 3: your graph should initially be
less steep. It should become horizontal later, but
at the same mass loss as in 1. [1]
For experiment 4: your graph should be steeper
than in 1 and become horizontal at twice the
mass loss (2 g) as in 1. [1] , =[3]
i Amount of HCI = 1.00 mol dm™

x 50/1000 dm’ = 0.0500 mol [1],

amount of CaCO3 = '/, x 0.0500 mol

=0.0250 mol [1]: mass of CaCO, =

0.0250 mol x 100 g mol' =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 CaCO, must be at least

2 x 2.50 =5.00 g [1] =[2]

a To answer this you have to work out if the
reaction is faster or slower than in 1 and whether
the mass of CO, lost is the same, more or less
thanin 1.

¢ i You have to halve the moles of HCI because

there are half as many moles of CaCO, as
moles of HCI.

Any two of:

use a pipette to measure out the CuSO, solution
[1] as the volume is measured more accurately;
[1] use smaller pieces of iron [1] as there will be
less heat loss in 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 allows for a more
accurate determination of the initial
temperature [1];

measure temperature more frequently [1] as this
makes the extrapolation more accurate [1];

use a thermometer which reads to 0.5 or 0.1 °C
[1] as this gives a more accurate temperature [1];
stir the reaction mixture gently [1] as this
ensures an even temperature in the liquid [1].

= [4]

i Heat given out = 50.0g x 4.18]Jg"'deg™ x 15.2 °C
=3180] or 3.18 kJ =[1]

ii Amount of CuSO, = 0.500 mol dm™ x 50/1000
dm’ = 0.025 mol =[1]

iii -3.18 kJ = 0.025 mol = =127 kJ mol = [2]

(Imark for the negative sign and 1 for the
number)
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b The temperature goes up, so heat is produced, and
the reaction is exothermic; .. AH is negative.

i Any one of:
use a larger beaker [1] as this will prevent
acid spray escaping [1];
powder the limestone [1] as this speeds up
the reaction [1];
use more acid [1] as this gives larger and
hence more accurate titres [1]. = [2]
ii Choose titres 1 and 3 [1];
mean = '/, (14.90 + 14.85) = 14.875 cm’ [1]

= [2]
i Amount of NaOH in titre = 0.100 mol dm™ x
14.875/1000 dm’ = 0.0014875 mol = [1]
ii Amount of HCI in portion = 0.001488mol
=[1]
iii Total amount of HCI remaining =
10 x 0.001488 = 0.01488 mol =[1]
iv Original amount of HCI = 2.0 mol dm™ x
50/1000 dm’ = 0.100 mol =[1]
v Amount of HCl used = 0.100 - 0.01488
= 0.08512 mol = [1]

vi Amount of CaCO, = '/, x 0.08512 = 0.04256
mol [1] = 0.04256 mol x 100 g mol™" = 4.256g

1] =[2]
vii Purity = 100 x 4.256 g/5.24 g = 81.2% = [1]
i C which is between 14.75 and 14.95 = [1]
ii One of:

not reading from bottom of meniscus, not
reading meniscus at eye level, burette not
vertical, air bubble below tap, funnel left in
top of burette = [1]

a i If possible titration experiments should be
designed to give titres of about 25 cm®.
ii You should only choose titration values that
are less than 0.2 cm® apart.
b vi Don’t forget that the ratio of HCI to CaCO, is
2:1.

Place the chemicals in a round bottomed flask
[1], fitted with a reflux condenser [1]. Heat for
several minutes [1]. Distil off the propan-2-ol
[1]. Collect the fraction that boils off around

82 °C [1] = [5]

b Amount = 6.15 g + 123 g mol” = 0.0500 mol [1]

vol of NaOH = 0.0500 mol + 2.0 mol dm™ =
0.025 dm’ = 25 cm’ [1] = [2]
100% yield would give 0.0S00 mol of propan-2-
ol = 0.0500 mol x 60 g mol™ = 3.00 g [1].

80% yield = 3.00 x 80/100 = 2.4 g [1] = [2]
One of: the reaction did not go to completion;
it is an equilibrium reaction;

some propene was formed by elimination. = [1]
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(a) The reaction is slow, so it must be heated.
1-bromopropane is volatile, so a reflux condenser
must be used. Finally the product must be distilled
off to separate it from the reaction mixure.

Unit 4
Topic 4.1 Energetics 11

1 a i Ca*(g) + Cl(g)

+590
Ca*(g) + CI'(g)

Ca(g) + Cl(g)
f+121
Ca(g) + ,CL(g)
f+193
Ca(s) + % Cly(g)
AH;

-650

CacCl(s)

Ca*(g) + 2Cl(g)

+1150
-364x 2

Ca*(g) + 2Cl(g)
f+590
Ca(g) + 2Cl(g)
ti121 x2
Ca(g) + Cly(g)
T+193
Ca(s) + Cly(g)

-2237

CaCly(s)

Note that the enthalpy of atomisation of chlorine is
for the reaction '/,Cl,(g) — CI(g).

b i AH, of CaCly(s)
=+193 +590 +1150 + 2 x 121 + 2 x (-364) +
(-2237)
=-790 kJ mol~!
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ii AH, of CaCl(s)
=+193 +590 +121 + (-364) + (-650) =-110 kJ
mol”
iii AH, of (2CaCl(s) — CaCl,(s) + Ca(s))
=-790 -2 x (~110) = =570 kJ mol
Therefore products are more
thermodynamically stable than reactants.
Thus CaCl will disproportionate.
2 NaF: Experimental lattice energy
= theoretical lattice energy.
Therefore it is nearly 100% ionic.
Mgl,: Experimental >> theoretical.
Therefore it is considerably covalent, because the
doubly charged Mg” ion is much more polarising
than the singly charged Na"ion.
Also the much bigger I' ion is more polarisable than
the smaller F~ ion.

Topic 4.2 The Periodic Table 11

1 ai NaCl(s) + ag » Na'(aq) + Cl'(aq)
ii SiCl, + 2H,0 — SiO, + 4HCI
iii PCl, + 4H,0 - H,PO, + SHCL.

Do not be tempted to give the totally wrong equation:
NaCl + H,0 —» NaOH + HCI.

b NaCl is ionic and so just dissolves
SiCl, and PClI; are covalent and so react to give
HCI.

¢ A lone pair of electrons on the oxygen atom of
H,O forms a dative bond into the empty 3d
orbital in the silicon atom. This releases
enough energy to break the Si—-CI bond.
In CCl,, the carbon atom has no 2d orbital and
so a dative bond cannot form before the C-Cl
bond breaks, and the four large chlorine atoms
around the small carbon atom sterically hinder
the approach of a water molecule.

2 As a base:
Al(OH),(s) + 3H'(aq) — Al™(aq) +3H,0(l)
and as an acid: ,
Al(OH),(s) + 30H (aq) — [AI(OH),] " (aq)

For the reactions of oxides and hydroxides, ionic
equations are usually easier. Basic oxides/hydroxides
react with H' ions to give simple positive ions, and acidic
oxides/hydroxides react with OH™ ions to give negative
ions.
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3 ai Mg(OH),(s) + 2H"(aq) - Mg”(aq) + 2H,0(l)
ii PbO(s) + 2H'(aq) » Pb™(aq) + H,0(l)
iii SO, + acid: no reaction.

b i Mg(OH), + alkali: no reaction
ii PbO(s) + 20H(aq) + H,O(l) — Pb(OH)f'(aq)
iii SO,(g) + 20H (aq) — SOf’(aq) + H,O(1)

4 a PbO,+ 4HCI - PbCl, + 2H,0 + Cl,
b Sn*(aq) + 2Fe"(aq) — Sn"(aq) + 2Fe*(aq)

Topic 4.3 Chemical equilibria I1
250, = 250, + O,

Start (moles) 0.0200 0 0
Change (moles) -0.0058 +0.0058 +0.0029

1 mole of SO, gives 1 mole of SO, and '/, mole of 0,.

Equilib. moles  0.0142 0.0058 0.0029
[Jo/moldm™  0.0142/1.52 0.0058/1.52 0.0029/1.52
=0.00934 =0.00382 =0.00191

K= [502]2 X [Oz]

= (0.00382)* x 0.00191
=3.19 x 10" mol dm™

2NO(g)+ 0,(8) = 2NO4(g)

Start (moles) 1.0 1.0 0

Total = 2 mol
Change (moles) -0.60 -0.30 +0.60
Equilib. (moles) 0.40 0.70 0.60

Total = 1.7 mol
Equilib. mole

fraction 0.40/1.7 0.70/1.7 0.60/1.7
=0.235 =0412 =0.353
Partial
pressure/atm 0.235 x 4 0.412x4 0.353 x4
=0.94 =1.65 =1.41
K, = (p of NO,)°
(p of x p of O,
x 1.65
=1.4 atm'
a (SO i
X I02]i||imnl
x 0.1

=10 mol’ dm®

which is not equal to K,, so it is not at equilibrium.

As the quotient <K,, the reaction moves left to
right, until equilibrium is reached.

The [ ] term only equals K when the system is in
equilibrium.

OALEVELNOTES.COM
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bi Because reaction L—R is exothermic, a
decrease in temperature causes K, to
increase, and so the position of equilibrium
moves to the right.

ii  As the reaction going from right to left
causes an increase in the number of moles of
gas, a decrease in pressure will cause the
position of equilibrium to shift from right to
left. K. is unaltered.

iii There will be no effect on either. A catalyst
speeds up the rate of both forward and back
reactions equally, and so equilibrium is
reached sooner.

Topic 4.4 Acid-base equilibria

1 C,H,COOH = H* + C,H,COO"

pK, = 4.87
Therefore K = inverse log(-4.87) = 1.35 x 10 * mol
dm

[H]=[CH
K = X
[C.H;
=135 10 moldm'
[C,H,CO H]

[H] = (K, x [C,H,COOH])
x 10° % 0.22) =1.72 x 10" mol dm ’
pH =2.76

2 a End point is at 25 cm’ NaOH.

12

11

10

9 Half way

pH 8
7

6

S

4

4 10 20 25 30

Volume NaOH/cm?

Half way to end point is 12.5 cm’,
which is when [HA] = [A]].

pH at this point is 4.95.

Therefore pK, = 4.95.

b Phenolphthalein.
a A buffer is a solution of known pH, which will

This is a suitable indicator because its range of pH
for its entire colour change is within the vertical part
of the graph.
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resist change in pH when contaminated with
small amounts of either acid or base. It consists
of any weak acid and its conjugate base, such as
ethanoic acid and sodium ethanoate.

Do not say that the pH is constant. ‘Nearly constant’
is acceptable.

b The salt is fully ionised:
CH,COONa(aq) — CH,COO(aq) + Na'(aq)

The weak acid is partially ionised:

CH,COOH(aq) = H'(aq) + CH,COO(aq)
The CH,COO ions from the salt suppress most
of the ionisation of the acid.
If H ions are added to the solution, almost all
of them are removed by reaction with the large
reservoir of CH,COO ions from the salt, thus
the pH hardly alters.

H'(aq) + CH,COO"(aq) — CH,COOH(aq)
If OH- ions are added, almost all of them are
removed by reaction with the large reservoir
of CH,COOH molecules from the weak acid,

thus the pH hardly alters.
OH'(aq) + CH,COOH -» CH,COO(aq) + H,O(l)

Four equations are necessary for a good answer,
with one of them as an equilibrium reaction.

[H] = K, x [weak acid]/[salt]
[weak acid] = 0.44 mol dm™
Amount of salt = 4.4/82 = 0.0537 mol.
Therefore [salt] = 0.0537/0.1 = 0.537 mol dm"
[H] =1.74 x 10° x 0.44
0.537
=1.43 x 10" mol dm™
Therefore pH = —log (1.43 x 107) = 4.85.

The concentration not the number of moles should be
used in buffer calculations.

OALEVELNOTES.COM

If there is a double bond, look for geometric isomers.
Draw them with the correct bond angles, not 90°.
Look for four different groups around a carbon atom
for optical isomerism.

Mg/dry ether

CO,(s) then

HCl(aq)
CH;CH(MgI)CH; CH;CH(CH3)COOH
or KCN
CH;CHICH3; CH;3;CH(CH3;)CN

heat under reflux
with HCl(aq)

An increase in the number of carbon atoms in a chain
indicates the use of a Grignard reagent or a cyanide.

3 a Add water to each: ethanoyl chloride gives off

steamy fumes of HCI; ethanoic acid shows no
visible reaction.

Add PCI; to each: ethanoic acid gives off steamy
fumes of HCI; ethanoyl chloride shows no
visible reaction.

Add to a solution of iodine and sodium
hydroxide: propanone gives a pale yellow
precipitate; propanal gives no precipitate.
Add ammoniacal silver nitrate solution and
warm: propanal gives a silver mirror;
propanone gives no mirror.

Topic 4.5 Organic chemistry II

(@ H Cl H CH,

CH, CH,  CHj cl

Answers to Practice Test Unit 4

The allocation of marks follows Edexcel mark
schemes.

The marks that you will need for each grade are
approximately:

A 70%
61%
52%
44%
E 36%



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

2 ai

Mg*(g) 2CI (g)

LE
Mg'(g) 2Cl(g)
Mg(s)  +  Cly(g) = MgCIy(s)

Correct cycle with all state symbols [2]
AH,, on = Sum of all other changes
-642 = +150 +736 + 1450 + 2 x 121
+2x (- 364)+LE[2]
LE = -2492 kJ mol ™ [1]

b i

= [5]
The ionic radius of Sr™ is < that of Ba™ [1],
and so there is a stronger force of attraction
between cation and anion in Sr(OH), than in
Ba(OH), [1] =[2]
ii Energy is released when the ¢-oxygen atom in

water [1] is attracted to the positive cation [1]

=[2]

iii AH,,,., = —Lattice energy + AH, ..., Of cation +

AH, 000 Of the anions [1]

AH,, Ba(OH), = +2228 - 1360 - 920 = -52K]

1]
AH, St(OH), = +2354 — 1480 - 920 = -46k]

(1]
sO AH,,.,. Of Ba(OH), is 6 k] more exothermic
and so it is more soluble [1] = [4]

5.
I\

a Remember that lattice energies are negative.

b iii If you forgot to multiply -460 by 2 (there
are 2 OH ions) you would lose 1 mark.
Another way to score the 3rd and 4th
marks is: from Sr — Ba, the lattice energy
decreases by 126 kJ [1], but AH,ygu, OF the
cation only decreases by 120 kJ [1]

CH,CH,CH,C=N = [1]
ii LiAlH, or NaBH, =[1]
iii CH,CH,CH,CH,NH, =[1]

b i The lone pair of electrons on the N atom

make it a base =[1]
ii RNH, + H" = RNH;’ =[1]
ci
H H H
N
H  N—c—c—H
heed )
o H H
N\
H O
ii It forms a substituted amide = [1]

4 a

OALEVELNOTES.COM

ANSWERS

135

iii One of: the reaction is faster, or no catalyst is
required, or with ethanol the reaction is an

equilibrium = [1]
iv H H
|
H 0O—C—C—H
hee—d L]
e H H
N\
H (@]

a As a full structural formula was not asked, you need
not show all the atoms.

b Any amine would do.

¢ Full structural formulae were asked, so all atoms
and bonds must be shown.

Reagents: C,H,CHO[1] and CH,MgBr [1] or
CH,CHO [1] and C,HMgBr [1]

Conditions; dry ether solvent [1] = [3]
i Yis CH,CH,COCH, =[1]
ii Y is a ketone = [1]

iii Add 2,4-dinitrophenylhydrazine [1] which
gives an orange ppt. [1]
Add Fehling’s solution (or ammoniacal silver
nitrate) [1] which stays blue (does not give a
silver mirror) [1] = [4]
iv CHI, [1] and C,H,COONa [1] =[2]

a You must make an attempt at a 3-D drawing and
the two isomers must be mirror images of each
other.

b iii You must show that it is a carbonyl
compound and then that it is not an
aldehyde.

b iv C,H,COOH would be accepted as the other
organic product.

x — PAICH’ =[1]
»~ p(AICL)
Amount of AICI = 0.63g/62.5 g mol™ = 0.01 mol

Amount of AICI, = 0.67 g/133.5 g mol ™ =
0.005mol [1] total moles = 0.015
mole fractions: AICI = 0.667, AICI, = 0.333 [1]
partial pressures: p(AICl) = 0.667 x 2 = 1.33 atm
p(AICL,) = 2 x 0.333 = 0.667 atm [1]

=(1.33 atm)’/0.667 atm = 3.56 atm’ [1] = [4]
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¢ Anincrease in temperature shifts the equilibrium
in the endothermic direction. ..AH is
positive = [1]

d K, stays constant [1] The position of equilibrium
moves to the side with fewer gas molecules [1],
which is to the left [1] = [3]

e Mix scrap aluminium metal with AICIl, and heat
to form AICI [1], remove from excess Al, then
cool (or increase pressure) and pure Al and AICI,
are formed. The latter is then used again [1] = [2]

a Solids do not appear in K, expressions.
b Partial pressure is mole fraction x total pressure.
¢ Kis only altered by temperaure.

MgO(s) + H,SO,(aq) — MgSO,(aq) + H,0O(l)
Correct equation [1] state symbols [1] = [2]
ii A white solid [1] reacts to form a colourless

Sai

solution [1] =[2]
bi P,O,+ 12NaOH — 4Na,PO, + 6H,0

or P,0; + 6NaOH — 2Na,PO, + 3H,0

All species correct [1], balanced [1] =[2]

ii For having 2 equations, one with H" (or HCI)
and the other with OH™ (or NaOH) [1] and:
Al(OH), + 3H" — Al'" + 3H,0 or
Al(OH), + 3HCI — AICI, + 3H,0 [1] plus
Al(OH), + 30H — AI(OH)," or
AI(OH), + 3NaOH — Na,Al(OH), [1] = [3]

¢ MgO is basic, AI(OH), is amphoteric and P,0,, is
acidic [1] showing the metallic character of the
element decreasing across the period [1] =[2]

d As a Group is descended the oxides get more
basic [1]. Indium is in the same Group as
amphoteric aluminium, so indium oxide will be
basic [1] =[2]

Many students are very bad at writing equations.

You must make sure that you learn the equations in

Topic 4.2 of the specification.

a Whenever you are asked to state what you would
see, you must describe the appearance before and
after reaction.

6 a An acid is a proton donor [1],
Weak means that it is incompletely dissociated
(ionised) [1], but dilute means that its

concentration is small [1] =[3]
b i pH=-log, [H] = [1]
ii K,=3.72 x 10" = [H][OCI]
[HOCI] (1]
[H]=10™=5.89 x 10" mol dm™ 1]
[H] = [OCI] [1]
- [HOCI] = (5.89 x 107°)* = 3.72 x 10™
=0.0932 mol dm™ [1] = [4]

1
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14
12
10

pH8

25 50

Vol. NaOH/cm3

Shape of curve correct [1], start at pH = 4 [1],
vertical at 25 cm® [1] and at a pH of between 7 and

11 [1], curve flattening off at pH 13 [1] = [5]
di H,SO,—- H + HSO, [1]
HSO, = H" + SO, [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]

a Don't confuse weak (how ionised) with dilute
(how many moles).

b To get from pH to [H’], use the 10" button on
your calculator.

d Sulphuric acid is only strong in its 1st
ionisation, so this solution has a pH of 0.98 not
0.699.

Unit 5
Topic 5.1 Redox equilibria

Cr,0,” (aq) + 14H"(aq) + 6" = 2Cr"(aq) +
7H,0

ii Sn*(aq) + 2e”— Sn”(aq)

iii 10; (aq) + 6H(aq) + Se” = ', 1,+ 3H,0

iv [+ 2e — 2I (aq)

ai

All are reductions and so have electrons on the left.
The number of electrons equals the total change in
oxidation number.
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bi Cr,0,7(aq) + 14H’(aq) + 3Sn(aq) -» 2Cr™(aq) +
7H,0 + 3Sn*(aq)
Epur=+1.33-0.15 = +1.18 V.
Feasible as E > 0.

reaction

Equation a ii is multiplied by 3, reversed and
added to equation a i.

ii 10,(aq) + 6H'(aq) + SI'(aq) = 31, + 3H,0
Erea(tinn = +119 - 054 = +065 V
Feasible as E > 0.

reaction

Equation a iv is multiplied by 5/2, reversed and
added to equation a iii.

2 Equations are:

Fe(s) + 2H(aq) — Fe*(aq) + H,(g)

5Fe”(aq) + MnO, (aq) + 8H(aq) — SFe™(aq) +
Mn®*(aq) + 4H,0

Amount of MnO, = 0.0235 x 0.0200

=4.70 x 10" mol

Amount of Fe’ in 25 cm” sample = 4.70 x 107 x 5/1
= 0.00235 mol

5/1 because there are 5Fe* to TMn0,” in the equation.

Amount of Fe” in 250 cm’ sample = 0.0235 mol

Mass of Fe* = mass of Fe = 0.0235 x 56 = 1.316 g

Purity of iron in steel = 1.316 x 100 = 99.7%
1.32

3 Anode area: Fe(s) — Fe*'(aq) + 2e”

Oxidation at the Anode, so electrons on the right.

Reduction at the Cathode, so electrons on the left.

Between anode and cathode:
2Fe(OH),(s) + 20H(aq) — Fe,O,(s) + 3H,O(l) + 2e”

',0,(aq) + H,0(l) + 2 = 20H(aq)

OALEVELNOTES.COM
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Topic 5.2 Transition metal

chemistry

1 The water ligands split the d orbitals into two of

higher energy and three of lower energy. When
white light shines on the solution, an electron
absorbs visible light energy and moves (jumps)
from the lower to the higher energy level,
absorbing some of the red/green light and leaving
blue light.

a ICr(HZO)h]“(aq) + 30H(aq) = Cr(OH),(s) + 6H,0

This reaction is deprotonation.

then Cr(OH) (s) + 30H (aq) — Cr(OH),’ (aq)

This occurs because 1S amphoteric.

b [Fe(H,0),]"(aq) + 20H Fe
then no further reaction.

¢ [Zn(H,0))"(aq) + 20H (agq) = Zn( H), ) 4H
then Zn(OH),(s) + 20H-(aq) —» Zn(OH),* aq)

a [Fe(H,0),]"(aq) + 3NH;(aq) = Fe(OH),(s) +
3NH; (aq) + 3H,0

This reaction is deprotonation.
then no further reaction.

b [Cu(H,0)J"(aq) + 2NH,(aq) = Cu(OH),(s) +
2NH; (aq) + 4H,0

This reaction is also deprotonation.

then Cu(OH),(s) + 4NH,(aq) + 2H,O(l) -
[Cu(NH,),(H,0),]"(aq) + 20H"(aq)

The overall reaction is ligand exchange.

Vanadium(V) is reduced, so electrons are on the left. The
oxidation number changes by 3, so there must be three
electrons.
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b VO;(aq) + 2H'(aq) + € = VO™(aq) + H,0
¢ V¥(aq) + H,O0 » VO™(aq) + 2H'(aq) + €
d VO®(aq) + H,0 » VO;(aq) + 2H'(aq) + e

Topic 5.3 Organic chemistry III

1 a The bromine reacts with the iron catalyst to
form FeBr,:
2Fe + 3Br, — 2FeBr,
The FeBr, then reacts with more bromine to
form Br’ (the electrophile) and FeBr,.

The intermediate cation loses H™ to the FeBr,.

-
H B Br -
Br ’
@/ Br Fe — Br
Br
+ HBr + FeBr,
Check that:

the arrow starts on the delocalised ring and goes
towards the Br* (and not to the + of Br’)

the intermediate has a broken delocalised ring
with a + inside it

the arrow starts from the o bond of the ring/H
atom and goes inside the hexagon (but not
directly to the +).

b It is energetically favourable for the intermediate
cation to lose an H* and gain the stability of the
benzene ring, rather than add Br as happens with
alkenes.

2 The first step is the addition of a CN ion. HCN is
too weak an acid to produce a significant amount
of CN ions. NaOH will deprotonate HCN
molecules, producing the necessary CN ions.

3 a If the temperature is too low (<5 °C), the rate is

too slow.

OALEVELNOTES.COM

If the temperature is too high (>5 °C), the
benzene diazonium chloride will decompose.

b CH,N=NCH,0 but CHN=NC,H,OH is
acceptable.

Topic 5.4 Chemical kinetics II

1

Rate = k[HI|’
k = rate
=2.0x10" mol dm™ s’
(0.050 mol
= 0.080 s mol"' dm?
Carry out the following procedure:

Place equal volumes of solution, e.g. 50 cm’ of 0.10
mol dm™ ethanoic acid and methanol in flasks in a
thermostatically controlled tank at 60 °C.

Mix, start the clock and replace in the tank.

At intervals of time, pipette out 10 cm’ portions
and add to 25 cm’ iced water in a conical flask.
Rapidly titrate with standard sodium hydroxide
solution using phenolphthalein as the indicator.
Repeat several times.

Plot a graph of the titre (which is proportional to
the amount of ethanoic acid left) against time.

Time taken for the concentration to halve from 1.6
to 0.8 mol dm™ = 26 minutes.

Time taken to halve again to 0.4 mol dm™ = 26
minutes.

Time taken to halve again to 0.2 mol dm™ = 26
minutes.

t,, is a constant, therefore reaction is 1st order.

Topic 5.5 Organic chemistry 1V

1

a Add 2,4-dinitrophenylhydrazine. Both give an
orange precipitate.
Add ammoniacal silver nitrate solution. Only
pentanal will give a silver mirror on warming.

<z

[T .= -

Fehling’s solution, which gives a red precipitate,
could be used in place of ammoniacal silver nitrate.

b Heat under reflux with aqueous sodium
hydroxide.

-

Halogenoalkanes are covalent and so must first be
hydrolysed to produce halide ions.

Cool and acidify with dilute nitric acid, then
add silver nitrate solution.
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The 2-bromo compound gives a cream
precipitate insoluble in dilute ammonia but
soluble in concentrated ammonia.

The 2-chloro compound gives a white
precipitate which dissolves in dilute ammonia.

¢ Warm with dilute sulphuric acid and potassium
dichromate(VI) solution and distill off any
product into ammoniacal silver 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 distillate gives a silver mirror.
Butan-2-ol turns it from orange to green and
the distillate has no effect on the silver nitrate
solution. To confirm, add a few drops of the
butan-2-ol to iodine and aqueous sodium
hydroxide and warm gently. A yellow
precipitate of iodoform will be produced.

The 1° alcohol is partially oxidised to an aldehyde.
The 2° alcohol is oxidised to a ketone.

The 3° alcohol is not oxidised.

Butan-2-ol contains the CH,CH(OH) group and so
gives a positive iodoform test.

2 The substance is probably aromatic (= 6 carbon
atoms and about the same number of hydrogen
atoms).

120 is the molecular ion.

10S is 15 less than 120 and is probably caused by
loss of CH,.

77 is probably caused by the (C,H,)" group (77 is 43
less than 120 and is probably caused by loss of
COCH,).

X is probably C,H;COCH,.

The 120 peak is caused by (C,H,COCH,)",

the 105 peak by (C,H,CO)",

and the 77 peak by (C,H,)".

3 3200 cm™ is due to O-H, 1720 cm is due to C=0,
and 1150 cm™ is due to C-0.

4 Six of the carbon atoms are in a benzene ring. The
remainder are either C,H; group or 2 x CH, groups.

Y is C.H;CH,CH,.

[S H’s in C,H,, 2 H’s in CH, and 3 H’s in CH,.]
Z is C,H,(CH,),.

[6 H's in 2 x CH, groups, 4 H's in CH,.]

Answers to Practice Test Unit 5

The allocation of marks follows Edexcel mark
schemes.
The marks that you will need for each grade are
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approximately:
A 68%
B 59%
41%
E 32%
1ai Con ider experiments 1 & 2: when [RCH,CI] is

increased 3 times, rate also increases 3 times
[1], .. 1st order with respect to [RCH,CI]. [1]
Con 1der experiments 1 & 3: when

con entrations of both are doubled, the rate is
incr a ed 4 times [1], .. 1st order with respect

to [OH ] as well [1] = [4]
i Rat =k R H,Cl| x [OH] -]
iii k = rat / [R H,Cl] x [OH])
4. 10 mol dm™s™
mol dn x 0.10 mol dm™
[1) mol" dm  [1] =[2]

iv 1t
[1].

rder in both, iti a S 2 mechanism

H

urly arrows from O of OH to C and from C-Cl o
bond to Cl [1], correct transition state [1] =[3]

i You must make it clear what data you are
using and how you arrive at each order.

iv._Make sure that all your curly arows start
either at a bond and go to an atom or at an
atom and go to a bond.

2 a The electrophile is CH,CO" [1]. The equation is:
CH COCI + AICI, — CH,CO" + AICI, [1] =[2]

H
0 0

7 7

C+ —— C ——

\ \

CH, CH,
Curly arrow from ring to C of CO" [1], correct
intermediate [1], curly arrow from C-H ¢ bond to
ring [1] = [3]
¢ React the phenylethanone, C.H,COCH,, with

HCN [1], with a trace of base (or in a solution

buffered anywhere between pH 5 to 9 or add a
mixture of HCN and KCN) [1]. This produces
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(1]
Now add aqueous sulphuric acid (or any
named acid) [1] and heat under reflux [1]

=[8]

d Mix known amounts of ester and OH™ [1]

remove sample [1]

at known time [1]

quench the reaction by adding ice cold water [1]

titrate unreacted OH™ with acid [1]

Calculate rate = change in [OH] + time [1]

Repeat with double [ester] and the same [OH] [1]

Repeat with double [OH] and the same|ester] [1]
= [8]

The curly arrow must go towards the C of the CO not the
C of the CH, group. The intermediate must have a broken
ring going across all but the C atom which has formed
the bond with the CH,CO group.

The pH would hardly change, so a method involving
measuring the pH change over time would score a
maximum of 6.

3a

The reagent for step 1 is magnesium [1], and the
conditions are dry ether [1] = [2]
i Potassium dichromate(VI) [1] and sulphuric

acid [1] =[2]
ii Distil off D as it is formed [1] =[1]
iii Ethanoic acid (CH,COOH) or ethanoate ions

(CH,CO0) [1] =[1]
E is CH,CH,CH(OH)CH, [1] for any secondary
alcohol and [1] for the correct formula =[2]
i Fis a carbonyl compound as it reacts with

2,4-dinitrophenyl hydrazine [1], but it must
be a ketone and not an aldehyde as it does
not react with ammoniacal silver nitrate [1]
=[2]
ii In order to do the iodoform reaction F must
have the CH,CO group [1] and the products
are CHI, [1] and CH,CH,COO [1] = [3]
iii Fis CH,CH,COCH, [2] =[2]
The species are: (CH,CH,COCH,)" for m/e = 72 [1],
(COCH,)" for 43 [1] and (CH,CH,)" for 29 [1]
= [3]

i The aldehyde D is oxidised to an acid by the
silver/ammonia complex ions.

Grignard reagents react with an aldehyde to give a

secondary alcohol.

i The only substances to do the iodoform reaction are
alcohols with a CH,CH(OH) group, ketones with a
CH,CO group and ethanal.

Don’t forget the charge on the species in a mass spectrum.

OALEVELNOTES.COM

4 a Dip a platinum electrode [1] into a solution

which is 1 mol dm™ in both Fe* and Fe* ions [1].
This is connected via a salt bridge (containing
potassium chloride solution) [1] to a standard
hydrogen electrode [1]. The potential is measured
with a high resistance voltmeter (or a
potentiometer) [1] = [5]
i Au™+ 3e — Au [1]

Fe* — Fe™ + e [1] =[2]
ii Au”™ + 3Fe” > Au + 3Fe” =[1]
iii Au” + 3e — Au E® (gold)

3Fe” - 3Fe™ + 3¢ E°=-0.77 V

adding the two half-equations gives E° cell

E° (gold) + (-0.77) = E° (cell) = + 0.73 [1]

E°(gold)=+0.73 + 0.77 =+ 1.50V [1] =[2]

b Reduction (gain of electrons) takes place at the
gold electrode because it acts as the cathode.
Thus Au® ions gain electrons that flowed in the
external circuit from Fe*" ions which lost them.

i Multiplying the Fe** half-equation by 3 does not

alter its £° value.
Another way of doing the calculation is to use
the standard reduction potentials thus:
E® of oxidising agent (gold) — £° of reducing
agent (iron) = £° of the cell.

3d 4s
Fe:  [Ar]
Cr: [Ar]
Cr3:  [Ar1] D D

b FeCrO, + 4C = Fe + Cr + 4CO

species [1], balancing of equation [1] =[2]

ci [Fe(H,0)]” =[1]

ii [Fe(H,0))" + 20H > Fe(OH), + 6H,0
or [Fe(H,0),]* + 20H - [Fe(OH),(H,0),] + 2H,0
correct iron species in product [1] balance

(1] =[2]
iii The prec181tate s colour is pale green = [1]
iv |Cr(OH) =[]

v The solution of R would first give a green
precipitate [1], which forms a green solution
with excess acid [1] =[2]

d i The standard electrode potential is the

potential difference between a standard
hydrogen electrode and the half-cell [1] where
all concentrations are 1 mol dm™ and the

pressure of all gasesis 1 atm. [1] =[2]
ii All four halogens will oxidise Cr” = [1]
iii Both bromine and iodine will not oxidise Cr*
further = [1]
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iv Mix the blue Cr” solution separately with
bromine and iodine [1], the solution goes
green and stays green with excess halogen

(1] =12]

a Remember that 3d°, 4s' is more stable than 3d*,
4s? (and similarly for Cu which is 3d", 4s"). Also
the 4s electrons are lost first when cations are
formed.

¢ i Alltransition metal ions are hydrated in

solution, with 6 water molecules coordinately
bonded on.

iv. Chromium is amphoteric. [Cr(OH),]” would be
an acceptable answer.

v Addition of acid will first precipitate the
hydroxide which, as it is basic, will then react
with excess acid to form a solution of the
hydrated metal ions.

Answers to Practice Test Unit 6B

The allocation of marks follow Edexcel mark schemes.
The marks that you will need for each grade are
approximately:

66%
57%
48%
40%
32%

& >

1 a Amount of NaOH = 0.100 mol dm™ x 0.0280 dm’
= 0.00280 mol [1] = moles of H’
Ratio H"to NH,"=1: 1.
Amount of NH, in 25 cm® = 0.00280 mol.
Amount in 250 cm® = 0.0280 mol [1]
Amount of (NH,),SO, = '/, x 0.0280 = 0.0140 mol
(1],
mass of (NH,),SO,=0.0140 mol x 132 g mol ™' =
1.848 g [1],
% (NH,),SO, in fertiliser = 1.848 x 100/3.80 =
48.6% [1] = [5]

b Any two of: not all ammonia driven off [1];

ammonia incompletely absorbed by the HCI [1];

some ammonia gas escapes [1] =[2]
c i Ba”(aq) + SO, (aq) - BaSO,(s)
Species [1], state symbols [1] = [2]
ii To ensure that all the sulphate ions were
precipitated = [1]

d Many carbonates will decompose on heating [1],
and the CO, gas evolved will result in a lower
mass being recorded [1]. An example is CaCO, [1]
CaCO, — CaO + CO, [1] = [4]

OALEVELNOTES.COM
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a Don't forget to multiply by 10 to get the total
amount of the NH," ions, and then halve it as there
is '/, a mole of ammonium sulphate per 1 mol of
NH,” ions.

Forgetting to divide by 2 gives the answer 97.3%
(obtained by about ¥, of the candidates) which
scores 4 marks.

¢ i Ina precipitation reaction there are just two ions

on the left and the full formula of the solid on
the right of the equation.

d Don't give a group 1 carbonate, nor BaCO,, as it
doesn t decompose on heating in the lab, nor
BeCO because 1t decomposes below room
temperature.

Answer any two of the section B questions

2 a Any two of : it is considerably cheaper [1];

less risk of leaching [1]

it does not effect the pH of the soil [1]

it releases the nitrogen slowly [1] =[2]
The smaller the K, of the conjugate acid, the
stronger the base [1]. Therefore ammonia is the
stronger base [1] = [2]
Polymerisation occurs when many molecules join
to form a long chain [1]; condensation is with
the elimination of water or a small inorganic
molecule such as HCI [1].

A polyamide contains the ~-CONH- link [1] as in:

P
e (ot

i The reagents are : liquid bromine [1] and
concentrated sodium hydroxide [1]. The

condition is that it must be heated [1] = [3]
ii NH,NH, = [1]
i Solids are not included in K, expressions and

ammonium nitrate is a solid. = [1]

ii As the reaction is endothermic, the energy
level of the products is higher than that of the
reactants [1], therefore the reaction is said to

The disadvantages of using urea are that some urea
evaporates especially if there is no rain within 4 days of
application. It cannot be blended with phosphate nor
potassium fertilisers, and it is less suitable on chalky
soils. It can cause damage to seedlings. It does not work
if the soil is too cold.

The stronger the base, the weaker its conjugate acid.
Thermodynamic stability is to do with AH and kinetic
stability is to do with the rate of the reaction.
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be thermodynamically stable [1] and the
equilibrium lies to the left [1].
As the reaction proceeds on moderate heating,
the activation energy is fairly small [1] and so
the reaction is kinetically unstable [1]
The reagents are potassium dichromate(VI) [1]
and sulphuric acid [1]. The conditions are
careful heating and distil off the aldehyde as it
is 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 is:

H H
/ |

R—C¥ "CN—+ R— C—CN —»
@ |

0o O H—CN

H

R— C—CN
|
OH

[1] for a curly arrow going from the C in CN°
[1] for a curly arrow going from the C=O0O x bond
to the oxygen atom
[1] for the intermediate with its — charge = [4]
iii CH,CH,CH,CH(CH,;)CH(OH)CN + HCI + 2H,0
- CH,CH,CH,CH(CH,)CH(OH)COOH
+ NH,CI [1],
correct formula of organic product [1]

iv CH, H
\ /
C=C o
/ \7/
C
\
O—H

= [2]

CH,

= [1]

K, = [H,O'] x [A] or [H] instead of |[H,0"] [1]
(HA]

[H,0=[A] = (4.5 x 107 x 0.0100)

=6.71 x 10™ mol dm™ [1]

pH = -log (6.71 x 107) = 3.17 [1]

ii The acid is partially ionised: HA = H" + A

The salt is totally ionised: NaA — Na“ + A" [1]

This suppresses the ionisation of the acid and

so both [HA] and [A] are large compared to

any H" or OH that may be added. [1]

When H' is added, it is removed by the

reaction:

H + A"— HA [1]

If OH  is added, it is removed by:

OH + HA—- A + H,0 [1]

=[3]

= [4]

a
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i Care has to be taken if you wish to stop the oxidation
of a primary alcohol at the aldehyde.

ii As always make sure that your curly arows start on
an atom and go to form a bond or start on a bond
and go to an atom.

iii the reaction is simply R-CN — RCOOH.

iv the conc sulphuric dehydrates the alcohol to a C=C.
You were told in the stem that HA decolourised
bromine water and so it is unsaturated.

ii This is the standard answer to the mode of action of
a buffer and must be learnt.

The Fe ion is 3+ whereas the Na ion is only 1+ [1]
The Fe" ion is much more polarising than the Na
ion [1], and so it draws the electrons [1] from the
large Cl ion towards itself and the bond becomes
covalent. [1] = [4]
i [Fe(H,0)]" + H,O - H,0" + [Fe(H,0);0H]* [1]
acid [Fe(HzO)ﬁ]‘“: conjugate base[Fe(H,0),OH]*
(1]
base H,O: conjugate acid H,0" [1]
ii a red precipitate will form [1]
which stays with excess NaOH [1]
[Fe(H,0),]" + 30H — Fe(OH), + 6H,0 [1] or
[Fe(H,0),)" + 30H - [Fe(H,0),(OH),] + 3H,0
The reaction is deprotonation. [1] = [4]
iii The bonding is dative covalent (coordinate)[1]
The ligands split the d-orbitals into two levels
(1]
The light is absorbed and a d electron
promoted from the lower to the higher level.
(1] = [3]
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 is: add excess
acidified potassium iodide solution to an aliquot
of the FeO,” solution [1], then titrate the
liberated iodine against standard sodium
thiosulphate 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
aliquot [1], then titrate against standard FeSO,
solution [1] until the solution becomes very pale
pink [1] = [4]

-

= 3]

- 2 e -

A comparison with NaCl must be made.
Make sure that you identify both acid-base pairs and
label them clearly.
i Iron is not amphoteric and so the ppt stays in excess.
iii After the electrons have been excited they gradually
fall back to the lower level giving out heat, and are
then ready to absorb photons.
Fe0,” is very like MnO,” in colour and in oxidising power.
So you can use either the standard method of estimating
oxidising agents (iodine titration) or the manganate(VIl)
method which is direct titration with iron(ll) ions.
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APPENDIX
Organic reactions
1. AS and A2 (synoptic)
Alkanes, e.g. ethane CH,CH,
e Ethane — carbon dioxide and water
Reactant: oxygen (air)
Equation: 2CH,CH;+7- — 4 O, + 6H,
Conditions: burn / spark
Classification: combustion
e Ethane — chloroethane
Reactant: chlorine
Equation: @ .CH,, +Cl H, H H |
Conditions: sunlight
Classification: free radical substitution
Alkenes, e.g. ethene, H,C—CH,
e Ethene — ethane
Reactant: hydrogen
Equation: H,C=CH, + i =
Conditions: heated nickel or platinum catalyst
Classification: addition or r u tion or hydro
e Ethene — 1,2-dibromoethane
Reactant: bromine
Equation: H,C=CH ,Br — H,Br H,Br
Conditions: bubble ethen into bromine dissolved in hexane
Classification: electrophilic addition
e Ethene — bromoethane
Reactant: hydro en bromid
Equation: H,C=-H; HBr— HCH,Br
Conditions: mix ga e at ro m temperature
Classification: electrophilic addition
e Ethene — ethan-1,2-diol
Reactant: pota ium VII) solution
Equation: H,C=CHRERl= = i, ,~— CH,(OH)CH;OH
Conditions: a solution made alkaline with sodium hydroxide
e Ethene — poly(ethene)
Reactant: ethene
Equation: 1 H, =CEE= R E ,—CH, 5,
Conditions: 2000 atm pre ure, 250 °C
Classification: addition polymerisation
Halogenoalkanes, e.g. 1-bromopropane
® 1-bromopropane — propan-1-ol
Reactant: sodium (or potassium) hydroxide
Equation: CH,CH, H,Br + — CH,CH,CH,OH
Conditions: heat und r reflux in aqueous solution
Classification: nucleophilic substitution
e l-bromopropane — propene
Reactant: pota ium hydroxide
Equation: " H,Br + KOH — CH,CH=CH, + KBr + H,0
Conditions: heat under reflux in ethanolic solution
Classification: elimination
e 1-bromopropane — butanenitrile
Reactant: potassium cyanide
Equation: CH,;CH,CH,Br + KCN — CH,;CH,CH,CN + KBr
Conditions: heat under reflux in a solution of ethanol and water
Classification: nucleophilic substitution
e 1l-bromopropane — l-aminopropane
Reactant: ammonia
Equation: CH,CH,CH,Br + 2NH; — CH,CH,CH,NH, + NH,Br
Conditions: heat a solution of ammonia in ethanol in a sealed tube

Classification: nucleophilic substitution
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e 1-bromopropane — Grignard reagent (A2 only)

Reactant: Magnesium
Equation: CH,CH,CH,Br + Mg — CH,CH,CH,MgBr
Conditions: warm (in water bath) under reflux in dry ether

Alcohols, e.g. ethanol

e ethanol — ethanal
Reactant: potassium dichromate(VI) + dilute sulphuric acid
Equation: C,H,OH + [O] — CH,CHO + H,O0
Conditions: heat carefully and distil out the aldehyde as it is formed
Classification: oxidation

e ethanol — ethanoic acid

Reactant: potassium dichromate(VI) + dilute sulphuric acid
Equation: C,H,OH + 2[0] — CH,COOH + H,0O
Conditions: heat under reflux

Classification: oxidation

NOTE: Secondary alcohols are oxidised to ketones and tertiary alcohols are not
oxidised.
CH,CH(OH)CH; + [O] — CH,;COCH; + H,0

(CH,;),COH + [O]— no reaction; potassium dichromate solution stays orange

e ethanol — ethene

Reactant: concentrated sulphuric (or phosphoric) acid or aluminium
oxide

Equation: C,H,OH - H,0 — H,C—=CH,

Conditions: heat

Classification: dehydration
e ethanol — chloroethane
Reactant: phosphorus pentachloride
Equation: CHEUER PEI="C HC1=-"POCIl, + HCI
Conditions: dry
e ethanol — bromoethane

Reactant: hydrogen bromide
Equation: C,H,OH + HBr — C,HBr + H,0
Conditions: HBr made in situ from 50% sulphuric acid and solid potassium
bromide
e ethanol — iodoethane
Reactant: hydrogen iodide
Equation: C,H,OH + HI — C,H,l + H,0
Conditions: HI made in situ from iodine and moist red phosphorus
2. A2 only

Grignard reagents, e.g. ethylmagnesium bromide
e Ethylmagnesium bromide — ethane

Reactant: water

Equation: C,H,MgBr + H,0 — C,H, + Mg compounds
e Ethylmagnesium bromide — a secondary alcohol

Reactant: an aldehyde such as ethanal

Equation: C,H;MgBr + CH,CHO — CH,CH(OH)C,H;,

Conditions: dry ether solution, then hydrolyse with dilute acid
Classification: nucleophilic addition to the aldehyde

e Ethylmagnesium bromide — a tertiary alcohol
Reactant: a ketone such as propanone
Equation: C,H;MgBr + CH,COCH, — (CH,),C(OH)C,H;
Conditions: dry ether solution, then hydrolyse with dilute acid
Classification: nucleophilic addition to the ketone

e Ethylmagnesium bromide — a carboxylic acid
Reactant: (solid) carbon dioxide
Equation: C,HMgBr + CO, — C,H,COOH
Conditions: dry ether solution, then hydrolyse with dilute acid

Carboxylic acids, e.g. ethanoic acid
e ethanoic acid — an ester

Reactant: ethanol
Equation: CH,COOH + C,H,OH=CH,COOC,H; + H,0
Conditions: heat under reflux with a few drops of concentrated sulphuric acid

Classification: esterification
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e ethanoic acid — an alcohol
Reactant: lithium aluminium hydride (lithium tetrahydridoaluminate(III))
Equation: CH,COOH + 4[H] — CH,CH,OH + H,O
Conditions: dry ether solution then hydrolyse with dilute acid
Classification: reduction
o ethanoic acid — an acid chloride
Reactant: phosphorus pentachloride (or PCl, or SOCl,)
Equation: CH,COOH + PCIl, = CH,COCI + POCI, + HCI
Conditions: dry
o ethanoic acid — a salt
Reactant: sodium carbonate
Equation: 2CH,COOH q + i)
— 2CH.COONa(aq) + CO,(g) + H,0(l)
Classification: neutralisation
e ethanoic acid — a salt

Reactant: n te
Equation: H ) — CH,COONa(aq) + CO,(g) + H,0(l)
Classification:

Esters, e.g. ethyl ethanoate

e ethyl ethanoate — acid + alcoh
Reactant: ulphuric acid
Equation: H
Conditions:

Classification: N

Carbonyl compounds aldehyd HO, and ketones, e.g. CH;,COCH,
e Both react with:
Reactant:
Equation:
Conditions:
e Both react with:
Reactant:
Equation: H)C
Conditions: pota ium ni ome dilute sulphuric acid
Classification: nucleophilic addition
e Both react with:
Reactant: lithium aluminium hydride (or sodium borohydride)
Equation: CH - _|H] — CH CH,OH (a primary alcohol)
CH H # Z[H} — CH,CH(OH)CH; (a secondary alcohol)
Conditions: dry ether then hydrolyse with dilute acid
Classification: reduction
o Aldehydes only react with:

Reactant: Fehlin " olution or ammoniacal silver nitrate
Equation: CH H +[ ]+ H — CH,COO + H,0
Conditions: warm
Classification: oxidation
e Carbonyl compounds witha H group give a yellow precipitate of iodoform
with:
Reactant: iodine and sodium hydroxide solution
Equation: CH,CO H + 3l,+40H — CH,COO + CHI,; + 3I' + 3H,0

Acid chlorides, e.g. ethanoyl chloride

e ethanoyl chloride — ethanoic acid
Reactant: water
Equation: CH,COCI + H,0 — CH,COOH + HCI
Classification: hydrolysis

e ethanoyl chloride — an ester

Reactant: an alcohol
Equation: CH,COCI + C,H.OH — CH;COOC,H; + HCI
Conditions: rapid reaction at room temperature

Classification: esterification
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e ethanoyl chloride — ethanamide

Reactant: ammonia
Equation: CH,COCI + 2NH,; — CH,CONH, + NH,CI
e ethanoyl chloride — a substituted amide
Reactant: an amine
Equation: CH,COCI + C,H,NH, —» CH,CONHC,H, + HCI

Amines, e.g. C,HNH,
e ethylamine — a salt

Reactant: any acid such as hydrochloric
Equation: C RN S HCT™=SCoHNH,"CI
e ethylamine — a substituted amide
Reactant: an acid chloride
Equation: C,H.NH, + CH,COCl — CH,CONHC,H; + HCI

Nitriles, e.g. CH,CN
e ethanenitrile — ethanoic acid

Reactant: dilute sulphuric acid (or sodium hydroxide followed by
acidification)

Equation: CH,CN + H + 2H,0 — CH,COOH + NH/

Conditions: heat under reflux

Classification: hydrolysis

e ethanenitrile — ethylamine
Reactant: lithium aluminium hydride
Equation: CH,CN + 4[H] — CH,CH,NH,
Conditions: dry ether then hydrolyse with dilute acid
Classification: reduction

Amides, e.g. CH,CONH,
e ethanamide — methylamine

Reactant: bromine and sodium hydroxide
Equation: CH,CONH, + Br, + 2NaOH — CH,NH, + 2NaBr + H,0 + CO,
Conditions: liquid bromine and conc sodium hydroxide

Classification: Hofmann degradation reaction.
e ethanamide — ethanenitrile

Reactant: phosphorus(V)oxide
Equation: CH,CONH, - H,0 — CH,CN
Conditions: warm

Classification: dehydration

Benzene
® benzene— nitrobenzene
Reactant: concentrated nitric acid
Equation: C(H, + HNO, — C,H,NO, + H,0
Conditions: mix with concentrated sulphuric acid at 50 °C

Classification: electrophilic substitution
e benzene — bromobenzene

Reactant: bromine
Equation: C¢H¢ + Br, — C,H,Br + HBr
Conditions: liquid bromine with an iron catalyst

Classification: electrophilic substitution
e benzene — ethylbenzene

Reactant: chloroethane
Equation: CH, +C,H€l'—'C,H,C,H, + HCI
Conditions: anhydrous aluminium chloride catalyst

Classification: electrophilic substitution
e benzene — phenylethanone

Reactant: ethanoyl chloride
Equation: C¢H¢ + CH,COCl — C,H,COCH, + HCI
Conditions: anhydrous aluminium chloride as catalyst

Classification: electrophilic substitution

Alkylbenzenes, e.g ethylbenzene
e ethylbenzene — ethanoate ions

Reactant: potassium manganate(VII) + sodium hydroxide
Equation: C.H,C,H; + 6[0] + OH — C,H,COO™ + 3H,0 + CO,
Conditions: heat under reflux

Classification: oxidation
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Phenol
e phenol — sodium phenate
Reactant: sodium hydroxide
Equation: CH,OH + NaOH —» C,H.O a + H,0

Classification: neutralisation
e phenol — 2,4,6-tribromophenol

Reactant: bromine
Equation: CH.OH + 3Br, ¥ H _H,Br, + 3HBr
Conditions: aqueous; oran e bromine water forms a white precipitate

Classification: electrophilic substitution
e phenol — phenyl ethanoate

Reactant: ethano | chloride
Equation: CHOH + CH,CO 1 — H; OOC,H; + HCI
Classification: esterification

Nitrobenzene

Nitrobenzene — phenylamine
Reactant: tin and concentrated hydrochloric acid
Equation: CHN .+6HH —=CH H.+2H,0
Conditions: heat under reflux, then add sodium hydroxide
Classification: reduction

Phenylamine

Phenylamine — diazonium ion
Reactant: step 1: nitrou ; tep 2: phenol
Equation: CH.'H _H H 2H,0

CiHps H = H,0

Conditions: mix phenvlamin nitrite and hvdrochloric acid at

5 °C, then add phenol in  dium hydroxide solution.
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