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Atomic structure
A-Level Chemistry

What an atom is made of

A scanning tunnelling microscope can image individual atoms.

Everything is made of atoms Jfi-f-. An atom is mostly empty space. At its centre is
a tiny, heavy nucleus Jiif#%. The nucleus holds two kinds of particle: protons Ji
- and neutrons H-f-. Around the nucleus, in the empty space, move the electrons
HL 7. The electrons stay in shells 72 — layers at set distances from the nucleus.

The nucleus is very small but holds almost all the mass. The electrons take up almost
all the space but have almost no mass.
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An atom is mostly empty space: protons and neutrons sit in the tiny central nucleus,
while electrons mowve in shells around it
Relative charge and relative mass

We compare the three particles using relative charge #H%fHifif and relative mass
FAX} . These are simple numbers, not real units.

Particle Relative charge Relative mass

proton +1 1
neutron 0 1
electron  —1 5 (about 0)

A proton and a neutron have almost the same mass. An electron is about 1836 times
lighter. The proton is positive, the electron is negative, and the neutron has no charge
— it is neutral Hi{4:.

Proton number and nucleon number

Two numbers describe the nucleus:

+ the proton number Jfi {4 (also called the atomic number J7§74{), symbol

Z — the number of protons.

+ the nucleon number #% 1% (also called the mass number i %{), symbol
A — the total number of protons and neutrons. Protons and neutrons are both
nucleons 1% 1.

So the number of neutrons is A — 7.
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Counting particles in an atom or ion

For a neutral atom, the number of electrons equals the number of protons, which
equals Z.

An ion % is an atom that has lost or gained electrons, so it has a charge:

e a positive ion has fewer electrons than protons.

e a negative ion has more electrons than protons.

Example: 2ZA1°* has 13 protons, 27 — 13 = 14 neutrons, and 13 — 3 = 10 electrons (it
lost 3 electrons to become 3+).

How mass and charge are spread out

Almost all the mass sits in the nucleus, because protons and neutrons are heavy and
electrons are very light. All the positive charge is in the nucleus (the protons). The
negative charge is spread out in the shells (the electrons).

Beams of particles in an electric field

Imagine beams of protons, neutrons and electrons moving at the same speed into an
electric field 3% between two charged plates:

 the proton beam bends towards the negative plate (protons are positive).

o the electron beam bends the other way, towards the positive plate. It bends much
more, because the electron is far lighter — the same force gives a bigger deflection
%% to a smaller mass.

o the neutron beam goes straight through. It has no charge, so the field gives it no
force.

+ plate
electron
(bends most)
beams in neutron
|
proton
— plate

In an electric field the proton bends towards the — plate and the electron bends the
opposite way and far more (it is much lighter); the neutron passes straight through
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Atomic radius and ionic radius

The atomic radius Ji 7242 is the size of an atom. The ionic radius B 12k is
the size of an ion.

Across a period & (left to right), the atomic radius gets smaller. The nuclear
charge #ZHfif (the pull from the protons) rises, but the electrons go into the same
outer shell, so the shielding Bt by inner shells stays about the same. The stronger
pull draws the outer shell inwards.

Down a group Ji%& (top to bottom), the atomic radius gets larger. Each step down
adds a new shell, so the outer electrons are further out and feel more shielding from
the nucleus.

(O0O0o0

>

across a period: radius decreases

saseaJoul snipes :dnou8 e umop

Across a period the atoms shrink (stronger nuclear pull on the same outer shell);
down a group they grow (each step adds a shell)

For ions:

« a positive ion (cation PHEF) is smaller than its atom. It has lost its outer shell,
and the electrons that remain feel a stronger pull each.

+ a negative ion (anion P F) is larger than its atom. It has gained electrons, so
there is more repulsion Hf/¥ between the electrons.

« among ions that have the same number of electrons, the one with more protons is
smaller.
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Isotopes

Isotopes [[]{i/ Z are atoms of the same element with the same number of protons
but a different number of neutrons. So isotopes have the same proton number Z but
a different nucleon number A.

same protons, different neutrons

35Cl 5Tl

Two chlorine isotopes: same protons, different neutrons

We write an isotope as 4X: the nucleon number A on top, the proton number Z below.
For example, chlorine has two main isotopes, $2Cl and $7Cl.

Same chemical properties

Chemical properties {b2# 4 it depend on the electrons, especially the outer elec-
trons. Isotopes of one element have the same number of electrons arranged in the
same way. So they react in exactly the same way — they have the same chemical
properties.

Different physical properties

Some physical properties #J#4: i depend on mass, so they differ between isotopes.
A heavier isotope has more neutrons, so more mass, and therefore a higher density
2% . (The syllabus limits this difference to mass and density:.)
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Electrons, energy levels and orbitals

Hydrogen emits light only at discrete, characteristic wavelengths — its line emission
spectrum.

Electrons are arranged in shells, sub-shells and orbitals.

Shells and the principal quantum number

Each shell is labelled by the principal quantum number F& f%{n =1,2,3,...
A larger n means a shell that is further from the nucleus and higher in energy.

Sub-shells and orbitals

Each shell is split into sub-shells V. /=, named s, p and d. Each sub-shell is built
from orbitals #[j&. An orbital is a small region that can hold up to two electrons.

Sub-shell Number of orbitals Maximum electrons

S 1 2
P 3 6
d 5 10

So an s sub-shell holds 2 electrons, a p sub-shell holds 6, and a d sub-shell holds 10.
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Order of increasing energy

Electrons fill the lowest-energy sub-shell first. For the first three shells, plus 4s and
4p, the order of rising energy is:

1s <2s<2p<3s<3p<4ds<3d<dp

Notice the surprise: 4s is slightly lower in energy than 3d, so 4s fills first.

energy
A

4s

3s

2s

1s

4p — — —
3d —— — 4s fills
********************************** before 3d
3p —— —
2p — — —

The sub-shells in order of increasing energy. 4s lies just below 3d, so 4s fills first

Electronic configuration

The electronic configuration H {7 lists how many electrons are in each sub-
shell. The lowest-energy arrangement is the ground state J:Z5.

For iron (Fe, Z = 26):

1s% 25? 2p° 3s% 3p© 3d° 4s?

You can write a shorthand using the nearest noble gas #%4<{& in square brackets:

[Ar] 3d° 45

Here [Ar] stands for the full configuration of argon.
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For ions, you add or remove electrons. One key rule: when a transition metal forms a
positive ion, it loses its 4s electrons before its 3d electrons. So Fe** is [Ar] 3d°.

Electrons in boxes

The electrons in boxes notation draws each orbital as a box and each electron as
an arrow. Two electrons in the same orbital must point opposite ways, because each
electron has a property called spin HJjE, and a shared orbital needs opposite spins.

Within a sub-shell, electrons fill empty orbitals one at a time, with parallel arrows,
before any orbital gets a second electron. Spreading out like this keeps the electrons
apart and lowers the repulsion between them.

filled singly first,
parallel spins
opposite spins I

i
l

aOF R

1s 2s 2p

FElectrons in boxes for nitrogen (1s*2s*2p*): paired electrons point opposite ways, and
the 2p orbitals fill singly with parallel spins

Why the configuration takes this shape

Electrons fill from low energy to high energy because that gives the most stable (lowest-
energy) atom. Within a sub-shell they spread out singly first to reduce the repulsion
between the negative electrons.
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Shapes of s and p orbitals

« an s orbital is a sphere ERJE centred on the nucleus.

e a p orbital has two lobes, like a dumbbell, pointing along one axis. The three p
orbitals point along three directions at right angles (the x, y and z axes).

s orbital
(sphere)

p orbitals
(two lobes each)

An s orbital is a sphere; each p orbital is a dumbbell, and the three p orbitals point
along the x, y and z azes

Free radicals

A free radical H /& is a species with one or more unpaired electrons 7 i %} Hi
. Free radicals are very reactive.

Ionisation energy

First ionisation energy

The first ionisation energy % —H, E§HE (IE) is the energy needed to remove one
electron from each atom in one mole of gaseous atoms, forming one mole of gaseous
+1 ions.

We use gaseous atoms so there are no forces between the particles. The unit is
kJ mol™'. As an equation, for an element X:

X(g) = X (g) + ¢~

The (g) shows the species is a gas.
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Successive ionisation energies

After removing one electron, you can remove another. The second ionisation energy
removes one electron from each +1 ion:

X*(g) = X**(g) +e”

You can keep going. These are the successive ionisation energies & 2% H 5 fE.
Each is larger than the one before, because every electron is pulled away from a more
positive ion.

What ionisation energy depends on

Ionisation energy comes from the attraction between the positive nucleus and the outer
electron. Three main factors set how strong that attraction is:

e nuclear charge: more protons pull the electrons more strongly, so the ionisation
energy is higher.

e atomic radius: the further the outer electron sits from the nucleus, the weaker
the pull, so the ionisation energy is lower.

o shielding: inner shells block some of the pull on the outer electron. More inner
shells mean more shielding and a lower ionisation energy.

There is a smaller effect too — spin-pair repulsion H jg B X% Hi/&£. When two
electrons share one orbital, they push each other a little, so one is easier to remove.

Trends in first ionisation energy

Across a period, the first ionisation energy generally rises. The nuclear charge grows
while shielding stays about the same, so the outer electrons are held more tightly.

Down a group, the first ionisation energy falls. Lower elements have more shells, so
more shielding and a larger radius, and the outer electron is easier to remove.

The dips are evidence for sub-shells

The rise across a period is not smooth. Two small dips appear, and you should be
able to explain both:

e Group 2 to Group 13 (for example Mg to Al): the electron removed from Al
comes from a 3p sub-shell, which is higher in energy than the full 3s sub-shell in
Mg. A 3p electron is easier to remove, so the value dips.

e Group 15 to Group 16 (for example P to S): in S, one 3p orbital now holds a
pair of electrons. Spin-pair repulsion makes one of them easier to remove, so the
value dips.
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These dips are evidence that sub-shells exist.

A
1600

1400 A
1200 +

1000 A

1st ionisation energy / k] mol~1

8001 dip: P - S
(spin-pair repulsion)
600 - pin-p p
400 - dip: Mg - Al
(3p above full 3s)
200
1st IE generally rises Na— Ar - dips at Al (new p orbital) and S (pair repulsion)
0 , >

Na Mg Al Si P S Cl Ar

First ionisation energy rises across Period 3 but dips at Al and at S — evidence that
sub-shells exist
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Successive ionisation energies are evidence for shells

If you plot the successive ionisation energies of one element, the values rise, with big
jumps at certain points. A big jump happens when the next electron must come from
a shell closer to the nucleus.

Count how many electrons come off easily before the first big jump — that is the
number of electrons in the outer shell, which tells you the group the element is in.
You can also use the pattern to work out the electronic configuration and the position
of the element in the Periodic Table.

n=2: 8 electrons

10° 5 big jum
E gjump

104 -

big jump
103 E

ionisation energy / k] mol~! (log scale)

big jump = next electron from a shell closer to the nucleus (shell structure)

1 2 3 4 5 6 7 8 9 10 11
electrons removed (in order)

Successive ionisation energies of sodium (log scale): the big jumps reveal the 2,8, 1
shell structure

Electrons removed before the first big jump Group

1 Group 1
2 Group 2
3 Group 13

Worked example. The first five successive ionisation energies of an element are 590,
1150, 4940, 6480 and 8120 kJmol™'. Which group is it in? Look for the big jump,
not the biggest number. From the 1st to the 2nd the value roughly doubles, which is
a normal rise. From the 2nd (1150) to the 3rd (4940) it more than quadruples: that is
the jump. So two electrons come off easily before it, the outer shell holds 2 electrons,
and the element is in Group 2. Count the electrons removed before the jump, and
explain the jump properly: the next electron is being pulled from a shell closer to
the nucleus, not from a different element.
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Exam tips

e Define isotopes in full: atoms of the same element with the same number of
protons but a different number of neutrons — the mark scheme wants both halves.

» 4s fills before 3d, but electrons are removed from 4s first when forming ions,
so Fe*T is [Ar]3d° (not [Ar]3d*4s?).

« In successive ionisation energies, a big jump marks the start of a new (inner) shell
— use the jumps to place the element in its group.

o Explain every ionisation-energy trend with the same three factors: mnuclear
charge, distance and shielding, plus sub-shell effects for the small dips.

o Learn the exact reason first ionisation energy of oxygen is below nitrogen: oxygen’s
paired 2p electrons repel, so one is easier to remove.
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Atoms, molecules and stoichiometry
A-Level Chemistry

Relative masses of atoms and molecules

Atoms J5fif are far too light to weigh in grams, so we compare every mass to one
standard. The standard is the unified atomic mass unit 4—J& 1 Jii & B4/ (symbol
u), defined as exactly one twelfth of the mass of one carbon-12 atom.

Using this unit, we state masses as simple numbers:

 the relative atomic mass X} 5 i A, of an element is the average mass
of its atoms compared with % of a carbon-12 atom. It is an average over all the
isotopes [f]{1/ %, weighted by how common each one is.

 the relative isotopic mass AX}[f]{i/ Z iifg is the mass of one atom of a single
isotope, compared with % of a carbon-12 atom.

« the relative molecular mass f%4r 17 i M, of a molecule 43T is the sum
of the relative atomic masses of all its atoms.

o the relative formula mass F{ %}z & is the same idea for a substance that is
not made of molecules (such as an ionic compound). Add up the relative atomic
masses shown in the formula.

75% 3°Cl 25% 37Cl

_ (75%35) + (25 x 37) _

A
" 100

35.5

Relative atomic mass is a weighted average: chlorine’s two isotopes (75% 3°Cl, 25%
37Cl) average to A, = 35.5

To find A, from isotope data, multiply each isotope mass by its percentage, add these
up, and divide by 100.

Worked example. Chlorine is 75% 2°Cl and 25% 3"Cl. Find its relative atomic mass.

(75 x 35) + (25 x 37) 2625+ 925

A, =
100 100

= 35.5.

Worked example. A mass spectrometer shows copper is 69.2% %Cu and 30.8%
65Cu. Find its relative atomic mass.
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69.2 X 63) + (30.8 x 65)  4359.6 + 2002.0

100 100 = 63.6.

A =

The mole and the Avogadro constant

A modern electronic balance measures mass — the basis of mole calculations.

Chemists count particles in groups called moles, just as we count eggs in dozens.

One mole /R (symbol mol) is the amount of substance that contains the same
number of particles as there are atoms in exactly 12 g of carbon-12. That number is
the Avogadro constant ] {R {5 &5 &

N4 =6.02 x 10%* mol ™"
So one mole of anything contains 6.02 x 10%® particles. The particles may be atoms,
molecules or ions -1~ — always say which.

The mass of one mole in grams equals the relative mass (A, or M,). This is the molar
mass J# /K ffifg, with units g mol™'. The key equation is:

where n is the amount in moles, m is the mass in grams, and M is the molar mass.

Worked example. How many moles are in 8.0 g of methane, CHy? (A,: C =12, H
=1.)
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The molar mass is M = 12 4 4(1) = 16 g mol™ ', so

m 8.0
i 16 0.50 mo

V /dm? (r.t.p.)

!

n="V/24

mass | n=m/M ‘| amount in L x Na _| number of
m /gl '| moles, n |‘ "1 particles

n=cV

gas volume ]

in solution:
conc. ¢, volume V

The mole is the hub of every amount calculation: convert to mass (n =m/M ),
particles (xNg4), gas volume (n =V /24) or solution (n = cV')

Formulas

A compound £&%) is a substance made of two or more elements chemically joined.

Charges and formulas of ionic compounds

In an ionic compound & T-{L &% the total positive charge balances the total
negative charge, so the compound is neutral overall.

You can predict the charge of many ions from the element’s position in the Periodic
Table:

Group 1 2 13 15 16 17
Usual ion charge +1 +2 43 -3 -2 -1

Hydrogen forms H", and the Group 18 noble gases do not normally form ions.

Some ions you must know by name and formula:
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Name Formula

nitrate NOg
carbonate CO;~
sulfate SO2~
hydroxide OH™
ammonium NH;
zinc Zn**
silver Ag*t
hydrogencarbonate HCO3
phosphate PO}~

For a metal that can have more than one charge, a Roman numeral shows the oxida-
tion number 4 fk%{. For example, iron(II) is Fe** and iron(III) is Fe®*. To write a
formula, balance the charges: iron(II1) oxide is FepOs, because two Fe*™ balance three
0.

Equations and state symbols

A chemical equation must be balanced Fi¢f- — the same number of each kind of

atom on both sides. Add state symbols JRZ4F5 to show the state of each species:

(s) solid, (1) liquid, (g) gas, and (aq) aqueous 7K¥%# (dissolved in water).

An ionic equation -1 5 F£: shows only the ions and molecules that actually
change. The ions that do not change are spectator ions 5% ¥l 51, and you leave
them out. For example, the reaction that forms silver chloride is:

Ag™(aq) + Cl™ (aq) — AgCl(s)

Empirical and molecular formulas

The empirical formula ZZ5; 3L is the simplest whole-number ratio of the atoms of
each element in a compound. The molecular formula 4} 1 3 shows the actual
number of atoms of each element in one molecule.

For example, ethane has empirical formula CH3 but molecular formula CyHg.

Hydrated and anhydrous solids

Some solids hold water inside their crystals. This water is the water of crystallisa-
tion %44 7K. A solid that contains it is hydrated 7K & HJ; the same solid with the
water removed is anhydrous 7K ).

For example, hydrated copper(II) sulfate is CuSOy - 5H2O. Heating it drives off the
water to leave anhydrous CuSOQOy.
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Calculating empirical and molecular formulas
To find the empirical formula from masses (or percentages by mass):

1. divide each element’s mass by its A, to get the moles.
2. divide all the mole values by the smallest one.
3. round to the nearest whole numbers — that ratio is the empirical formula.

To get the molecular formula, you also need M,. Find how many times the empirical
formula mass fits into M,., then multiply the formula by that number.

Worked example. A compound is 40.0% carbon, 6.7% hydrogen and 53.3% oxygen
by mass. Find its empirical formula. (A,: C =12, H=1, O = 16.)

Take 100 g and divide each mass by its A, to get moles: C = 40.0/12 = 3.33, H
=6.7/1 = 6.7, O = 53.3/16 = 3.33. Dividing through by the smallest (3.33) gives a
ratio C: H: O =1:2:1, so the empirical formula is CH5O.

element % by mass + A, — moles + smallest (3.33) ratio
C 40.0 40.0/12 = 3.33 1.0 1
6.7 6.7/1=6.7 2.0 2
o 53.3 53.3/16 = 3.33 1.0 1

empirical formula CH,O - if M, = 180, it fits 180/30 = 6 times: molecular formula CgH12,06

The empirical-formula recipe: divide by Ar, divide by the smallest, read off the ratio
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Reacting masses and volumes

A titration finds reacting volumes precisely.

Reacting masses and percentage yield

The numbers in front of each species in a balanced equation give the mole ratio — this
is the stoichiometry fr2#11 . To find a reacting mass: change the known mass to
moles, use the mole ratio to find the moles you want, then change back to mass.

Worked example. What mass of magnesium oxide forms when 4.8 g of magnesium
burns completely? 2Mg + Oy — 2MgO. (A,: Mg =24, O = 16.)

Moles of Mg = 4.8/24 = 0.20 mol. The ratio Mg : MgO is 1 : 1, so 0.20 mol of MgO
forms. Its molar mass is 24 4+ 16 = 40 g mol™*, so

m =nM = 0.20 x 40 =8.0 g.

mole ratio 1 : 1
+ A, (24) (2Mg+ 02 — 2MgO0) x M, (40)

4.8 g of Mg 0.20 mol Mg 0.20 mol MgO 8.0 g of MgO

mass — moles — use the equation’s ratio — moles — mass

The mole bridge: mass to moles, ratio, then back to mass
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In real reactions you usually get less product than the maximum. The percentage
yield 773# compares the amount you actually made with the most you could make:

tual t of duct
actual amount of product _ -, . o,

percentage yield = - :
maximum possible amount

Limiting and excess reagent

When two reactants are mixed, one usually runs out first. The limiting reagent [
H#iA /| is the one that runs out — it decides how much product forms. The other is
the excess reagent 31 & 1i{7f], because there is more than enough of it. Always base
the calculation on the limiting reagent.

To find it: work out the moles of each reactant, divide each by its number in the
equation, and the smallest result is the limiting reagent.

2Hs + O3 — 2H50

start with you get

2 HyO made

oo

4Hy, 10, 2 Ha left over (excess

~—~

O9 runs out first:
limiting reagent

The limiting reagent runs out first and decides how much product forms; the leftover
reactant is in ercess

Volumes of gases

At the same temperature and pressure, equal volumes of any gases contain equal
numbers of molecules. At room temperature and pressure (r.t.p.), one mole of any gas
takes up 24.0 dm?, so:

_ : 3
"= 500 (V in dm” at r.t.p.)
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same volume, same temperature and pressure

e a °®° 0@e

o@e
De o@e

hydrogen, Hs carbon dioxide, CO»

De o@e
o@e

the same number of molecules (6 each), even though CO is bigger

Equal volumes of gases at the same temperature and pressure hold equal numbers of
molecules, whatever the gas

This is used when burning hydrocarbons &t &4 (compounds of only carbon
and hydrogen), where you compare gas volumes.

Volumes and concentrations of solutions

The concentration ¢ J& of a solution is the amount of solute }4Jii in each cubic
decimetre of solution ¥, measured in mol dm™>:

n=cxV

where ¢ is the concentration and V is the volume in dm®. Remember that 1000 cm? =
1 dm?.

Worked example. In a titration, 25.0 cm?® of sodium hydroxide solution is exactly
neutralised by 20.0 cm? of 0.100 mol dm™* hydrochloric acid: NaOH 4+ HCl1 — NaCl +
H50O. Find the concentration of the sodium hydroxide.

20.
Moles of HCI = ¢V = 0.100 x % = 2.00 x 1073 mol. The ratio is 1: 1, so there are

2.00 x 1072 mol of NaOH in 25.0 cm3:

n 2.00x 107
= —="""——"" —=0.0800 mol dm*.
TV T 25.0/1000 ot ¢

This is the basis of a titration j %, where you find an unknown concentration by
reacting it with a solution whose concentration you already know.
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burette
(known concentration)

T
conical flask
<_  (unknown + indicator)
I ]

" white tile

In a titration a burette adds a solution of known concentration to the unknown in the
conical flask, until the indicator changes

Significant figures

Give your answer to a sensible number of significant figures G %% — usually
match the data in the question. Do not write more digits than the data supports, and
do not round so early that you lose accuracy.

Exam tips

« Convert volumes to dm® before using concentration (25.0 cm® = 0.0250 dm?®); the
missing <1000 is the most common titration error.

o Use the balancing numbers as the mole ratio between species — never the M,
values.

o Empirical formula: divide each mass/percentage by A,, then by the smallest, then
scale to whole numbers; use M, to reach the molecular formula.

« For gases at r.t.p. use volume = moles x 24 dm®: quote the equation you use every
time.

 Give the answer to the same significant figures as the data (usually 3) and always
include units.
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Chemical bonding
A-Level Chemistry

Electronegativity

Electronegativity Hi 114 is the power of an atom to attract the electrons Hi ¥ in
a bond towards itself.

Three factors decide how electronegative an atom is:

« nuclear charge #Hifij: more protons pull the bonding electrons more strongly.
o atomic radius Jii 242 the closer the bond is to the nucleus, the stronger the
pull.

 shielding 5tifk by inner shells and sub-shells: more inner electrons weaken the
pull on the bonding electrons.

So electronegativity rises across a period (more nuclear charge, smaller radius) and
falls down a group (larger radius, more shielding). Fluorine is the most electronegative
element.

electronegativity increases across a period

. . .' most electronegative

decreases down a group

<
<

Electronegativity rises across a period and falls down a group, so fluorine is the most
electronegative element

You can use the difference in Pauling electronegativity #iAke 714 values to pre-
dict the bond type. A large difference gives an ionic bond; a small difference gives a
covalent bond.
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Ionic bonding

Ionic bonding 514 is the electrostatic attraction ##H 5| /7 between oppositely
charged ions &1 — positive cations [HE - and negative anions [ g1

It forms when a metal gives electrons to a non-metal. Good examples are sodium
chloride (NaCl), magnesium oxide (MgO) and calcium fluoride (CaFs). The ions pack
into a regular giant lattice fiit#%, held together by the attraction in every direction.

[ X J + [ X J
Nax + ®C§ — [Na} $Clq
[ X J [ X ]

sodium gives its outer electron () to chlorine

Tonic bonding in NaCl: sodium transfers its single outer electron to chlorine, giving
Na* and a full-octet Cl~

A real crystal of rock salt (halite, NaCl); the cubic shapes mirror the giant ionic
lattice inside
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Metallic bonding

Metallic bonding 4 J&% is the electrostatic attraction between positive metal ions
and a “sea” of delocalised electrons B H 1.

The outer electrons are free to move through the whole metal. This explains why
metals conduct electricity and are strong.

e © ° "
ositive
W Y. positive
metal ions
o a
T el * + sea of delocalised
) J ® @ clectrons (free to move)
+ o+ 4

Metallic bonding: positive metal ions sit in a sea of delocalised electrons that are free
to move
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Covalent and coordinate bonding

Covalent bonding L/ 4 is the electrostatic attraction between the nuclei of two
atoms and a shared pair of electrons.

Simple molecules with covalent bonds include Hy, Oy, No, Cly, HC1, CO,, NH3, CHy,
CoHg and CoHy. A double bond shares two pairs; a triple bond (as in Ny) shares three
pairs.

Atoms in Period 3 and below can expand the octet & /\[{& — hold more than
eight electrons in their outer shell. Examples are SOs, PCls and SFg.

A coordinate bond P {iif# (also called a dative covalent bond) is a covalent bond
where both shared electrons come from the same atom. For example, when ammonia
and hydrogen chloride gases meet, the lone pair on the nitrogen forms a coordinate
bond to H', making the ammonium ion NH;. Coordinate bonds also join the two
halves of the Al,Clg molecule.

coordinate bond

H -
. i
N + H — N
H™ | TH (o H™ | TH
H electrons) L H _

ammonia, NH3

A coordinate (dative) bond: nitrogen’s lone pair forms the fourth N-H bond, both
electrons coming from N
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Sigma and pi bonds
Covalent bonds form when orbitals #{j& overlap:

« asigma bond o 4 forms by the direct, head-on overlap F & of orbitals between
the two atoms.

e a pi bond 7 £ forms by the sideways overlap of two p orbitals, above and below
the sigma bond.

A single bond is one sigma bond. A double bond (as in CoHy) is one sigma plus one
pi bond. A triple bond (as in Ny and HCN) is one sigma plus two pi bonds.

O >
@0 cun

o bond:
head-on overlap 7 bond: sideways overlap
of p orbitals

A o bond forms by direct head-on overlap; a ™ bond forms by the sideways overlap of
two p orbitals, above and below

Hybridisation
Hybridisation Z%{f mixes orbitals in the same shell to make new, equal orbitals for

bonding:

e sp: two equal orbitals, used in a linear molecule.
« sp?: three equal orbitals, used in a flat molecule like CyHy.
o sp?: four equal orbitals, used in CHy.

Bond energy and bond length

« bond energy ##fE is the energy needed to break one mole of a particular covalent
bond in the gas state.

e bond length 41 is the distance between the centres of the two bonded atoms.

A shorter bond is usually stronger (higher bond energy). Triple bonds are shorter
and stronger than double bonds, which are shorter and stronger than single bonds.
Stronger bonds make a molecule harder to react.
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Shapes of molecules

A molecular model shows the three-dimensional shape of a covalent molecule.

To work out a shape, use VSEPR theory {2 H 7X] 55 H18: the pairs of electrons
around the central atom push apart as far as possible, because like charges repel.

A lone pair JXJH,F (not in a bond) pushes more strongly than a bonding pair
L T-%F. Each lone pair squeezes the bond angle £ by about 2.5°.

Molecule Shape Bond angle
CO, linear H 4B 180°

BF, trigonal planar V- =¥ 120°

CH,4 tetrahedral U A& 109.5°

NH; pyramidal =4 107°

H50O bent fIE 104.5°

PF5 trigonal bipyramidal =X 120° and 90°
SFg octahedral /\JH{ATE 90°

NHj; has one lone pair and H,O has two, which is why their angles drop below the
109.5° of CH4. You can predict the shapes of similar molecules and ions in the same

way.
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109.5° 'Y

180° 107°
linear trigonal planar tetrahedral pyramidal
CO, BF; CH4 NH;
Py QL0
Q/S}Q
bent trig. bipyramidal octahedral
H20 PFs5, 120° & 90° SFg, 90°

The seven shapes from VSEPR theory; the lone pairs on NHs and Hy O push harder,
squeezing the bond angle below 109.5°

Worked example. Predict the shape and bond angle of NH; and of H,O. Nitrogen
has 5 outer electrons and forms 3 bonds, leaving 3 bonding pairs and 1 lone pair
- four pairs in total, so they start from the tetrahedral 109.5°. The lone pair repels
more strongly and squeezes the angle by about 2.5°, giving a pyramidal shape at
about 107°. Oxygen forms 2 bonds and keeps 2 lone pairs: still four pairs, but now
two squeezes, so the shape is bent at about 104.5°. Count all the pairs to fix the
basic geometry, subtract 2.5° for each lone pair, and name the shape from the atoms
- NHj has four pairs but is pyramidal, not tetrahedral.

Intermolecular forces

Intermolecular forces 43 -[a]{E ] /7 are the forces between molecules 4. They
are much weaker than the ionic, covalent and metallic bonding inside substances.
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Bond polarity and dipoles

When two atoms with different electronegativity share a bond, the electrons sit closer
to the more electronegative atom. The bond then has a polarity #%{%: one end is
slightly negative (§—) and the other slightly positive (0+). This separation of charge
is a dipole {H1%.

If the dipoles in a molecule do not cancel, the whole molecule has a dipole moment 1
B and is polar. If they cancel by symmetry (as in COs), the molecule is non-polar.

Van der Waals’ forces

Van der Waals’ forces ji{E4E /7 is the general name for all intermolecular forces.
There are two main types.

The first type is the instantaneous dipole-induced dipole force, also called the London
dispersion force £ Z 1 J7. Moving electrons make a brief instantaneous dipole
g I5F 4%, which then creates a matching induced dipole 1554 in a nearby
molecule. These forces act between all molecules and get stronger when there are
more electrons.

attract

instantaneous induced
dipole dipole

A London force: a momentary dipole in one molecule induces a dipole in its
neighbour, so they attract — this acts between all molecules

The second type is the permanent dipole-permanent dipole force. It acts between
molecules that are always polar, because each one has a permanent dipole 7K A

.
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Hydrogen bonding

Hydrogen bonding 4 is a strong, special case of permanent dipole forces. It
forms when hydrogen is bonded to a very electronegative atom — nitrogen, oxygen or
fluorine — and is attracted to a lone pair on an N, O or F atom in a neighbour. Look
for N-H and O-H groups, as in ammonia and water.

5_/()\ Q O is d— (lone pairs),
H=" :
@  hydrogen > " His 6+

H ~>~bond
sLbon i
6+ e

Hydrogen bonding in water: a d+ hydrogen is attracted to a lone pair on the 6—
oxygen of a neighbouring molecule

Hydrogen bonding explains the strange behaviour of water:

o its high melting and boiling point J#f 5, because many hydrogen bonds must be
broken.

o its high surface tension F a7 /7.

e ice is less dense than liquid water, because hydrogen bonds hold the molecules in
an open, spread-out structure, so ice floats.
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Dot-and-cross diagrams

A dot-and-cross diagram p5 ¥ & shows the outer electrons of each atom, using
dots for one atom and crosses for the other. This makes it clear where each bonding
electron came from. You can draw them for ionic, covalent and coordinate bonding,
including molecules with an expanded octet or an odd number of electrons.

o0 00 ox ® clectron from one atom
X electron from the other
0 SN ex N ¥
KR ox
H H
H50: 2 bonding pairs Ns: triple bond
+ 2 lone pairs (3 shared pairs)

Covalent dot-and-cross: each shared pair is one electron from each atom. Water has
two bonding pairs and two lone pairs; nitrogen shares three pairs (a triple bond)

Exam tips

o For shapes, count bonding pairs and lone pairs, name the shape, then give the
exact bond angle (e.g. NHj: pyramidal, 107°) — each lone pair lowers the angle
by about 2.5°.

« A dative (coordinate) bond has both electrons from one atom (e.g. NHJ,
H;0™); draw the arrow from the lone pair.

o Name the intermolecular force precisely: hydrogen bonding needs H bonded to
N, O or F; otherwise it is permanent-dipole or induced-dipole (van der Waals).
Never call van der Waals forces “bonds”.

« Explain a physical property by stating which forces are broken, not just “strong
bonds”.
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States of matter
A-Level Chemistry

The gaseous state

Boiling turns liquid water into steam — a change between states of matter.
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Where gas pressure comes from

Gas molecules move fast in all directions. They keep hitting — colliding fif{# with
— the walls of their container. Each hit gives the wall a tiny push. The pressure &
5 of the gas is the overall result of these many collisions on the walls.

)
o o

@ f

1) o
Jd e

fast particles collide with the walls; the many pushes make the pressure

Gas pressure: fast molecules move in all directions and collide with the walls; the
many tiny pushes add up to the pressure
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Ideal gases
An ideal gas FAHS A is a simple model. We assume two things:

o the particles themselves take up zero volume.

o there are no intermolecular forces 4} T[] /£ F /7 of attraction between the
particles.

A real gas LR 44K follows this model closely at low pressure and high temperature.
It behaves least like an ideal gas at high pressure and low temperature, when the
particles are squeezed close together and the forces between them start to matter.

N o %9
[ =

O
O

ideal gas (model) real gas: high p, low T’
point particles, no forces real size + attractions (dashed)

An ideal gas is a model: point particles with no forces between them. A real gas
behaves least like this at high pressure and low temperature, when the particles are
crowded and their real size and attractions start to matter

The ideal gas equation

The ideal gas equation FES /A /7#E links pressure, volume, amount and temper-
ature:

pV =nRT

where p is the pressure in Pa, V is the volume in m?, n is the amount in moles,

T is the temperature in kelvin J}/R % (K), and R is the gas constant S {& ¥ &
(8.31 J K 'mol™).

Always change the units first: °C to K (add 273), and cm?® or dm® to m?®.

Worked example. Find the volume of 0.50 mol of an ideal gas at 27 °C and 100 kPa.
(R=831JK 'mol™)
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Convert first: T = 300 K, p = 1.00 x 10°> Pa. Then

_ nRT _ 0.50 x 8.31 x 300
 p  1.00x10°

1% =0.0125 m® (= 12.5 dm?).

You can also use the equation to find a molar mass JBE/RFif. Since n = m/M:

m mRT
V = —RT = M=——
p M pV
This lets you work out M, from the mass (or the density) of a gas.

Worked example. A flask holds 0.96 g of a gas in 600 cm?® at 100 kPa and 27 °C.
Find the molar mass of the gas. (R =8.31 J K" mol™".)

Convert: V = 6.00 x 107* m3, T' = 300 K. Then

RT 0.96 x 8.31 x 300
M= = X X ~ 40 g mol™*.
pV (1.00 x 10°)(6.00 x 10—4)

Bonding and structure

Quartz is a giant covalent structure of silicon and oxygen.

How a substance behaves depends on how its particles are joined. There are four main
structures of a crystalline solid /i {4.
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000
o o ©°

giant ionic simple molecular
NaCl: high m.p., ly, ice: low m.p.,
conducts when molten weak forces between
° °
[ )
® [ ]
giant covalent giant metallic
diamond, SiO5: very copper: high m.p.,
high m.p., insulating conducts (solid + molten)

The four structures of a crystalline solid — the structure decides the melting point,
conductivity and solubility

Giant ionic

A giant ionic BT i {4 structure is a huge regular lattice §4#% of positive and
negative ions B, held together by strong attraction in every direction. Examples
are sodium chloride and magnesium oxide.

Simple molecular

A simple molecular 43 1 g4 {& structure is made of small molecules 4. The
bonds inside each molecule are strong, but the intermolecular forces between the
molecules are weak. Examples are iodine (Iy), fullerene & &/ (Ceo) and ice.
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Giant molecular

A giant molecular Jf ;£ structure (also called giant covalent) is a huge network
of atoms joined by strong covalent bonds JLf} 4. Examples are silicon(IV) oxide

%4 {bhkE, graphite £128 and diamond 4| {7.
O:DQ weak forces

7 7
7 7 /

0

graphite
layers slide; spare
diamond electrons let it conduct
every C bonded to 4:
rigid 3D network, very hard

Two giant covalent forms of carbon: diamond is a rigid 3D network (very hard);
graphite has sliding layers and spare electrons that conduct

A real diamond in the rock it grew in. That whole crystal is one giant molecule — a
single unbroken network of carbon atoms, each bonded to four others. Breaking it
means breaking countless strong covalent bonds, which is why diamond is the hardest
natural material
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Giant metallic

A giant metallic 4 )& f{& structure is a lattice of positive metal ions in a “sea” of
delocalised electrons Bl 1. An example is copper.

A piece of pure copper metal. The shine, and the way metals conduct and bend, all
come from that giant lattice of copper ions sitting in a shared sea of delocalised
electrons

Physical properties
The structure decides the physical properties:

Structure Melting/boiling point Conducts electricity? Solubility in water
giant ionic high only when molten or dissolved usually soluble
simple molecular low no usually low

giant molecular  very high no (except graphite) insoluble

giant metallic high yes (solid and molten) insoluble

« melting point 445 and boiling point jff} &i are high when strong forces (ionic,
covalent or metallic) must be broken, and low when only weak intermolecular forces
break.

 electrical conductivity 5-H {4 needs charged particles that can move — ions
that are free (when molten or dissolved) or delocalised electrons. Graphite conducts
because some of its electrons are delocalised.

« solubility fi#)% in water is usually high for ionic solids and low for molecular
and giant covalent solids.
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You can work backwards too: from the melting point, conductivity and solubility of
an unknown substance, deduce the type of structure and bonding it has.

Exam tips

o Use SI units in pV = nRT: pressure in Pa, volume in m? (cm?®x107%), temperature
in K (°C + 273).

« State the ideal-gas assumptions (negligible molecular volume, no intermolecular
forces) and when real gases deviate (high pressure, low temperature).

o Link each property to structure: giant ionic (high m.p., conducts molten), giant
covalent (very high m.p.), simple molecular (low m.p.), giant metallic (conducts,
malleable).

» Graphite conducts because each carbon has a delocalised electron; diamond does
not — a favourite comparison.
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Chemical energetics
A-Level Chemistry

Enthalpy change, AH

E INSTANT COLD PACK

HKeNSNFERA  %DO NOTEAT
X DREPEDWOEEDULRNWTLEZ L,

#Please do not cut or break this bag.

An instant cold pack uses an endothermic reaction that takes in heat.

Every chemical reaction takes in or gives out energy. This energy change, measured
at constant pressure, is the enthalpy change /%75, with symbol AH.
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e in an exothermic Ji{# reaction the system gives out heat, so the products have
less energy than the reactants and AH is negative.

 in an endothermic W # reaction the system takes in heat, so the products have
more energy than the reactants and AH is positive.

Reaction pathway diagrams

A reaction pathway diagram [z )/ %1% [& shows the energy of the reactants and
products, and the energy “hill” between them. The height of the hill is the activation
energy J5{LHE — the least energy the particles need before they can react.

 exothermic: products sit lower than reactants (AH < 0).
« endothermic: products sit higher than reactants (AH > 0).

energy energy
A exothermic (AH < 0) A endothermic (AH > 0)

reactants

A |

products reactants

reaction progress reaction progress

Exothermic reactions end lower than they start (AH < 0); endothermic reactions end
higher (AH >0)

Standard conditions and types of enthalpy change

Energy values are compared under standard conditions #5251 298 K and
101 kPa, shown by the symbol ©. Each substance is in its normal physical state
at those conditions.

Symbol Name Definition (per mole, under standard conditions)
AH? enthalpy change of reaction J WV J&45 for the amounts shown in the equation

AH]TJ enthalpy change of formation 4 f{&74% one mole of a compound forms from its elements

AHY enthalpy change of combustion BAB/GAE one mole of a substance burns completely in oxygen
AHS,., enthalpy change of neutralisation H1H48748 one mole of water forms from an acid and an alkali
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formation AH: [ 1 mol of the compound]
combustion AH: [1 mol substance + O COs + H5O

Don’t confuse them: formation builds 1 mol of a compound from its elements;
combustion burns 1 mol of a substance in oxygen

Energy from breaking and making bonds

During a reaction, old bonds break and new bonds form. Breaking a bond needs
energy (endothermic); making a bond releases energy (exothermic). The enthalpy
change of the reaction is the difference between the two:

AH, = Z(bond energies broken) — Z(bond energies made)

The bond energy ##§E is the energy needed to break one mole of a particular bond
in the gas state, so it is always positive. Some bond energies are exact (for one specific
molecule); others are averages taken over many different molecules, so calculations
using them are only approximate.

Worked example. Use bond energies to find AH for Hy + Cl, — 2HCIL. Bond
energies (kJ mol™'): H-H = 436, C1-Cl = 242, H-Cl = 431.

AH = (broken) — » (made) = (436 + 242) — (2 x 431) = 678 — 862 = —184 kJ mol .
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energy
A

separate gaseous atoms

break bonds
(energy in) make bonds
(energy out)

reactants
AH

products

Breaking bonds takes energy in; making bonds gives energy out. AH is the difference
between the two

Measuring enthalpy change in the lab

When a reaction heats up (or cools down) a known mass of water or solution, the heat
transferred is:

q = mcAT

where m is the mass, ¢ is the specific heat capacity H#% (how much energy raises
1 g by 1 K), and AT is the temperature change. The enthalpy change per mole is
then:

meAT
n

AH =

The minus sign makes AH negative when the temperature rises (an exothermic reac-
tion).

Worked example. Burning 0.50 g of methanol (M, = 32) raises the temperature
of 100 g of water by 18 °C. Find the enthalpy change of combustion per mole. (¢ =
418 J g K1)

The heat released is ¢ = mcAT = 100 x 4.18 x 18 = 7520 J. The amount burnt is
n = 0.50/32 = 0.0156 mol, so

q 7520 B
AH, = -9 _ ~ —480 kJ mol .
n o 0.0156 o
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fffff thermometer

[ |- lid (reduces heat loss)

solution - - insulated cup

An insulated cup and a thermometer measure the temperature change of a known
mass of solution

Hess’s law

Hess’s law i E 3 says that the total enthalpy change for a reaction is the same,
no matter which route you take from reactants to products. This is because energy is
conserved.

This lets you draw an energy cycle gE&/i¥f: link the reactants and products by a
direct step and by an indirect route, then add the steps so that both routes give the
same total.

AH, (the one we want)
reactants » products

AI—II AHZ

AH, =AH, + AH,

N /

intermediate
(e.g. elements or
combustion products)

The direct route equals the indirect route, so AH, = AH; + AH,

Hess’s law is useful in two ways:

o it lets you find an enthalpy change that you cannot measure directly (for example,
the formation of a compound that forms slowly or with side reactions).

o it lets you calculate AH, from bond energy data, or from formation or combustion
data given in the question.
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Exam tips

o Define each enthalpy change with its exact standard conditions (e.g. combus-
tion = one mole burned completely in excess oxygen).

o Use AH = ) (bonds broken) — > (bonds made); breaking is endothermic (+),
making is exothermic (—) — getting the sign the wrong way round is the classic
error.

e In ¢ = mcAT use the mass of the water/solution, then divide by moles and add
the minus sign for an exothermic reaction.

o Draw Hess cycles with arrows the same way round, follow the alternative route,
and always give AH a sign and units (kJ mol™).
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Electrochemistry
A-Level Chemistry

Oxidation number

The oxidation number F AL (also called the oxidation state) shows how many
electrons H - an atom has lost or gained compared with the free element. You work
it out using simple rules:

o an uncombined element has an oxidation number of 0.

« a simple ion has an oxidation number equal to its charge (so Mg*" is +2).
o Group 1 is always +1, Group 2 is always +2.

e hydrogen is +1 (but —1 in metal hydrides).

« oxygen is —2 (but —1 in peroxides).

o fluorine is always —1.

o the oxidation numbers in a neutral compound add up to 0; in an ion they add up
to the charge.

A Roman numeral shows the size of the oxidation number of an element, for example
iron(II) means +2 and manganese(VII) in KMnO4 means +7.

known unknown known

K Mhn 04

+1 +7 4 x (—=2)

they sum to 0: (+1) + Mn 4+ (—=8) =0, so Mn = +7

Assigning an oxidation number: fix the known atoms (K = +1, O = —2 each), then
use “they sum to zero” to find the unknown (Mn = +7)

Worked example. Find the oxidation number of sulfur in the sulfate ion, SO;™.

Each oxygen is —2, so the four oxygens give 4 x (—2) = —8. In an ion the numbers
add up to the charge, here —2. If sulfur is x:

r+(-8)=-2 = x=+46.

Worked example. Find the oxidation number of nitrogen in the nitrate ion, NO3 .
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r+3x(-2)=—-1 = z-6=-1 = z=+>5.

Redox in terms of electrons

o
H
gy
';

>
f=
X
>
m

A battery uses redox reactions to push electrons round a circuit.

A redox F AL )5 reaction is one where electrons move from one species to another.

« oxidation %k is the loss of electrons. The oxidation number goes up.
o reduction iAJi is the gain of electrons. The oxidation number goes down.

A useful memory aid is OIL RIG: Oxidation Is Loss, Reduction Is Gain.

Oxidation and reduction always happen together, because the electrons lost by one
species are gained by another. This electron transfer H f4%%% is why we call it a
redox reaction.
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oxidation: loses 2e reduction: gains 2e~

(oxidation number 1) (oxidation number )
Zn — Zn** Cu’t — Cu
0— +2 +2-0

N

2¢~ transferred
Zn is the Cu?T is the

reducing agent oxidising agent

Redozx is electron transfer: the reducing agent loses electrons (ozidised, number up);
the oxidising agent gains them (reduced, number down)

Using oxidation numbers to balance equations

Changes in oxidation number help you balance a redox equation:

1. find the element whose oxidation number rises (it is oxidised) and the one whose
number falls (it is reduced).

2. the total rise must equal the total fall, because every electron lost is gained some-
where.

3. choose the ratio of the two species so the rise and fall match, then balance the rest
of the equation.

[ Fet — Fe** (42 = +3) ] oxidised: rises 1 (x5)

[ MnO; — Mn*" (47 — +2) ] reduced: falls 5 (x1)

5 electrons lost = 5 gained = ratio 5 Fe?* : 1MnO}

Balancing a redox equation: the total rise in oxidation number must equal the total
fall, which fixes the ratio

Worked example. Balance the reaction of manganate(VII) with iron(II) in acid:
MnOj + Fe?* + H' — Mn*" + Fe** + H,0.

Manganese falls from +7 to +2 (a fall of 5); iron rises from +2 to +3 (a rise of 1).
To make the total fall equal the total rise, take 5 iron ions for every 1 manganate ion.
Then balance oxygen with water (4 H,O) and hydrogen with H" (8 H™):
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MnOj + 5Fe*" + 8H™ — Mn?" + 5Fe®* + 4H,0.

Disproportionation

Disproportionation 15 {l, is a special redox reaction in which the same element
is both oxidised and reduced at the same time. For example, when chlorine reacts
with cold water, some chlorine atoms are reduced (to Cl™) and others are oxidised (to

Cl07).

oxidation number

A
T A
oxidised
to CIO~ (+1)
0 + Cly (Clis0) --
reduced
to CI~ (—1)
11 v

the same element splits both ways

Disproportionation: chlorine (0) is both oxidised to ClO~ (+1) and reduced to Cl~
(—1) at once
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Oxidising and reducing agents

Rusting is the oxidation of iron by oxygen.

o an oxidising agent % {L7 takes electrons away from another species. In doing
so, it is itself reduced.

« a reducing agent if 73] gives electrons to another species. In doing so, it is
itself oxidised.

So in any redox reaction, the oxidising agent causes the oxidation of the other species,
while the reducing agent causes the reduction.

Exam tips

» Apply the oxidation-number rules in order: O is —2 except in peroxides (—1); H
is +1 except in metal hydrides (—1).

« In a redox equation the total increase equals the total decrease in oxidation
number — use this to fix the ratio, then balance O with H,O and H with H™.

« An oxidising agent is itself reduced; name both what is oxidised /reduced and
the agent for full marks.

o Disproportionation is the same element both oxidised and reduced — show both
oxidation-number changes.
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Equilibria
A-Level Chemistry

Reversible reactions and dynamic equilibrium

Cobalt chloride changes colour as its equilibrium shifts.

A reversible reaction 7] i¥i 7V can go both ways. The forward reaction iF Jz
W makes products; the reverse reaction ¥ [z ¥ turns products back into reactants.
We show this with the sign =.

In a closed system #f[f] &4t (nothing enters or leaves), the reaction reaches a
dynamic equilibrium Zfj75*F4f when:

o the rate of the forward reaction equals the rate of the reverse reaction.
» the concentrations of reactants and products stay constant.

It is called dynamic because both reactions are still happening — they just cancel out.
A closed system is needed, or products would escape and equilibrium could never be
reached.
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— forward rate
- reverse rate

rates become equal:
dynamic equilibrium

rate of reaction

K. = [products]

at equilibrium: rates= rate, - = Ireactant]

(stoich. powers)

, |
time

At dynamic equilibrium the forward and reverse rates have become equal, so the
concentrations stay constant
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Le Chatelier’s principle

Le Chatelier’s principle #5454 7 3 says: if you change a system at equilibrium,
the position of equilibrium P moves to oppose (reduce) that change.

Change you make Which way the equilibrium moves
increase concentration of a reactant towards the products

increase pressure towards the side with fewer gas molecules
increase temperature towards the endothermic direction

add a catalyst {1/ no shift (it speeds up both ways equally)

A catalyst lets equilibrium be reached faster, but it does not change the position of
equilibrium.

the equilibrium shifts to oppose the change you make

increase [reactant] ————3% towards the products

increase pressure =3P to the fewer-gas-molecules side

increase temperature =3 in the endothermic direction

a catalyst speeds both directions equally, so it gives no shift

Le Chatelier’s principle: the equilibrium always shifts to oppose the change you make

Equilibrium constants

For a reaction at equilibrium, the equilibrium constant P % 4¥ links the amounts
of products and reactants. For the reaction aA + bB = ¢C + dD:

where the square brackets mean concentration in mol dm™>.

Worked example. At equilibrium the mixture Hy + I = 2HI has [Hy] = 0.20,
[I5] = 0.20 and [HI] = 1.6 mol dm ™. Find K..

HI?  16*
[Ho][I,]  0.20 x 0.20

K. = 64

A-Level Chemistry e 7 Equilibria @



(no units here, because the concentration powers cancel top and bottom).

Worked example (ICE table). 1.00 mol each of Hy and I, are sealed in a 1.00 dm®
flask; at equilibrium 0.20 mol of Hy remains. Set out an ICE table (Initial, Change,
Equilibrium):

H, I, 2HI
Initial 1.00 1.00 0
Change —-0.80 —-0.80 +1.60

Equilibrium  0.20 0.20 1.60

0.80 mol of H, reacted, so 2 x 0.80 = 1.60 mol HI formed. In the 1.00 dm® flask the
1.60?
= 64.

0.20 x 0.20
For reactions of gases, we use partial pressure 4}/ instead of concentration. The

partial pressure of a gas is the share of the total pressure that it provides. It is found
from the mole fraction E/R434{ (the fraction of all the moles that are that gas):

concentrations equal the moles, so K. =

partial pressure = mole fraction x total pressure

The constant written with partial pressures is /.

Worked example. A gas mixture holds 2.0 mol of Ny and 6.0 mol of Hy at a total
pressure of 200 kPa. Find the partial pressure of each gas.

There are 8.0 mol in total, so

2. .
p(Ny) = 8_8 x 200 = 50 kPa, p(Ho) = % x 200 = 150 kPa.

Worked example (a numeric K,). For Ny + 3Hy; = 2NH; the equilibrium partial
pressures are p(Ng) = 20, p(Hz) = 40 and p(NH3) = 10 kPa. Then

p(NH3)? 102 5 L
K = - = =78 x107” kPa™~,
P p(No)p(Hy)* 20 x 40° )
kPa?
the units coming from —a3 = kPa ™%
kPa x kPa

Only temperature changes the value of K. or K. Changing concentration or pressure
shifts the position of equilibrium but leaves the constant unchanged; adding a catalyst
changes neither the constant nor the position — it only makes equilibrium arrive
faster.
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The Haber and Contact processes

Ammonia for fertiliser is made by the Haber process in large industrial plants like
this one.

These two industrial processes are chosen by balancing yield, rate and cost using Le
Chatelier’s principle.

« the Haber process M5{F17%: makes ammonia: Ny + 3Hy = 2NHj (exothermic). Tt
uses about 450°C, 200 atm and an iron catalyst. A low temperature would give
more ammonia but too slowly, so a moderate temperature is a compromise.

 the Contact process #filiy%: makes sulfur trioxide: 2SO, + Oy = 2503 (exother-
mic). It uses about 450 °C, near 1-2 atm and a vanadium(V) oxide catalyst.
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100

pressure
50 atm
80 1 = 200 atm
= 400 atm
X
= 60
T
=
Y
o
S 40 A compromise:
QL ~450 °C, 200 atm
>
20 A
exothermic: lower T 1T yield - higher P 1T yield
0 T T T T T 1
200 250 300 350 400 450 500

temperature/ °C

The Haber equilibrium gives more ammonia at lower temperature and higher
pressure; about 450 °C" and 200 atm is the working compromise

Acids and bases: the Brgnsted—Lowry theory

A proton ffi 1 is simply an H" ion. The Brgnsted-Lowry theory defines acids and
bases by what they do with protons:

« an acid g is a proton donor i itk (it gives away H™).

+ a base | is a proton acceptor Jfi {Z/£ (it takes H"). A base that dissolves in
water is called an alkali.

H* (proton)

N

HCI + H,O - H;O0* + Cl-
acid base
(proton donor) (proton acceptor)

conjugate pair: HCI / CI=  and Hy0 / H30*

Bronsted-Lowry: the acid donates a proton (H') to the base, making two conjugate
actd-base pairs

Common acids you must know: hydrochloric acid (HCI), sulfuric acid (H2SO4), nitric
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acid (HNOj3) and ethanoic acid (CH;COOH). Common alkalis: sodium hydroxide
(NaOH), potassium hydroxide (KOH) and ammonia (NHj).

Strong and weak acids and bases

This is about how fully an acid or base splits up in water — not how concentrated it
is.

o a strong acid 7R [iZ or strong base H&fif is fully dissociated f# % in water
(almost every molecule splits into ions).

+ a weak acid 55i or weak base 554 is only partly dissociated (most molecules
stay whole).

Qeeeﬂe © g °®
00 oo ® 00 oo °°

strong acid weak acid
fully dissociated: many ions mostly molecules: few ions

Same concentration, different ionisation: a strong acid is fully dissociated into ions;
a weak acid stays mostly as whole molecules

The pH scale measures how acidic a solution is: pure water is pH 7, acids are below
7, and alkalis are above 7. A strong acid has a lower pH than a weak acid of the same
concentration.

You can tell strong and weak acids apart by:

« reaction with a reactive metal: a strong acid fizzes faster.
o pH: measured with a pH meter or universal indicator i# &/~
« electrical conductivity: a strong acid conducts better, because it has more ions.
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Neutralisation, salts and titration curves

Neutralisation H 4] happens when the hydrogen ions from an acid react with the
hydroxide ions from an alkali:

H*(aq) + OH (aq) — HO()

A salt 3 is also formed, from the rest of the acid and base.

In a titration JfiE you add one solution to another and follow the pH. The titration
curve Ji €l £k has a steep, almost vertical jump near the end point. The exact
shape depends on whether each reactant is strong or weak.

To pick an indicator $§7/~7], choose one whose colour change falls inside that steep
jump. For a strong acid with a strong base most indicators work; for a weak acid with
a strong base you need one that changes in the higher pH range.

14

12 pH = —logo[H* ]~

K

10 A
indicator range

8 1

pH
~

\

end point

— weak acid + strong base
- strong acid + strong base

30 40 50
volume of strong base added / cm?3

N )
1 1
N
o

0 10

Titration curves each have a steep pH jump at the end point. The weak-acid jump
sits higher, so the indicator must change colour in that range

Exam tips

e Define dynamic equilibrium with all three points: forward and reverse rates
equal, concentrations constant, closed system.

o Answer Le Chatelier questions by stating the change, the direction of shift, and
the reason; a catalyst does not shift the position (it speeds both rates).
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o Write K, as products over reactants, each raised to its balancing number; in-
clude state symbols to decide what appears.

o Justify Haber/Contact conditions as a compromise between yield, rate and cost
— do not just quote them.

e Brgnsted: acid = proton donor, base = proton acceptor; conjugate pairs differ
by one HT.
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Reaction kinetics
A-Level Chemistry

Rate of reaction

The rate of reaction [z V3% is how fast reactants turn into products. We measure
it as the change in concentration (or amount) in each unit of time.

To react, particles must collide filf##i. The collision frequency flf f# 45 % is how
often the particles hit each other. But not every collision leads to a reaction:

« an effective collision Gl {# has enough energy and the correct direction, so
a reaction happens.

« a non-effective collision Jo{Hf# does not have enough energy, or the particles
hit at the wrong angle, so nothing happens.

So the rate depends on the frequency of effective collisions — how many useful
collisions happen each second.

effective collision ineffective collision
 — D  —
reactive ends line up wrong orientation
= reaction = no reaction

A collision only reacts with the right orientation and enough energy (coloured ends =
the reactive part)
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Concentration and pressure

If you increase the concentration of a solution (or the pressure of a gas), the parti-
cles are packed closer together. They collide more often, so there are more effective
collisions each second, and the rate goes up.

O ® o ®e 9
® o
@
more ® o
) s
® e 4 ©
O © ® ® o0
lower concentration higher concentration
fewer collisions more collisions

More particles in the same volume collide more often, so the rate rises

You can calculate a rate from experimental data — for example, the volume of gas
made divided by the time taken.

Worked example. A reaction gives off carbon dioxide. In the first 30 s, 48 cm? of

gas is collected. Find the average rate of reaction over this time.

volume of gas 48
time 30

1

average rate = = 1.6 cm®s™.

The rate is fastest at the start (the graph is steepest there) because the reactants are
most concentrated, then it slows as they are used up.

Temperature and activation energy

The activation energy JGfLfE (E4) is the minimum energy a collision needs in order
to be effective.

The Boltzmann distribution 3% /K245 /347 is a graph showing how the energies of
the molecules are spread out at one temperature. The curve starts at the origin, rises
to a peak, then falls away in a long tail. The total area under the curve is the total
number of molecules. Only the molecules to the right of £4 have enough energy to
react.

When you raise the temperature:
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o the curve flattens and spreads to the right, so a much larger fraction of molecules

now

have energy greater than F 4.

¢ the molecules also move faster and collide more often.

The first effect is the bigger one. This is why a small rise in temperature gives a large
rise in rate.

fraction of molecules

A
— |ower temperature, T;

—— higher temperature, T>

higher T = more molecules with E=E4

activation
energy E,

/ shaded = molecules that
can react (E= Eyp)

>

molecular energy, E

At higher temperature the curve spreads to the right, so a larger fraction of molecules

can react
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Cataly

sts

A catalyst {#1k7] speeds up a reaction but is not used up itself. Catalysis #E{L{F
H is the name for this action.

A catalyst works by giving the reaction a different reaction mechanism Jz WV [ F —
a new route with a lower activation energy. On the Boltzmann distribution, lowering
E 4 moves the line to the left, so more molecules now have enough energy. This means

more effect

On areact
7hill”. The

ive collisions each second, and a faster rate.

ion pathway diagram [ )/ %428, the catalysed route has a lower energy
enthalpy change of the reaction, AH, is not changed by the catalyst.

energy

reactants

A

—— without catalyst

,,,,,,,,,,,, —— with catalyst

—————————————————————————————————————————— -products

» reaction progress

A catalyst gives a route with lower activation enerqgy; the enthalpy change is

unchanged

There are two types:

« a homogeneous catalyst YJFH{#E{t7] is in the same physical state as the reac-
tants — for example, an acid catalyst dissolved in a solution of liquids.

e a heter

ogeneous catalyst ZAH{#{L5] is in a different state from the reactants

— for example, solid iron speeding up the reaction of gases in the Haber process.
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| solid catalyst |

homogeneous heterogeneous
(same state, mixed in) (different state, a surface)

A homogeneous catalyst is mized in with the reactants (same state); a heterogeneous
catalyst is a separate surface (different state), where reactants meet and react

A car’s catalytic converter is a heterogeneous catalyst; its honeycomb gives a huge
surface area

Exam tips

» Explain rate changes with collision theory — more frequent and/or more ener-
getic effective collisions.

e On a Boltzmann distribution mark F,, shade to its right, and show the curve
flatten and shift right at higher temperature; it starts at the origin and never
touches the axis.

o A catalyst gives an alternative route with lower F 4 and does not change AH.

e Say why a small temperature rise gives a large rate rise: a much greater pro-
portion of molecules now exceed E4 (the main effect).
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The Periodic Table: chemical periodicity
A-Level Chemistry

Physical properties across Period 3

PERIODIC TABLE OF ELEMENTS
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Properties repeat in a reqular pattern across each period of the table.

Periodicity J&#4 means that properties repeat in a regular pattern as you go across
each period & of the Periodic Table. Period 3 (Na to Ar) is the standard example.

atomic radius decreases as nuclear charge increases

>
>

+11 +12 +13 +14 +15 +16 417

Atomic radius decreases across Period 3: the rising nuclear charge pulls the same
outer shell inwards

Property Trend across Period 3

atomic radius J5i 124 gets smaller (more nuclear charge pulls the same shell in)

ionic radius &1 positive ions are small; from P3~ onwards the negative ions are larger
melting point 45, rises to a peak at silicon, then falls sharply

electrical conductivity FHi{}: high for Na, Mg, Al; almost zero from Si onwards
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The melting point and conductivity follow from the structure and bonding:

o Na, Mg, Al are giant metallic 4:J& i 1&. Melting points rise (Na — Al) because
each atom gives more delocalised electrons and the ions get smaller, so the bonding
is stronger. They conduct well.

« Siis giant molecular J& 1 f4{& (giant covalent). It has the highest melting point,
because strong covalent bonds must be broken. It barely conducts.

« P, S, Cl, Ar are simple molecular 73 f,{& (or single atoms). Their melting
points are low, because the only forces that break are the weak van der Waals’
forces yifE4E /7 between the molecules - the strong covalent bonds inside each
molecule are never broken at all. They do not conduct.

Name van der Waals’ forces when you explain that drop: it is the marking point,
and "the covalent bonds are weak” is the error that loses it. Melting Sg pulls whole
molecules apart from each other; it does not touch a single S-S bond. Their sizes still
follow the molecule: Sg melts higher than P, because it is bigger, with more electrons
and so stronger van der Waals’ forces, while Ar (a single atom) is lowest of all.

1750 + giant

giant covalent simple molecular
1500 A metallic

1250 +

Si: highest m.p.
(strong covalent bonds)

1000 +

750 +

500 A

melting point/ °C

250 A

—250 A Period 3 m.p.: giant structures (Si, oxides) high - molecular (P4, Sg, Cl3, Ar) low
Na Mg Al Si P S Cl Ar

Melting point across Period 3 peaks at silicon (giant covalent); it is high for the
metals and low for the simple molecular elements
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Chemical properties across Period 3

Reactions with oxygen, chlorine and water

With oxygen:

4Na + 02 — 2Na20 2Mg + 02 — QMgO 4A1 + 302 — 2A1203

P4 + 502 — P4010 S + 02 — SOQ

With chlorine:

9Na+ Cl, — 2NaCl Mg+ Cly — MgCl,  2Al + 3Cl, — 2AICI;

Si+ 2Cly — SiCly 2P + 5Cly — 2PCl;

With water (only Na and Mg react):

ONa + 2H,0 — 2NaOH + H, Mg + 2H,0 — Mg(OH), + H,

Sodium reacts fast; magnesium reacts only very slowly with cold water.

Oxidation number of the oxides and chlorides

The oxidation number % ft3{ of the Period 3 element in its oxide or chloride rises
across the period, because it equals the number of outer-shell (valence shell {}2)
electrons it the atom uses in bonding:

Oxides NagO MgO A1203 P4010 802 / SOg
oxidation number +1 +2 +3 +5 +4 / +6

The chlorides NaCl, MgCl,, AlCl;, SiCly, PCl; show oxidation numbers +1 to +5 in
the same way.
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Oxides with water, and acid—base behaviour

Across the period the oxides k¥ change from basic to acidic:

NaQO MgO A|203 P4010 503
basic amphoteric acidic
pH ~ 14 pH ~ 7 pH =~ 0

metal oxides (left) are basic; non-metal oxides (right) are acidic

The Period 3 oxides change from basic (the metals) through amphoteric (Al Os) to
acidic (the non-metals)

Oxide With water Acid—base nature Approximate pH
Na,O NayO + H,O — 2NaOH basic 13-14

MgO  MgO + Hy,O — Mg(OH),  basic 9-10

Al,O3 insoluble amphoteric Pt 7

SiO, insoluble weakly acidic 7

P4010 P4010 + 6H20 — 4H3PO4 acidic 1-2

SOs3 SO3 + HyO — HySOy strongly acidic 0-1

Metal oxides (left) are basic; non-metal oxides (right) are acidic. Al,O3 and its hy-
droxide S LY Al(OH), are amphoteric — they react with both acids and bases:

Al,O3 4+ 6HC1 — 2A1CI3 + 3H,0

Al,O3 + 2NaOH + 3H,0 — 2NaAl(OH),

with acid with base
(HCI) Al, O3 (NaOH)
A|C|3 aF HQO € (amphoteric) > NaAI(OH)4
behaves as a base behaves as an acid

Aluminium ozide is amphoteric — it reacts with acids (behaving as a base) and with
bases (behaving as an acid)
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Chlorides with water

o NaCl and MgCl, are ionic. They simply dissolve, giving a near-neutral solution.

+ SiCly and PClj are covalent. They undergo hydrolysis 7Kfi# (react with water) to
make acidic solutions and fumes of HCI:

SiCly + 2H,0 — SiO4 + 4HC PCl; + 4H,0 — H3PO4 + 5HCI

NaCl, MgCls + water dissolves: neu-
(ionic) - tral, pH =~ 7
SiCly, PCls +water | hydrolyses: acidic
(covalent) - + HCI fumes

The ionic chlorides just dissolve (neutral); the covalent chlorides react with water
(hydrolyse) to give an acidic solution and HCI fumes

Explaining the trends

These trends follow from the change in bonding and electronegativity H fi{4:. On
the left, the elements are metals with low electronegativity, so their oxides and chlorides
are ionic and basic (or neutral). On the right, the elements are non-metals with high
electronegativity, so their oxides and chlorides are covalent and acidic. You can use a
chloride’s or oxide’s properties (melting point, conductivity, effect on water) to suggest
whether its bonding is ionic or covalent.

Worked example. Predict the pH when NasO, Al,O3 and SOz are each added to
water. Acid-base character follows the metal to non-metal change across Period 3.
NayO is ionic and basic: it dissolves to give NaOH, so the pH is about 13. SOj is
covalent and acidic: it reacts to give HySOy, so the pH is about 1. Al,O3 sits at the
changeover - it is amphoteric and essentially insoluble in water, so the pH stays
about 7. The trap is that last one: amphoteric does not mean neutral, it means the
oxide reacts with acids and with alkalis - it simply does not react with water.
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Periodicity of other elements

The same idea works for any group. If you know the pattern down a group and across
a period, you can:

« predict the properties of an element from its position (for example, a Group 1
element will be a reactive metal forming a +1 ion).

o deduce the likely position and identity of an unknown element from its physical
and chemical properties.

Exam tips

o Always pair the trend with its reason: atomic radius falls across Period 3 (rising
nuclear charge, similar shielding).

« Explain the melting-point pattern by structure: giant metallic (Na—Al), giant
covalent (Si, highest), then simple molecular (P4, Sg, Cly) and monatomic (Ar).

« Oxides go basic — amphoteric (Al;O03) — acidic across the period; link to
ionic-to-covalent bonding.

 For reactions of oxides/chlorides with water, give the products and the resulting
pH.
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Group 2
A-Level Chemistry

The Group 2 metals

Limestone is calcium carbonate — a compound of the Group 2 metal calcium.

Group J#% 2 holds the metals magnesium, calcium, strontium and barium. They all
have two outer electrons, which they lose to form 2+ ions. Going down the group,
the atoms get larger and the outer electrons are easier to lose, so the metals get more
reactive — their reactivity [z V%4 increases down the group.
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Mg

Ca down the group:
atoms get larger
= outer 2 electrons

are further out

Sr
= easier to lose

reactivity increases

Ba

Reactivity increases down Group 2: larger atoms hold their two outer electrons less
tightly, so they are lost more easily

Reactions of the elements

With oxygen, they burn to form an oxide:

Magnesium burns in air with a brilliant white flame, forming white magnesium oxide

With water, they form a hydroxide and hydrogen. The reaction gets faster down the
group:
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Ca + 2H,0 — Ca(OH), + H,
Magnesium is slow with cold water but reacts fast with steam, giving MgO and Hs.
With dilute hydrochloric or sulfuric acid, they form a salt and hydrogen:

With sulfuric acid the reaction slows down the group, because the sulfates #ijifigh
formed (such as BaSQO,) are insoluble and coat the metal.

Reactions of the compounds

The oxides Fft¥) and hydroxides S LY are basic. They react with water and
with dilute acids:

MgO + H,O — Mg(OH),  Mg(OH), + 2HC1 — MgCl, + 2H,0

The carbonates Ffik i react with dilute acids to give a salt, water and carbon
dioxide:

C&COg + 2HCIl — C&ClQ + HQO -+ C02

Thermal decomposition
Thermal decomposition #/}fi# means breaking a compound apart by heating it.

e the carbonates break into the oxide and carbon dioxide:

C&COg — CaO + C02

o the nitrates filjfix i break into the oxide, brown nitrogen dioxide gas and oxygen:

20a(NO, )y — 2Ca0 + 4ANO, + O,

The thermal stability #fa & of both the carbonates and the nitrates increases
down the group. A larger metal ion pulls less on the carbonate or nitrate ion, so the
compound is harder to break apart — it needs a higher temperature. So magnesium
carbonate decomposes most easily, and barium carbonate is the hardest.
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small Mg?*: high polarising power large Ba®*: low polarising power

distorts

the ion barely distorted

= decomposes easily = thermally stable

Thermal stability rises down the group: a small cation polarises (distorts) the

carbonate ion more, weakening it so it decomposes more easily

Trends in solubility

Compound Trend in solubility ¥##E down the group
hydroxides  increase (Mg(OH), almost insoluble; Ba(OH), soluble)
sulfates decrease (MgSO, soluble; BaSO, insoluble)
102

o)

S hydroxides:

v 10! more soluble

(@)}

°

g 100

]

©

=

(@)}

o 1071

o

—

o

g 1072 sulfates:

- less soluble

z

3 1073

=

2 Group 2: OH~ sol. 1 down - SO3~ sol. { down
1074

Mg

Ca Sr Ba

Down Group 2 the hydroxides become more soluble while the sulfates become less

soluble (note the log scale)

From these trends you can predict the properties of the next element down, radium,

and of its compounds.
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Worked example. MgCO,; decomposes at about 540 °C and BaCOgj at about
1360 °C. Explain the trend and predict where CaCOj sits. Going down Group 2
the cation gets larger, so its charge is spread over a bigger surface and its polarising
power falls. A less polarising cation distorts the carbonate ion less, so the C-O bond
is weakened less and more heat is needed to break it. Thermal stability therefore
increases down the group, and CaCQOgs, lying between Mg and Ba, decomposes
at an intermediate temperature of about 900 °C. Argue the whole chain - cation
size, then polarising power, then distortion of the anion; ”it is more reactive”
explains nothing here.

Exam tips

» Reactivity increases down Group 2: ionisation energy falls as atoms get larger,
so electrons are lost more easily.

o Reactions with water become more vigorous down the group; Mg reacts slowly
with cold water but fast with steam (— MgO).

« Hydroxides get more soluble down the group; sulfates get less soluble (BaSO,
insoluble — the basis of the sulfate test).

o Write equations with the correct 4+2 ion and state the observations (fizzing, dis-
solving).
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Group 17
A-Level Chemistry

Physical properties of the halogens

Bromine is a Group 17 halogen — a dark liquid that gives off an orange vapour.

The halogens X% are the Group J#% 17 elements. They exist as diatomic molecules
(Cly, Bry, I). Going down the group:

Element Colour and state at room temperature

chlorine  pale green gas
bromine  red-brown liquid
iodine grey-black solid (purple vapour)

The volatility #£% {4 (how easily a substance turns to vapour) decreases down
the group: chlorine is a gas, but iodine is a solid. This is because the molecules get
larger and have more electrons, so the instantaneous dipole [ {1 and induced
dipole %S forces between them get stronger. Stronger forces are harder to
break, so the boiling point rises and volatility falls.
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volatility decreases (intermolecular forces get stronger)

>

Cl, Br, I
pale green red-brown grey-black
gas liquid solid

Down Group 17 the halogens change from a pale green gas to a red-brown liquid to a
grey-black solid as volatility falls

The bond energy ##{E (bond strength) of the X—X molecules generally falls from
Cl; to Iy, because the shared electrons are further from the nuclei in the larger atoms.

Chemical properties of the halogens and hydrogen
halides

Halogens as oxidising agents

Each halogen reacts by gaining one electron to form a 1— ion, so it acts as an oxidising
agent ‘A {L#]. This power decreases down the group, because the larger atoms
attract an extra electron less strongly. A more reactive halogen can push out a less
reactive one from its salt:

add Cly

KBr orange
(colourless) (Br2)

Chlorine displaces bromine: the solution turns orange

CIQ + 2KBr — 2KCI + BI’Q
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Reactions with hydrogen
Each halogen reacts with hydrogen to form a hydrogen halide Xt &

Hs; + Cly, — 2HCI

The reaction gets less vigorous down the group: chlorine reacts explosively in light,
bromine needs heat, and iodine reacts slowly and only partly.

Thermal stability of the hydrogen halides

The thermal stability #f& E 1% of the hydrogen halides decreases down the group.
The H-X bond gets weaker as the halogen atom gets larger, so HI breaks apart on
gentle heating while HCI is very stable.

Reactions of the halide ions

Halide ions as reducing agents

A halide ion & (such as C17) can give away an electron, acting as a reducing
agent A J7 5. This power increases down the group, because a larger ion holds its
outer electron less tightly.

rises

Cly Cl~

a more reactive halogen
Br— displaces a less reactive one:

Cly +2Br~ — 2CI7 4+ Bro

BI’Q

v I~

oxidising power of X falls

reducing power of X

Two opposite trends: the oxidising power of the halogens falls down the group, while
the reducing power of the halide ions rises
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Reaction with aqueous silver ions

Add aqueous silver nitrate, then aqueous ammonia %, to identify the halide from
the colour of the silver halide precipitate JJ{JE:

Halide Precipitate with Ag® Solubility in ammonia

Cl™ white
Br~ cream
I~ yellow

dissolves in dilute ammonia
dissolves only in concentrated ammonia
insoluble in ammonia

N

ClI—-
AgCl white

dissolves in
dilute NH5

—/

Br—

AgBr cream

needs conc.

NHs

—/

Agl yellow

insoluble
in NH3

add Ag™(aq),
then NH;3(aq)

Silver halide precipitates: AgCl is white, AgBr cream and Agl yellow — and their
solubility in ammonia confirms which halide is present

The silver halide test: AgCl is white, AgBr cream and Agl yellow
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Reaction with concentrated sulfuric acid

All the halides first give the hydrogen halide. The lower halides are then oxidised by
the acid, because they are stronger reducing agents:

NaCl + HQSO4 — NaHSO4 + HCl

« chloride gives only HCI (no redox).
o bromide also gives some brown Bry and SOs.

o iodide gives Iy and the smelly gases HyS and SO,, because 1™ is the strongest
reducing agent.

CI~ — HCl only (no redox)

Br~ — HBr, then Bra 4+ SO»

reducing power increases

I — HI, then I + H3S + SO»

With concentrated sulfuric acid, chloride gives only HCI, but bromide and iodide
(stronger reducing agents) are also oxidised to the halogen

Reactions of chlorine

Chlorine is added to pool water to kill microbes.
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With sodium hydroxide

With cold, dilute sodium hydroxide, chlorine reacts to form chloride and chlorate(I):

Cly + 2NaOH — NaCl + NaClO + H,O

With hot, concentrated sodium hydroxide, it forms chloride and chlorate(V):

3Cly + 6NaOH — 5NaCl + NaClO3 + 3H,0

In both, the oxidation number 44t %{ of chlorine goes both up and down (from 0),
so both are disproportionation 4}, reactions.

Chlorine in water purification

A little chlorine is added to water for water purification /K#§4k. It reacts with
water:

Cly + H,O = HOC1 + HC1

The active species HOCI and C1O™~ kill bacteria 4f[F, making the water safe to drink.

Worked example. Solid NaCl, NaBr and Nal are each warmed with concentrated
HySOy4. Predict the products. Reducing power increases down the group, so
how far each halide reduces the sulfuric acid differs. Cl™ is too weak to reduce it at
all, so you get only steamy HCI - an acid-base reaction. Br™ reduces it a little: HBr
plus brown Bry and SO,. 1™ is the strongest reducing agent: HI plus I, and it drives
the sulfur all the way down to HsS, with its bad-egg smell. Every halide gives the
hydrogen halide first; the extra products appear only where the halide is a strong
enough reducing agent to attack the sulfur.

Exam tips

« Halogens get less reactive down the group (harder to gain an electron); oxidising
power decreases.

o Displacement: a more reactive halogen displaces a less reactive halide — state
the colour change.

o Test halide ions with AgNO,: white (Cl7), cream (Br™), yellow (I7), then confirm
with dilute/concentrated ammonia.

e Chlorine with water and with cold NaOH are disproportionation — show the
oxidation-number changes.
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Nitrogen and sulfur
A-Level Chemistry

Why nitrogen is unreactive

Nitrogen gas, Ny, makes up most of the air but reacts with very little. There are two
reasons:

o the two nitrogen atoms are joined by a triple bond =%, which has a very high
bond energy f#HE. A lot of energy is needed to break it.

 the molecule has no polarity % — it is perfectly symmetrical, so nothing pulls
other molecules towards it.

strong triple bond: very high
bond energy = hard to break

symmetrical molecule = no polarity = nothing pulls it into a reaction

Nitrogen is unreactive for two reasons: a very strong triple bond, and a symmetrical,
non-polar molecule
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Ammonia and the ammonium ion

Ammonia is converted into nitrogen fertilisers in industrial plants on a huge scale.

Basicity of ammonia

The basicity Bt of ammonia (its ability to act as a base) comes from the lone
pair JIUK HLF of electrons on the nitrogen atom. Using the Brgnsted—Lowry theory,
ammonia is a base because this lone pair can accept a proton it (H'):

NH; + Ht — NHj

lone pair
°e lone pair
accepts HT

+ Ht ——

tetrahedral, four equal N-H bonds

Ammonia acts as a base because the lone pair on its nitrogen accepts a proton,
making the ammonium ion
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The ammonium ion

When the lone pair forms a bond to H*, it makes the ammonium ion £¢% 1, NH] .

Because both shared electrons came from the nitrogen, this new bond is a coordinate
bond it {i/§#. The ion has four identical N-H bonds and a tetrahedral shape.

Displacement of ammonia from its salts

If you warm an ammonium salt with a base (such as sodium hydroxide), you push out
ammonia gas. This is an acid-base displacement ¥ #f:

The sharp smell of ammonia, and damp red litmus turning blue, is a test for an
ammonium salt.

Oxides of nitrogen and air pollution

Where they come from
Oxides of nitrogen (NO and NO,, together called NO,,) come from two sources:

o natural: lightning gives enough energy for nitrogen and oxygen in the air to
combine.

« man-made: the high temperature inside an internal combustion engine PNk
#l makes nitrogen and oxygen react:

NQ + 02 — 2NO
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Removing them from car exhaust

A catalytic converter {551k #% cleans the exhaust gases /<. It lets the
harmful gases react together to form harmless ones:

catalyst

harmful _| harmless
NO CO "INy CO,

2NO + 2CO — N3 4 2COq

In a catalytic converter the harmful gases NO and CO react over the catalyst to form
harmless No and COs

Photochemical smog

In sunlight, NO and NO; react with unburned hydrocarbons to form peroxyacetyl
nitrate (PAN). PAN is a harmful part of photochemical smog J:{b %455, the
brown haze seen over busy cities.

Photochemical smog over a big city. The brown layer is trapped low down, exactly
where the traffic fumes are — sunlight turns those nitrogen oxides and unburned
hydrocarbons into the haze you can see
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Acid rain
The oxides of nitrogen also help make acid rain R in two ways:

o directly: NO; dissolves in rain to form nitric acid.

o as a catalyst: NO, speeds up the oxidation of atmospheric sulfur dioxide — 44k,
i (SO2) into SO3, which then forms sulfuric acid in the rain.

NO, also catalyses this

NO, ~ SO,
dissolves " oxidised by Os,
‘ in rain "then +H>0
HNO3 H2SO4

Nitrogen and sulfur oxides make acid rain: NOy forms nitric acid directly and also
catalyses the oxidation of SOy to sulfuric acid

Worked example. A white solid is warmed with aqueous NaOH, and a gas is released
that turns damp red litmus blue. Identify the gas and the ion in the solid, and explain
the reaction. The only common gas that turns damp red litmus blue is ammonia,
NHj3, so the solid contains the ammonium ion, NH;. The hydroxide ion is the
stronger base, so it takes the proton back from the ammonium ion:

This is the standard test for NH;. Always say the litmus is damp: the ammonia
must dissolve in the water before it can show its basicity, so dry litmus would give no
colour change at all.

Exam tips

o N, is unreactive because of its strong triple bond (very high bond energy) —
state this exactly.

« Ammonia is a base and a ligand because of its lone pair; the ammonium ion
forms by a dative bond.

« Explain how oxides of nitrogen form (high temperature in engines) and their
link to acid rain and photochemical smog.
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» Give balanced equations and correct observations for reactions of ammonia and the
ammonium ion.
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An introduction to AS Level organic
chemistry
A-Level Chemistry

Formulas, functional groups and naming

Crude oil is a complex mixture of hydrocarbons — the feedstock for organic chemistry.
A hydrocarbon fxE L&) is a compound of only carbon and hydrogen. Alkanes
f54% are the simplest hydrocarbons and have no functional group.

A functional group ‘EfE4] is the reactive part of a molecule. It decides the physical
and chemical properties of the compound, so molecules with the same functional group

behave alike (for example the ~OH group in alcohols).
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Types of formula

Formula ‘What it shows

general formula = the pattern for a whole family, e.g. alkanes are C,Hg, 12
molecular formula 437, the actual number of each atom, e.g. C,Hq

structural formula 25143, the groups in order, e.g. CH3CH,CH,CHj,

displayed formula EJ}3, every atom and every bond drawn out

skeletal formula 5225 lines for bonds; carbons at corners, hydrogens on carbon not shown

molecular C4Hio

structural CH3CH2CH2CH3

displayed H

I—O——xI

I—O——I

I—O——I

I—O——I
T

skeletal /\/

The same molecule (butane) shown four ways — molecular, structural, displayed and
skeletal — each hiding more detail than the last

You can read off the empirical formula SZ435 (simplest ratio) from any of these.

Naming

Use systematic nomenclature fiji447%: a stem for the number of carbons (meth-, eth-
, prop-, but-, pent-, hex- for 1 to 6), an ending for the functional group, and numbers
to show where groups are.

Characteristic organic reactions

Some key terms

« a homologous series [f] &% is a family of compounds with the same functional
group and general formula, where each member differs by CHs.
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« a saturated 1fif] compound has only single C—C bonds; an unsaturated {0
compound has a C=C double bond (or a triple bond).

Breaking bonds

A covalent bond can break in two ways:

« homolytic fission ¥JZ¢: the bond splits evenly, one electron to each atom. This
makes two free radicals H Hj % (species with an unpaired electron).

o heterolytic fission %2¢: the bond splits unevenly, both electrons going to one
atom. This makes two ions.

homolytic fission heterolytic fission
Cl l\ Cl C o Br
Cle + oCl cCt + :Br-

one electron each both electrons to one
= two radicals = two ions

Homolytic fission gives one electron to each atom (two radicals); heterolytic fission
gives both electrons to one atom (two ions)

Attacking species

« a nucleophile 3% is a species with a lone pair that is attracted to a positive
(electron-poor) centre.

« an electrophile 3% H {7 is a species attracted to a negative (electron-rich) centre,
such as a C=C double bond.

nucleophile electrophile
/\ o+
: Nu C C_—c¢C E+
a lone pair attacks o
the electron-poor it is drawn to the
(6+) carbon electron-rich C=C
double bond

A nucleophile uses its lone pair to attack an electron-poor centre; an electrophile is
drawn to an electron-rich one such as a C=C bond
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Types of reaction

Reaction What happens

addition fillj% two molecules join to make one

substitution H(ft.  one atom or group is swapped for another

elimination 47 a small molecule is removed, making a double bond
hydrolysis 7K fi a molecule is split apart by water

condensation Zi£; two molecules join and a small molecule (such as water) is lost

For organic redox, the symbol [O] stands for one oxygen atom from an oxidising agent,
and [H] for one hydrogen atom from a reducing agent.

Types of mechanism

A free-radical reaction happens in three steps: initiation 5|% (radicals are made),
propagation 14 (radicals react and make new radicals), and termination % |}
(two radicals join and stop the chain).

The main mechanisms you meet are free-radical substitution H i ZHUY (alkanes),
electrophilic addition EHLNAYL (alkenes), nucleophilic substitution %A% B
(halogenoalkanes) and nucleophilic addition E# AL (carbonyls). In mechanisms,
a curly arrow Z5 i3k shows a pair of electrons moving; it starts at a bond or a lone

pair LT

Shapes of organic molecules

Organic molecules have definite three-dimensional shapes.

A-Level Chemistry ¢ 13 An introduction to AS Level organic chemistry @



Organic molecules can be straight-chained, branched or cyclic ¥k (in a ring).

The shape around a carbon depends on its hybridisation Z%1t:

Hybridisation Bonds Shape Angle
sp? 4 single tetrahedral 109.5°
sp? 1 double + 2 single planar “F-[f (flat) 120°
sp 1 triple (or 2 doubles) linear 180°

Every single bond is a sigma bond o ##, made by direct overlap. A double bond
is one sigma bond plus one pi bond 7 f#, made by sideways overlap of p orbitals.
Ethene is planar because of its sp? carbons.

109.5° o
H H H ' H .
\ / \ / 180
C (op——— H—C=——=C—H
\ W N\,
H
sp>: 4 single bonds sp?: 1 double + 2 single sp: 1 triple bond
tetrahedral planar (flat) linear

The shape at a carbon follows from its hybridisation: sp® is tetrahedral (109.5°), sp
is planar (120°), sp is linear (180°)

Isomerism

Isomers are compounds with the same molecular formula but a different arrangement
of atoms. This is called isomerism F44.
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Structural isomerism

In structural isomerism Z5f4 544 the atoms are joined in a different order. There
are three kinds:

« chain isomerism %% 5:44): the carbon chain is branched in different ways.
« positional isomerism {\/ & FHJ: the functional group is on a different carbon.

o functional group isomerism ‘E §8H4]F44: the atoms form a different functional

group (for example an alcohol and an ether).

chain /\/

butane

2-methylpropane

positional HO\/\ /(

propan-1-ol OH

propan-2-ol

functional /\OH /O\

ethanol (alcohol) methoxymethane (ether)

The three kinds of structural isomerism — chain, positional and functional-group —
each pair sharing the same molecular formula
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Stereoisomerism

In stereoisomerism 37 {4 74 the atoms are joined in the same order but point in
different directions in space.

» geometrical isomerism JUfif 55344 (cis/trans) happens at a C=C double bond.
The pi bond stops the two carbons rotating (restricted rotation 3Z[Rig¥%), so
groups are fixed on the same side (cis JIiiz{) or opposite sides (trans ).

CHs; CHs; CH; H
AN /
c—/C c—/C
/ N\ /
H H H CH;
cis: both CH3 on trans: CHj3 on
the same side opposite sides

Clis—trans isomerism at a C=C bond: the methyl groups are fixed on the same side
(cis) or opposite sides (trans) because the bond cannot rotate

« optical isomerism Jig Yt 544 happens at a chiral F4: carbon — a chiral centre
FEHL is a carbon with four different groups attached. Such a carbon gives two
mirror-image forms called enantiomers XJi{&. A molecule may have more than
one chiral centre.

mirror
I

a
I’I
’
oY)
Y
‘\
a

enantiomers: mirror images that cannot be superimposed
(the central carbon has 4 different groups)

Optical isomerism: a carbon with four different groups gives two mirror-image forms
(enantiomers) that cannot be superimposed

From a molecular formula you can deduce the possible isomers by trying different
chains, positions and functional groups.

Worked example. Explain why but-2-ene shows cis-trans (E/Z) isomerism but
but-1-ene does not. Stereoisomerism at a C=C needs two things: restricted rotation
about the double bond (both alkenes have that), and two different groups on each
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of the two double-bond carbons. In but-2-ene, CH3CH=CHCH3, each double-bond
carbon carries an H and a CHj - different, so the methyl groups can sit on the same
side (cis / Z) or on opposite sides (trans / E). In but-1-ene, CH,=CHCH,CHj, the
first carbon carries two hydrogens - identical, so swapping them changes nothing
and only one form exists. Test each double-bond carbon separately: two identical
groups on either carbon kills the isomerism, however different the other carbon may

be.

Exam tips

e Know the difference between general, molecular, structural, displayed and
skeletal formulas — questions ask for a specific one.

o Name systematically: longest chain, lowest locants, substituents alphabetical; a
wrong locant loses the mark.

 Classify each reaction by type and reagent (addition, substitution, elimination,
oxidation).

« E/Z isomerism needs restricted rotation about a C = C and two different groups
on each carbon.
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Hydrocarbons
A-Level Chemistry

Alkanes

Natural gas — mainly methane, the simplest alkane — burns on a stove.

Alkanes }¢f& are saturated hydrocarbons (general formula C, Hy,12).

Making alkanes

« hydrogenation Zifk: add hydrogen to an alkene /%45, using a Pt or Ni catalyst
and heat.

« cracking Zk: break a long-chain alkane into shorter ones by heating with Al,Os.

Combustion

In combustion #%% an alkane burns in oxygen:

complete: alkane + O3 — CO5 + H2O

incomplete: alkane + less O — CO + soot + H3;O
Complete combustion gives COZ2 and water; incomplete also gives CO and soot
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« complete combustion 54 ke (plenty of oxygen) gives carbon dioxide and
water.

+ incomplete combustion A 5E4BALE (not enough oxygen) gives water plus toxic
carbon monoxide —%ftHk (CO) and soot (carbon).

You are often asked to write the balanced equation. Balance it in a fixed order
- carbon first, then hydrogen, and oxygen last - because oxygen is the only
element left on just one side:

CGH14 + 9% Og — 6 C02 + 7HQO

The 6 carbons fix 6 COs; the 14 hydrogens fix 7 H,O; counting the oxygens on the right
gives 1247 = 19, so the left needs 19+2 = 9%. A half of O, is perfectly acceptable in
this equation - and if the question asks for whole numbers, simply double everything
(2 CeHi4 +1905 — 12C0O, + 14 HQO)
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Free-radical substitution

Alkanes react with chlorine or bromine by free-radical substitution H fj Z U,
in ultraviolet light 4¢4p2k. For ethane and chlorine the mechanism has three steps:

o initiation 5| % — UV light splits the halogen into two free radicals H [ &:
Cly — 2 Cl- This kind of break is homolytic fission #J%%: the bond splits evenly,
one electron going to each atom, which is what makes two radicals. (The opposite,
heterolytic fission %%!, sends both electrons to one atom and makes a pair of
ions - that is what happens in the polar mechanisms such as electrophilic addition.)
Examiners ask for this word by name, so use it.

o propagation }4{: — radicals react and make new radicals:
Cl- +CQH6 — CQH5 - +HCI CQHE, . —|—C12 — C2H501 + Cl-

e termination % [[- — two radicals join, ending the chain: Cl-+CyHs- — CyH;5Cl

1. initiation c, o
UV light splits CI-Cl into two radicals
2. propagation Cl* + CoHg —— CyHs® + HCI
CoHs5® + Cly —— CoHsCl+ CI®

each radical makes a new radical, so the chain continues

3. termination ClI* + CoHs* — CoHsCl

two radicals join, ending the chain

Free-radical substitution in three steps: initiation makes radicals, propagation carries
the chain, and termination ends it

Why cracking is useful, and why alkanes are unreactive

Cracking turns heavy fractions of crude oil [l into more useful, lower-M, alkanes
and alkenes. (A fraction 14 is a group of molecules with a similar boiling-point
range.)

Alkanes are generally unreactive, especially towards polar reagents. This is because
the C-H and C-C bonds are strong and have little polarity {4, so there is no charge
to attract an attacking species.
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Environmental effects

Burning alkanes in an internal combustion engine gives off carbon monoxide, oxides of
nitrogen and unburnt hydrocarbons. A catalytic converter removes these by turning
them into harmless gases.

Alkenes

Cracking heavy fractions at a refinery produces alkenes for plastics and fuels.

Alkenes have a C=C double bond (general formula C, Hy,). The double bond is the
functional group, so alkenes are reactive.

Making alkenes

 elimination j}§Z of HX from a halogenoalkane {4z, using NaOH dissolved
in ethanol, with heat.

o dehydration JJii/K of an alcohol [, using a hot Al,O3 catalyst or concentrated
sulfuric acid.

« cracking of a longer-chain alkane.
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Reactions of alkenes

Most reactions are electrophilic addition EHL I across the double bond:

Reagent and conditions Product

Hy, Pt/Ni catalyst, heat alkane

steam 7KZ&R, (H,0), H3PO, catalyst alcohol

a hydrogen halide x{t % (HX), room temperature halogenoalkane

a halogen X, a di-substituted alkane

There are also two oxidation reactions with acidified KMnQOy:

« cold, dilute KMnO, adds two —~OH groups to give a diol —Ji.

e hot, concentrated KMnO, breaks the C=C bond right apart, and what each half
turns into tells you exactly where the double bond used to be.

That second reaction is worth learning properly, because it is how the exam asks you
to locate a double bond in a large molecule. Oxidation is written with [O],
meaning "an oxygen atom from the oxidising agent”. Cut the molecule at the C=C,
then look at what each of the two carbons was carrying;:

The C=C carbon carries It becomes

two alkyl groups (=CRy) a ketone [if], R,C=0
one alkyl and one H (=CHR) a carboxylic acid #[i#, RCOOH
two hydrogens (=CHy) CO, and water

The pattern is simply how many hydrogens that carbon had: none stops at a ketone,
one is pushed on to an acid, and two are oxidised all the way to CO,.

Worked example. Give the products when (CHj3),C=CHCH; is heated with hot
concentrated acidified KMnQOy. Cut at the C=C and take each carbon separately. The
left carbon carries two methyl groups and no hydrogen, so it stops at a ketone:
(CH3)2C=0, which is propanone. The right carbon carries one methyl and one H,
so it goes on to a carboxylic acid: CH;COOH, ethanoic acid. So:

Now run it backwards, which is the way the question is usually set. Given the
products, rebuild the alkene by putting the two carbonyl carbons back together as a
C=C: a ketone means that carbon had two alkyl groups, an acid means one alkyl
and one H, and CO; means the chain ended in =CH,. Getting COy is the strongest
clue of all - it can only come from a terminal double bond.
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Test for a C=C bond

Shake the compound with orange bromine water J&7K. An alkene decolourises it
(turns it colourless) by electrophilic addition. An alkane does not.

shake with orange bromine water

—/ _/

with an alkene with an alkane
turns colourless stays orange
(decolourised) (no reaction)

The bromine-water test: an alkene decolourises the orange bromine water, while an
alkane leaves it orange

Addition polymerisation

In addition polymerisation |l {2 £, many alkene molecules join into one long

chain, with no other product. Ethene gives poly(ethene). The long-chain product is a
polymer E&Y).

H H
H H . | |
N / polymerise
/ \ | |
H H
i H n
ethene (monomer) poly(ethene)

Addition polymerisation: many ethene molecules open their double bonds and join
into the long chain of poly(ethene)
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The mechanism and Markovnikov’s rule

In electrophilic addition (for example bromine with ethene), the electron-rich C=C
attracts the electrophile. This forms a positive intermediate called a carbocation %
1E &1, which the negative part then attacks.

0+Br —/TBréf
carbocation
H H + Br Br Br
\ / — / — \ /
(Cp— cC——C c——=C
/ N
H H x

C=C attacks Bro* 1,2-dibromoethane

Br—

Br— attacks C*+

Electrophilic addition of bromine to ethene: the C=C attacks Br’t, a carbocation
forms, then Br~ attacks it

Alkyl groups push electrons towards the positive carbon — this is the inductive
effect 17554 3. So a carbocation with more alkyl groups is more stable: tertiary
is more stable than secondary, which is more stable than primary. When HBr adds
to propene, the more stable carbocation forms, so hydrogen adds to the carbon that
already has more hydrogens. This pattern is Markovnikov’s rule I &5 0.

N N

CH3—CH, (CH3),CH (CH3)3C
primary secondary tertiary

>

more alkyl groups push more electrons in = more stable

Markovnikov: HBr adds so the more stable carbocation forms

Carbocation stability rises from primary to tertiary as more alkyl groups push
electrons in — the basis of Markovnikov’s rule

Worked example. Predict the major product when HBr adds to propene,
CH3;CH=CH,. The H' adds first, and it adds in whichever way makes the more
stable carbocation. Adding the H to the end carbon puts the positive charge
on the middle carbon, giving a secondary carbocation, which is stabilised by
electron-releasing alkyl groups on two sides. Adding it to the middle carbon would
leave a less stable primary carbocation. The bromide ion then attacks the secondary
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carbocation, so the major product is 2-bromopropane. That is Markovnikov’s rule
- but quote the reason (carbocation stability: tertiary > secondary > primary),
because the rule on its own is not the explanation.

Exam tips

o Alkanes: free-radical substitution needs UV light — show initiation, propagation
and termination with the radical dots.

o Alkenes: electrophilic addition via a carbocation; draw curly arrows from the
Cc=C.

e Markovnikov: H adds to the carbon with more H’s, via the more stable car-
bocation (alkyl groups are electron-releasing).

« Test for C = C: bromine water decolourises (orange — colourless) — state the
observation.
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Halogen compounds
A-Level Chemistry

Halogenoalkanes

A halogenoalkane xj{{ /¢ is an alkane with one or more halogen atoms in place of
hydrogen (a C—X bond, where X is a halogen).

Volatile halogenoalkanes were once widely used as refrigerants and aerosol propellants

Making halogenoalkanes

o free-radical substitution H f3LET of an alkane with Cl, or Bry in ultraviolet
light.

o electrophilic addition FHLIAY of an alkene with a halogen X, or a hydrogen
halide HX.

o substitution of an alcohol [, for example by HX, by PCls, by PClz with heat, or
by SOCl,.
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Three classes

A halogenoalkane is primary 1, secondary f§! or tertiary #{, depending on how
many carbon atoms are joined to the carbon that holds the halogen (one, two or three).

H CH; CHs
CH3 —@— Br CHs Br CHs Br
H H CH3
primary secondary tertiary
1 C on the C—Br carbon 2C 3C

Primary, secondary and tertiary halogenoalkanes, set by how many carbons are joined
to the carbon bearing the halogen

Nucleophilic substitution
The C—X bond is polar, so the carbon is slightly positive. A nucleophilic substitu-

tion EAZEU happens when a nucleophile 32187 (a lone-pair species) attacks
that carbon and replaces the halogen.

Many halogenoalkane reactions are carried out by heating the mixture under reflux
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Reagent and conditions Product

NaOH(aq), heat an alcohol
KCN in ethanol, heat a nitrile fi5 (adds one carbon to the chain)
NHj; in ethanol, heated under pressure an amine fi%

To identify the halogen, warm the halogenoalkane with silver nitrate fHfZ4R in
ethanol. A silver halide precipitate JJiJ forms, and its colour shows which halogen
is present (white AgCl, cream AgBr, yellow Agl).

Elimination

The same halogenoalkane can instead undergo elimination j{§Z to form an alkene
K44, The conditions decide which reaction wins:

« NaOH in water — nucleophilic substitution — an alcohol.
o NaOH in ethanol, heated — elimination — an alkene.

CQH5BI‘ + NaOH — C2H4 + NaBr + HQO

CyH5OH

NaOH in water (alcoho|)

— substitution

C2H5Br
(halogenoalkane)
NaOH in ethanol, heat

— elimination CoHy

(alkene)

The same halogenoalkane: NaOH in water substitutes to an alcohol, while NaOH in
ethanol (with heat) eliminates to an alkene

The Sn1 and Sn2 mechanisms

Nucleophilic substitution can follow two routes:

e Sn2: one step. The nucleophile attacks at the same time as the halogen leaves,
passing through a crowded transition state #J# %S where both are half-bonded.
The rate depends on both the halogenoalkane and the nucleophile.

e Sn1: two steps. First the C-X bond breaks to give a carbocation 1= 5 1-; then
the nucleophile attacks it. The rate depends only on the halogenoalkane.
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Sn2: one step

Nu- 7~ C=x - [Nu---C... Xt - Nu-C + X-

rate depends on transition state
both reactants

Sn1l: two steps

C-X -t 4+ X Nu™ Nu-C
rate depends carbocation
on R-X only

SN2 is a single step through a crowded transition state; Sy1 is two steps via a
carbocation

Alkyl groups push electrons towards the positive carbon (the inductive effect %5
M), so they stabilise the carbocation. This is why:

« primary halogenoalkanes mostly react by Sy2.
« tertiary halogenoalkanes mostly react by Sy1 (their carbocation is well stabilised).

« secondary halogenoalkanes use a mixture of the two.
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Different reactivities

How fast a halogenoalkane reacts depends on the strength of the C—X bond, mea-
sured by its bond energy ##HE. The C-I bond is the weakest, so iodoalkanes react
fastest; the C—Cl bond is the strongest of the three, so chloroalkanes react slowest. So
when tested with silver nitrate, an iodoalkane gives its precipitate first — its higher
reactivity [V iF4 comes from the weaker C—X bond.

rate: Rl > RBr > RCI| (weaker C-X = faster)
500 - 484

weaker bond - reacts faster

400 A

300 A

200 A

C-X bond energy / k] mol~?!

100 A

C-F c-Cl C-Br C-1

The weaker the C-X bond, the faster the halogenoalkane reacts — so iodoalkanes
react fastest and chloroalkanes slowest

Worked example. Predict the mechanism for the hydrolysis of 1-bromobutane and
of 2-bromo-2-methylpropane. Classify the halogenoalkane first. 1-bromobutane is
primary: the carbon carrying the Br is barely shielded, so the nucleophile can attack
the back of it and the mechanism is Sy2 - one step, with the rate depending on
both the halogenoalkane and the nucleophile. 2-bromo-2-methylpropane is tertiary:
three bulky methyl groups block that attack, but they also stabilise the carbocation
formed once the Br leaves, so it goes Sx1 - two steps, with the rate depending on the
halogenoalkane only. Decide from the class (primary — Sy2, tertiary — Sy1), and
note that the tertiary one hydrolyses faster despite being the more crowded.
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Exam tips

e Draw nucleophilic substitution with a curly arrow from the nucleophile’s lone
pair to the d+ carbon and one from the C-X bond.

o Match mechanism to class: Sx1 (tertiary, carbocation, two steps) vs Sn2 (primary,
one step, transition state).

o Reactivity is set by bond enthalpy: C-I is weakest, so iodoalkanes react fastest
(not electronegativity).

« Elimination (hot, ethanolic KOH) vs substitution (warm, aqueous KOH) — the
conditions decide the product; state them.
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Hydroxy compounds
A-Level Chemistry

Alcohols

An alcohol [iE has the -OH (hydroxyl) functional group.

Ethanol, the alcohol in hand sanitiser, kills microbes

Making alcohols

Method Reagents and conditions

addition of steam to an alkene H,0(g), H3PO, catalyst (electrophilic addition 3EHLJNAY)
an alkene /3 with cold dilute KMnOy, gives a diol —Jf¥ (two ~OH groups)

substitution of a halogenoalkane [xj{t %z NaOH(aq), heat

reduction i i of an aldehyde F% or ketone fiif NaBH, or LiAlH,

reduction of a carboxylic acid &R[Z LiAlH,

hydrolysis 7/Kf of an ester i dilute acid or alkali, heat

Reactions of alcohols

e combustion: alcohols burn in oxygen to give carbon dioxide and water.

o substitution to a halogenoalkane, for example with HX, PCl5, PCl3 and heat, or
SOCls.

o with sodium: alcohols react with sodium metal to give hydrogen and a sodium
alkoxide — like water, but more slowly.
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« oxidation % {t with acidified K;CrsO7 (or KMnOy). The product depends on the
class of alcohol (see below).

« dehydration Jii7K to an alkene, using a hot AlyOj3 catalyst or concentrated acid.

» ester formation: an alcohol reacts with a carboxylic acid (with concentrated
HySO, catalyst) to make an ester.

COg9 + HoO (burn)

alkene (dehydrate)

alcohol

ester (4 acid)

aldehyde/ketone (oxidise)

An alcohol can burn, dehydrate, esterify or be oxidised

Three classes and how oxidation tells them apart

An alcohol is primary 1, secondary fJ! or tertiary #{, depending on how many
carbons are joined to the carbon holding the ~-OH. Some molecules have more than
one ~OH group.

OH OH OH
R H R R R R
H H R
primary (1 R) secondary (2 R) tertiary (3 R)

The class is set by the carbon holding the ~OH: one R group makes it primary, two
secondary, three tertiary — which decides how it oxidises
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Class Oxidation product

primary  aldehyde (by distillation 7%{f), then carboxylic acid (by reflux [8]}f)
secondary a ketone
tertiary not oxidised

primary [O], distil | aldehyde [O], reflux carboxylic acid
R-CH,OH "| R=CHO R-COOH
m [O] _| ketone

terti

Rjrcfgﬁ not oxidised

Ozxidation by class: a primary alcohol gives an aldehyde then a carbozylic acid, a
secondary gives a ketone, a tertiary is not oxidised

In a quick test, acidified KoCroO7 turns from orange to green with a primary or
secondary alcohol, but stays orange with a tertiary alcohol.

warm with acidified KoCroO7 (orange)

—/ —/

primary or tertiary

secondary
stays orange

orange — green

Acidified dichromate turns orange to green with a primary or secondary alcohol, but
stays orange with a tertiary alcohol

o distillation removes the aldehyde as it forms, before it can be oxidised further.

o reflux keeps boiling the mixture and returning the vapour, so the alcohol is fully
oxidised to the carboxylic acid.
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))) )))

reflux distillation
vapour returns: fully product distils off as
oxidised to the acid it forms (the aldehyde)

Distillation removes the aldehyde as it forms; reflux keeps boiling and returning the
vapour, fully oxidising to the acid

Frak(ioniene

Des(illatiﬂ"

A real distillation set-up: the vapour boils off, cools in the condenser and is collected
— the same idea separates ethanol from a fermented mixture

The iodoform test

If you warm an alcohol that contains the CH3CH(OH)— group with alkaline aqueous
iodine, you get a pale yellow precipitate of tri-iodomethane =fit i {7 (CHI3) and
the ion RCO; . This is a useful test for that group.
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Acidity of alcohols

The ~OH group makes alcohols very weakly acidic: they can lose the H" to form an
RO~ ion. But their acidity g4 is lower than that of water. This is because the
alkyl group pushes electron density onto the oxygen, which makes the RO~ ion less
stable, so the alcohol holds onto its HY more tightly.

Worked example. Three unlabelled bottles hold butan-1-ol, butan-2-ol and 2-
methylpropan-2-ol. How does warming each with acidified KoCryO7 tell them apart?
What matters is how many hydrogens sit on the carbon carrying the OH. Butan-
1-ol is primary (two such hydrogens): the orange dichromate turns green, and by
distilling you collect an aldehyde (butanal), or by refluxing you get the carboxylic
acid (butanoic acid). Butan-2-o0l is secondary (one such hydrogen): also green, but
the product is a ketone (butanone), which will not oxidise further. 2-methylpropan-
2-ol is tertiary (no such hydrogen): there is nothing to remove, so the dichromate
stays orange. The colour only separates the tertiary from the other two - to split
primary from secondary you must identify the product (an aldehyde gives a silver
mirror with Tollens’; a ketone does not).

Exam tips

o C(lassify the alcohol as primary, secondary or tertiary first — it decides the
oxidation product.

» Oxidation with acidified K;CryO (orange — green): primary — aldehyde (distil)
— acid (reflux); secondary — ketone; tertiary — no reaction.

 Distinguish the conditions for aldehyde vs acid from a primary alcohol (distilla-
tion vs reflux).

« Name esters correctly (the acid part comes second, ending “-oate”).
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Carbonyl compounds
A-Level Chemistry

Aldehydes and ketones

Aldehydes and ketones are carbonyl compounds ¥k AV &%) — they contain the
C=0 carbonyl ¥k group.

 in an aldehyde fi% the carbonyl carbon is on the end of the chain (it also carries
an H), written ~CHO.

« in a ketone fifi the carbonyl carbon is in the middle, between two other carbons.

LAKME

& Tl w
N on(ocoﬁ%’;ml?'h

i color thoroughly yet gently
| | Made in India. Mfd. & Mktd. by:
+ | | Hindustan Unilever Ltd.. Unit-5.
+ | [ FlotNo. 1-(1-E), I. Ind. Estate.
| Haridwar 249403, Uttarakhand.
1 M.L. No. M 1/CIUA/2008
+ | Keep away from heat and flame
Gaution : For external use (1

. HUL 2t
o 'ﬁﬂ

Propanone (acetone), the simplest ketone, is the solvent in nail-polish remover
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aldehyde ketone

(‘T T‘)
HsC H HsC CH3
C=O0 carbon on the end C=0 carbon in the middle,
(also carries an H): -CHO between two carbons

Both have the C=0 carbonyl group: in an aldehyde it is on the end of the chain
(—-CHO), in a ketone it is in the middle

Making aldehydes and ketones

Both are made by the oxidation %t of an alcohol [ with acidified KyCryO7 or
KMnOy:

o a primary alcohol, with distillation Z£f, gives an aldehyde.

« a secondary alcohol gives a ketone.

Reactions

e reduction ifJ5f with NaBH, or LiAlH, turns a carbonyl compound back into an
alcohol (an aldehyde gives a primary alcohol; a ketone gives a secondary alcohol).

« reaction with hydrogen cyanide F {5 (HCN), with KCN as catalyst and heat,
adds H and CN across the C=0 to make a hydroxynitrile 33 5 J5. This adds one
carbon to the chain.
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The mechanism: nucleophilic addition

The reaction with HCN is a nucleophilic addition SE#Z . The carbonyl carbon
is slightly positive (oxygen pulls the electrons away). So:

1. the CN™ ion (a nucleophile) attacks the slightly positive carbon.
2. this breaks the C=0 double bond, leaving a negative oxygen (O7).
3. the O~ takes an H' (from HCN) to finish the hydroxynitrile.

Og— Ht —>0~ OH
| ! |
C o+ N C /C - C /C
R X R R R R R
N-
¢ O~ takes an HT hydroxynitrile

CN~ attacks C°*

Nucleophilic addition of HCN: CN™ attacks the -+ carbonyl carbon, the C=0 breaks
to O, then O~ takes an H'

Tests for carbonyl compounds

Detecting any carbonyl

Add 2,4-DNPH reagent (2,4-dinitrophenylhydrazine). An orange precipitate con-
firms that the compound is an aldehyde or a ketone.
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Telling an aldehyde from a ketone

Aldehydes are easily oxidised to carboxylic acids, but ketones are not. Two tests use
this difference:

Test Aldehyde Ketone
Fehling’s reagent ZEMIAF (blue solution) turns to a brick-red precipitate no change
Tollens’ reagent FL{EIR7] (colourless) gives a silver mirror no change

tell an aldehyde from a ketone

a ketone
gives no change
with either test

Fehling’s Tollens’
(blue) (colourless)
— brick-red ppt — silver mirror

Telling an aldehyde from a ketone: an aldehyde gives a brick-red precipitate with
Fehling’s and a silver mirror with Tollens’; a ketone gives no change

A positive Tollens’ test: an aldehyde coats the tube with a shiny silver mirror

A-Level Chemistry o 17 Carbonyl compounds @



The iodoform test

If the compound has the CH3CO— group, warming it with alkaline aqueous iodine
gives a pale yellow precipitate of tri-iodomethane =it % (CHI3) and the ion
RCO, .

Worked example. A liquid gives an orange precipitate with 2,4-DNPH, gives no
silver mirror with Tollens’ reagent, and gives a yellow precipitate with alkaline aqueous
iodine. Identify it. Take the tests one at a time, using each for exactly what it
proves. The orange precipitate with 2,4-DINPH proves a carbonyl group is present
- an aldehyde or a ketone, nothing else. No silver mirror with Tollens’ rules out an
aldehyde, so it must be a ketone. The yellow precipitate in the iodoform test
proves a CH3CO— group next to the carbonyl. The simplest compound satisfying
all three is propanone, CH3COCH3. Keep the roles straight: 2,4-DNPH finds any
carbonyl, Tollens’ separates aldehyde from ketone, and iodoform detects the methyl
group beside the C=0.

Exam tips

o 2,4-DNPH gives an orange precipitate with any carbonyl — it tests for C = O.

+ Tollens’ (silver mirror) and Fehling’s (brick-red) are positive for aldehydes
only — this is how you tell aldehydes from ketones.

 Nucleophilic addition of HCN adds one carbon (— hydroxynitrile); show the curly
arrows.

o The iodoform (tri-iodomethane) test is positive for CH3CO— groups.
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Carboxylic acids and derivatives
A-Level Chemistry

Carboxylic acids

A carboxylic acid RJZ has the -COOH (carboxyl) functional group. It is a weak
acid.

I/ S YN THET
W (- “VINEGAR
Pl

SINTHETIC\ 1
‘.‘!NEGAR \ 1

Vinegar is a dilute solution of ethanoic acid, a carboxylic acid

Making carboxylic acids

« oxidation %k of a primary alcohol Ji¥ or an aldehyde [ with acidified K;CryO7
or KMnOy, with reflux [#]ji (so it is fully oxidised).

o hydrolysis /Kfi# of a nitrile fi§ with dilute acid or alkali, then acidifying.
 hydrolysis of an ester [i§ with dilute acid or alkali and heat, then acidifying.

Reactions of carboxylic acids

These reactions all show that carboxylic acids are acids:
« with a reactive metal (a redox LA reaction): gives a salt 3§ and hydro-

gen.
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o with an alkali (a neutralisation Hfll): gives a salt and water.

CH3;COOH + NaOH — CH3COONa + H,O

« with a carbonate FEERTL: gives a salt, water and carbon dioxide. The fizzing of
COs is a test for a carboxylic acid.

reactive metal

carboxylic acid alkali
(—COOH) > salt + water
carbonate o
\[salt + water + COQ] fizzing CO-
= a test

Carbozxylic acids behave as acids: a salt with a metal (+ Hs), with an alkali (+
water), or with a carbonate (+ water + COy — the fizz is a test)

Two reactions change the functional group:

« esterification [iffl with an alcohol (concentrated HySO4 catalyst) gives an ester.
o reduction iAJi by LiAlH, gives a primary alcohol.
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Esters

An ester has the -COO- group. It often smells sweet or fruity.

Esters give many fruits and perfumes their sweet smell

Making esters

An ester forms in a condensation 4§ £ reaction between an alcohol and a carboxylic
acid, with concentrated HoSO4 as catalyst. A water molecule is lost, and the reaction
is reversible:

CHgCOOH + CQH5OH - CH3COOCQH5 + HQO

the —OH (acid) and —H (alcohol) leave as water; the C—O-C ester link forms

(concentrated H2SO4 catalyst; reversible)

Esterification is a condensation: the ~OH from the acid and the —H from the alcohol
leave as water, forming the C-O-C' ester link
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Hydrolysis of esters
Hydrolysis splits the ester back apart. The conditions change the products:

o dilute acid and heat: reversible. Gives back the carboxylic acid and the alcohol.

o dilute alkali and heat: not reversible. Gives the alcohol and the salt of the
carboxylic acid (the carboxylate ion).

dilute acid, heat carboxylic acid
(reversible) + alcohol

ester
(—C00-)

dilute alkali, heat
i carboxylate salt
(not reversible)
+ alcohol

Hydrolysing an ester: dilute acid (reversible) gives the carbozylic acid and alcohol;
dilute alkali (not reversible) gives the carboxylate salt and alcohol

Worked example. Name the ester made from ethanol and propanoic acid, and say
which part comes from which. In an ester name the alcohol gives the first word
(the alkyl part) and the acid gives the second (the -oate part). Ethanol supplies
CyHs— and propanoic acid supplies CH3CH,COO—, so the ester is ethyl propanoate,
CH3CH;COOC,Hs5. It is made by refluxing the two with a concentrated HoSO, cat-
alyst, and the reaction is reversible, so the yield is never complete. The trap is
naming it backwards: propyl ethanoate is a completely different ester (made from
propan-1-ol and ethanoic acid). Alcohol first, acid second.

Exam tips

» Carboxylic acids react with carbonates to give COs (fizzing) — this distinguishes
them from phenols.

o Explain acid strength via the delocalised carboxylate ion; electron-withdrawing
groups (e.g. Cl) increase strength.

» Esterification (with concentrated HoSOy,) is reversible; name esters as alkyl alka-
noate.

o Know the products of acid vs alkaline hydrolysis of an ester (they differ).
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Nitrogen compounds
A-Level Chemistry

Primary amines

An amine % has an -NH; group (the nitrogen replaces a hydrogen of ammonia).

Making a primary amine

Heat a halogenoalkane X f{ /% with ammonia dissolved in ethanol, under pressure:
C2H5BI' + NH3 — CQH5NH2 + HBr

This is a nucleophilic substitution %% H{{C: the lone pair on the nitrogen of

ammonia attacks the slightly positive carbon and pushes out the halogen. You use an
excess of ammonia, or the amine made can react again.

lone pair attacks,
Br leaves

R-CH2—Br + :NH;3 —> R-CHy-NH, + HBr

8-+ carbon

Making a primary amine: ammonia’s lone pair attacks the 6+ carbon and pushes out
the halogen — a nucleophilic substitution

Nitriles and hydroxynitriles

Making a nitrile

Heat a halogenoalkane with potassium cyanide (KCN) in ethanol:

CQH5BI‘ + KCN — C2H5CN + KBr

This is also a nucleophilic substitution, with the CN™ ion as the nucleophile. It is
useful because it adds one carbon to the chain. The product is a nitrile Ji.
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Making a hydroxynitrile

Add HCN (with KCN as catalyst, and heat) to an aldehyde [ or ketone fi. The
H and CN add across the C=0 bond to give a hydroxynitrile 32 5:Ji. The reagent
is hydrogen cyanide & {t.5(, and the mechanism is nucleophilic addition 4%l

..

R-CHy-Br + CN— R —— R—-CH,—CN nucleophilic substitution (nitrile)

R,C=0 + HCN s RQC(OH)(CN) nucleophilic addition (hydroxynitrile)

Two ways cyanide adds a carbon: KCN with a halogenoalkane substitutes to a nitrile;
HCN with a carbonyl adds to a hydroxynitrile

Hydrolysis of nitriles

Warm a nitrile with dilute acid (or dilute alkali, then acidify). This hydrolysis 7K fi#
turns the ~CN group into a -COOH group, giving a carboxylic acid #R&:

CH3CN + 2H,0 + HCl — CH3COOH + NH,Cl

A nitrile can also be reduced by hydrogen and a catalyst to form an amine, which is

the reduction A Jiii route to a longer-chain amine.
carboxylic acid
hydrolysis / R-CH,—COOH

(dilute acid)
halogenoalkane KCN, ethanol |  nitrile
R-CHy—Br “| R-CH,-CN
adds one carbon reduction

(Hz, catalyst) amine
R-CH5—CH5—NH»

Nitriles are a useful hub: KCN adds a carbon to make the nitrile, which then
hydrolyses to a carboxylic acid or reduces to an amine
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Caramey|
\ Str: 94
84.86

Reducing a nitrile gives an amine; amines and diacids link up to make polyamides
such as nylon — the fibre first made famous in stockings

Worked example. Starting from bromoethane, make propanoic acid. Compare the
carbons first: bromoethane has 2, propanoic acid has 3, so a carbon must be added
- and the KCN step is the reaction that does it. Step 1: warm bromoethane with
ethanolic KCN; nucleophilic substitution gives propanenitrile, CH3CH;CN, which
now has 3 carbons because the CN carbon joins the chain. Step 2: reflux the nitrile
with dilute HCI; hydrolysis gives propanoic acid. Count the carbons before you
plan: whenever the target has exactly one more than the starting material, the nitrile
route is almost always the intended answer, and remember the CN carbon is part of
the new chain.

Exam tips

« Amines are bases (the N lone pair accepts H"); aliphatic amines are stronger
bases than ammonia.
o Making amines: reduce a nitrile, or react a halogenoalkane with excess ammonia.

« KCN adds one carbon (halogenoalkane — nitrile) — track the carbon count
carefully in synthesis routes.

o State reagents and conditions precisely for each conversion.
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Polymerisation
A-Level Chemistry

Addition polymerisation

In addition polymerisation Jjl %2 &, many small molecules join into one very long
chain, with no other product made.

Each small molecule is a monomer FL{£. It must be unsaturated — it has a C=C
double bond. The double bond opens up so that the monomers can link together. The
long chain that forms is the polymer E&%).

many monomers (each has a C=C)

CHy=CHx CHy=CHx CHy=CHx

l double bonds open and join

—CH2—-CH3—CH2—-CH3—CH2—-CHo—

one long polymer chain (single bonds)

Each monomer’s double bond opens, and the monomers join end to end into one long
chain — with no other product made
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Poly(ethene), a common addition polymer, is supplied as tiny pellets a few
millimetres across; these are later melted and moulded into bottles, bags and other
products

Repeat units

The repeat unit # % F [ is the small part that is copied again and again along
the chain. To find it, take the monomer, change the C=C to a single C-C, and draw
bonds going out at each end.

+ poly(ethene) 2/ is made from ethene:

TLCHQZCHQ — —(CHQ_CHQ)n_
+ poly(chloroethene) E& 2 (PVC) is made from chloroethene:

n CH,=CHCI — —(CH,—CHCI), -

H H
H N ; H open the C=C |_ | |
B ——
c—CcC C C
H / N c) but the C=C back I— | |
H Cl "
chloroethene (monomer) poly(chloroethene), PVC

Finding the repeat unit: change the monomer’s C=C to a single bond and draw bonds
out at each end; reverse it to find the monomer
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Finding the monomer

To go the other way, look at one repeat unit of the polymer, and put the C=C double
bond back in. That gives you the monomer.

Worked example. A polymer has the repeat unit —(CHy—CH(CHj)),,—. Identify
the monomer and name the polymer. Reverse the rule you used to build it: rub
out the bonds sticking out at each end, and turn the single C-C in the backbone
back into a C=C. That gives CH,=CH(CH3;), which is propene - so the polymer is
poly(propene). Two checks catch most errors: the monomer must have the same
molecular formula as the repeat unit (addition polymerisation adds nothing and
loses nothing), and the double bond goes back into the backbone, never into the side

group.

The problem of disposal

Poly(alkene)s are very hard to get rid of:

 they are non-biodegradable 1] 4 ¥4 fi# — microbes cannot break them down,
so they stay in the ground for a very long time.

o their combustion #%¢ (burning) can release harmful gases. For example, burning
PVC gives off toxic hydrogen chloride.

Most addition polymers are non-biodegradable, so they build up as waste in the
environment
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non-biodegradable:
landfill stays for a very long time
combustion burning PVC gives off
toxic HCI gas

Poly(alkene) waste is hard to dispose of: it is non-biodegradable, and burning PVC
releases toxic hydrogen chloride

poly(alkene)

waste

Exam tips

e Draw the repeat unit in brackets with the two bonds crossing them and n outside;
keep the backbone carbons.

e Deduce the monomer from a polymer (and vice versa) — a very common
question.

o Addition polymers are inert and non-biodegradable — link to landfill, recycling
and incineration issues.

« Do not confuse with condensation (no small molecule is lost in addition polymeri-
sation).
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Organic synthesis
A-Level Chemistry

Organic synthesis

This topic does not add new reactions. Instead it asks you to join up the reactions
you already know, so you can build a target molecule in several steps.

Medicines are built up from simple starting materials by multi-step organic synthesis
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Identifying functional groups

A molecule may have more than one functional group ‘B fE[4]. Use the test reactions

from the syllabus to identify each one, and then predict how the molecule will behave.
For example:

o decolourises bromine water — a C=C double bond (an alkene #4%).
 gives a precipitate with silver nitrate — a halogenoalkane /.
o orange KyCryO7 turns green — a primary or secondary alcohol [.
 orange precipitate with 2,4-DNPH — an aldehyde i or ketone .
o fizzes with a carbonate — a carboxylic acid FRJ.

add this you see functional group
bromine water orange — colourless C=C (alkene)
silver nitrate a precipitate forms halogenoalkane
acidified KyCry O~ orange — green

2,4-DNPH orange precipitate aldehyde / ketone
a carbonate fizzes (CO4 given off)

The standard identification tests: each reagent gives a characteristic observation that
points to one functional group
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A map of the AS reactions

Each row turns one functional group into another. Learn it as a map you can travel
around:

Start Reagent and conditions Product
alkene H,, Ni alkane
alkene HX, or X, halogenoalkane
alkene steam, H3POy alcohol
halogenoalkane NaOH(aq), heat alcohol
halogenoalkane KCN in ethanol, heat a nitrile Ji§ (adds one carbon)
halogenoalkane NHj in ethanol, pressure an amine %
alcohol K5Cry0O7, distil / reflux aldehyde / carboxylic acid
alcohol concentrated acid, heat alkene
aldehyde or ketone NaBH,4 alcohol
aldehyde or ketone HCN, KCN hydroxynitrile
nitrile dilute acid, heat carboxylic acid
carboxylic acid + alcohol concentrated HoSO4 an ester [
, aldehyde
Ho, Ni
[O], distil
alkene steam, H5POs alcohol
/ [O], reflux
HX / X2 NaOH(aq)

/ carboxylic alcohol, ester
halogeno- acid H250,4
alkane H20, H
KCN
NHS

A map of the AS reactions: each arrow turns one functional group into another.
Work backwards from your target to plan a route
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Planning a multi-step route
To devise a synthetic route & il }§4k:

1. compare the target with the starting material — what has changed (the functional
group, the number of carbons)?

2. work backwards from the target: which single reaction could make it, and from
what?

3. repeat until you reach the starting material.
4. write each step with its reagent ;5] and conditions.

If you need to add a carbon, the KCN step is the key — it is the only AS reaction
that lengthens the chain.

plan backwards from the target

A

bromo- propane- hydrolyse propanoic

ethane nitrile acid (target)

Plan a route by working backwards from the target, one reaction at a time, until you
reach the starting material
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Analysing a route

When you are given a route, for each step state the type of reaction (such as oxi-
dation %fk, reduction A )i, substitution, addition or elimination) and the reagent
used. Also think about possible by-products Fl| ;=% — for example, making an
amine from a halogenoalkane also gives a mixture of further-substituted amines, so
the yield of the simple amine is low.

one step
A > B

1. reaction type? 2. reagent & 3. by-products?
oxidation, addition, .. conditions? do they lower the yield?

e.g. a halogenoalkane — amine also makes further-substituted amines, so the simple-amine yield is low

For every step in a given route, ask its reaction type, reagent and by-products

name the reaction type at each step

oxidation loses electrons / gains O or loses H (e.g. alcohol — acid)
reduction gains electrons / loses O or gains H

substitution one atom or group swaps for another

addition two molecules join; a C=C double bond opens
elimination a small molecule is removed; a C=C forms

also give the reagent for each step, and watch for by-products (e.g. amines over-substitute)

Name the reaction type at each step: oxidation, reduction, substitution, addition or
elimination

Worked example. Devise a route from propene to propanone, CH3COCH3. Work
backwards from the target. A ketone comes from oxidising a secondary alcohol, so
the step before propanone is propan-2-ol with acidified K;CryO7 under reflux. Propan-
2-ol comes from propene by adding steam over an H3PO, catalyst - and Markovnikov’s
rule conveniently puts the OH on the middle carbon, which is exactly the secondary
alcohol needed. So the route is: propene, then steam with HsPOy, giving propan-
2-ol; then acidified KyCryO7 under reflux, giving propanone. Give a reagent and
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its conditions on every arrow: a route with the right intermediates but no reagents
scores very little.

Exam tips

o Learn the reagents and conditions for each conversion — that is exactly what
synthesis questions test.

o Plan multi-step routes by functional group and watch the carbon count (KCN
adds one carbon).

e Choose the shortest valid route and state every reagent and condition.
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Analytical techniques
A-Level Chemistry

Infrared spectroscopy

Infrared spectroscopy ZI4M¢Gi% helps you find the functional group ‘EfEH4] in a
molecule. Each kind of bond soaks up (absorbs) infrared radiation at its own range of
frequencies. Where the bond shows strong absorption Wi, the spectrum has a dip.

An infrared spectrometer shines infrared through a sample and records which
wavenumbers its bonds absorb

The position is measured in wavenumber 4§ (in cm™!). You are given a data table,
so you do not memorise the numbers. You just match the dips to bonds:

e a broad dip around 3200-3650 cm™! — an O-H bond in an alcohol.
 a dip around 1700 cm~' — a C=0 bond (aldehyde, ketone, acid or ester).
« a broad dip 2500-3000 cm™! together with a C=0 dip — a carboxylic acid.

This is useful for checking a reaction. For example, if propene has been turned into
propan-2-ol, the C=C dip should be gone and an O—H dip should appear.
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100 A

80 A
X
~
Y 60
C
£ c=0
£ |
c 40 O-H (broad,
© carboxylic acid)
)
20 A
IR: dips at characteristic wavenumbers identify functional groups (e.g. C=0, O-H)
0 T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

wavenumber / cm™1

An infrared spectrum: each bond gives a dip at its own wavenumber. A broad O—H
dip together with a C=0 dip identifies a carbozylic acid

Mass spectrometry

In mass spectrometry Jiiii%, a molecule is turned into ions and sorted by its mass-

to-charge ratio Jfififlt (m/e). The spectrum is a set of peaks at different m/e
values.

A modern mass spectrometer: the sample is loaded at the front, then the machine
tonises it and sorts the ions by their mass-to-charge ratio to give the spectrum
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Relative atomic mass from isotopes

An element’s isotope [f]{i/ & mixture gives several peaks. From the isotopic abun-
dance [ ZFF (how common each isotope is) you can find the relative atomic
mass XS JiiE — a weighted average:

> (isotope mass x abundance)

A pu—
" > abundance

2
For example, chlorine is 75% #3Cl and 25% 37Cl, giving A, = 35 X 15 + 37 X 25 = 35.5.

100

The molecular ion and fragmentation

The peak at the highest m/e (the molecular ion 431§ peak, or molecular ion
peak 7 F B FU&, M) gives the relative molecular mass of the whole molecule.

The molecule also breaks into smaller pieces — this is fragmentation %%, The
gap between two peaks tells you the mass of the lost piece, so you can suggest each

fragment % F". For example, a loss of 15 means a CHs group was lost, and a loss of
29 means CHO or C,yH5.

120 - lose 15 (CH5)
31
R 100 A
9 molecular ion M *
c 804 (relative molecular mass)
(©
©
C
3 60
©
o 29 46
2
T 40 -
@ 45
15
20 A I
M* peak =M, - gaps between peaks = mass of fragments lost
o T I T I T I T I I T
10 20 30 40 50
m/e

A mass spectrum: the highest-m/e peak is the molecular ion (M, the M, ); the gaps
between peaks give the masses of the lost fragments
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The [M + 1] and [M + 2] peaks

« asmall [M + 1] peak comes from the *C isotope. The number of carbon atoms
n is:

100 x abundance of [M + 1]*
"= 1.1 x abundance of M+t

« an [M + 2] peak shows chlorine or bromine. One chlorine gives an [M + 2] peak
about one third the height of M™ (from 37Cl); one bromine gives an [M + 2] peak
about the same height as M (from 8!Br).

relative abundance / %

120 +

100 A

80 A

60

40 A

20 A

oneCl: 3:1 oneBr: 1:1

M+ M+ [M+2]1*

3BCIFTCl =3:1 - BrAlBr =1:1

[M+21*

m/e (peaks are 2 apart)

An [M + 2] peak two mass units above M™* shows a halogen: one chlorine gives a

3 : 1 ratio, one bromine a 1 : 1 ratio

Worked example. A compound shows a molecular ion at m/e = 108 and a peak of
almost equal height at m/e = 110. Its infrared spectrum shows no broad absorption

near 3300 cm™".

1 Deduce its identity. Two peaks two units apart with roughly

equal heights are the 1 : 1 signature of one bromine atom (from ™Br and *'Br);
one chlorine would have given a 3 : 1 ratio instead. Take the bromine away from the
molecular ion: 108 — 79 = 29, which fits a CoHy fragment. The absence of a broad
peak near 3300 cm ™! rules out an O-H, so there is no alcohol group. The compound is
bromoethane, CoH;Br. Read the [M + 2] ratio rather than merely noting the peak:
1:1 means bromine, 3 : 1 means chlorine.
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Exam tips

e On an IR spectrum quote the wavenumber and the bond (O-H broad ~
3200 — 3600, C=0 ~ 1700); use the data booklet.

o+ The peak at the highest m/z is the molecular ion M* and gives the M,..
« Explain fragmentation: the gap between peaks is the lost fragment (loss of 15 =
CI‘Ig7 29 = CQH5 or CHO)

e Learn common isotope patterns (Cl gives M and M+2 in about 3:1; M+1 from
130)_
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Chemical energetics
A-Level Chemistry

Lattice energy and Born—Haber cycles

These cycles use several enthalpy changes /%52F (AH). Two new ones are:

o the enthalpy change of atomisation Jf T{vl57%, AH,, — the energy to make
one mole of gaseous atoms from an element. It is always positive (bonds must
break).

 the lattice energy fEA&HE, AHe — the energy change when one mole of a solid
ionic lattice forms from its gaseous ions. It is always negative (strong bonds form).

An ionic solid such as sodium chloride is a giant, reqular lattice of ions — the lattice
enerqy is released when it forms
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Electron affinity

The first electron affinity H3%H1fE (EA) is the energy change when one mole of
gaseous atoms each gain one electron to form one mole of 1— ions. The first EA is
usually negative.

energy released (usually)

A gaseous atom gains an electron, usually releasing energy

The same factors as ionisation energy apply (nuclear charge, atomic radius, shielding).
Going down Group 16 or 17, the EA becomes less exothermic, because the atom
is larger and pulls the extra electron in less strongly. (The very top element is an
exception: its atom is so small that electron repulsion makes its EA less exothermic
than the one below it.)
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Born—Haber cycles

A Born—Haber cycle 3 B {AEEE is an energy cycle that links the enthalpy change
of formation of an ionic solid with its atomisation, ionisation energy, electron affinity
and lattice energy. Using Hess’s law, you go round the cycle to find any one unknown
step. (You only need +1 and +2 cations and —1 and —2 anions.)

energy

Na*(g) +e + Cl(g)

Na®(g) + ClI~(g) EA(CI)
IE(Na)
Na(g) + Cl(g)
Na(g) + 5Clz(g) AHa(C) AH
Na(s) + 1Cla(g) | 2Ha(Na)

NaCl(s)

A Born—Haber cycle for NaCl: going up costs energy (atomisation, ionisation);
coming down releases it (electron affinity, and the large lattice energy)

Worked example. Find the lattice energy of sodium chloride from these data (kJ
mol™!): enthalpy of formation AH; = —411; atomisation AH,(Na) = +107 and
AH,(Cl) = +122; first ionisation energy of Na = +496; electron affinity of Cl = —349.

By Hess’s law the direct formation route equals the route up and round the cycle:

AH]“ = AHat(Na) + AHat(Cl) + IEl + EA + AHlatta

50 AHay = —411 — (107 4 122 + 496 — 349) = —787 kJ mol .
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What controls the size of a lattice energy

The lattice energy is more negative (stronger) when:

smaller ions

\ e (more
/ negative) lattice energy

higher charges

Smaller ions and higher charges give a stronger lattice energy

« the ionic charge is higher (e.g. Mg®" beats Na™).

e the ionic radius is smaller.

Both make the attraction between the ions stronger.
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Enthalpies of solution and hydration

« the enthalpy change of hydration /K &4574F, AHp,q — the energy change
when one mole of gaseous ions is surrounded by water to form aqueous ions. It is
exothermic.

o the enthalpy change of solution Ffi#/54%, AH,, — the energy change when
one mole of solute dissolves fully in water.

E INSTANT COLD PACK

KIeNRSNFEBA  %DO NOT EAT
X OR/EYOEDBOEDULRNTLEZ L

#Please do not cut or break this bag.

An instant cold pack feels cold because its salt dissolves endothermically (a positive
AHgy), driven by the rise in entropy

An energy cycle links the three:

AHgp = —AHagy + AHpgq

(To dissolve, you first pull the lattice apart, then hydrate the ions.) Like lattice energy,
AHyyq is more exothermic for ions with a higher charge and a smaller radius.
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—AH

ionic solid (break lattice) gaseous ions
(Iattice) (e g. Nat(g) + ClI=(g))

AI—Isol A}]hyd

(dissolve) \ / hydrate)

aqueous ions
(Na*(aq) + Cl~(aq))

AIlls;ol = _AHIatt + AI{hyd

Dissolving energy cycle: pull the lattice apart (reverse lattice energy), then hydrate
the gaseous ions, so AHgy = —AHjgy + AHpyq

Entropy change, AS

Entropy /# (S) measures the number of ways the particles and their energy can be
arranged in a system. More ways means more "disorder”.

entropy increases: AS >0

000 @ % O
LA e oo

eoe0e0 ® o
— | 090 — | @& @ 0
XXX TYY e o0
eeeo e®o ® @ ®© o
solid (ordered) liquid gas (spread out)

Entropy rises from solid to liquid to gas as the particles spread into more
arrangements, so AS is positive

The entropy change 4§48 (AS) is positive when disorder increases, and negative
when it falls:

Change Sign of AS
solid — liquid — gas (melting, boiling), or dissolving positive
a rise in temperature positive
a reaction that makes more gas molecules positive
a reaction that makes fewer gas molecules negative

You can calculate it from standard entropies:
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AS® = Z S (products) — Z S©(reactants)

Gibbs free energy change, AG

The Gibbs free energy & filf H 1 fi£ change decides whether a reaction can happen
on its own:

AG® = AH® — TAS®

Here T is the temperature in kelvin. A reaction is feasible (it can happen) when AG
is negative or zero. The feasibility T[T/ therefore depends on temperature:

AH AS When feasible

negative positive at all temperatures
positive  positive only at high temperature
negative negative only at low temperature
positive  negative never

AS positive AS negative
feasibl feasibl I
AH neg. easible at easible only at
all temperatures low temperature
feasible only at
AH . i
pos D e never feasible

AG =AH —TAS; feasible when AG <0

Whether a reaction is feasible (AG < 0) depends on the signs of AH and AS, and
sometimes on temperature

To find the changeover temperature, set AG = 0, which gives T'= AH/AS.

Worked example. A reaction has AH = 4120 kJmol™' and AS =
+200 J K 'mol™!. Find AG at 298 K, and the temperature above which the

reaction becomes feasible.

First match the units: AS = 4+0.200 kJ K 'mol~!. Then
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AG = AH — TAS =120 — 298 x 0.200 = +60 kJ mol™"  (positive, so not yet feasible).

Setting AG = 0 gives T'= AH/AS = 120/0.200 = 600 K, so the reaction is feasible
above 600 K.

Exam tips

o In a Born-Haber cycle get each step’s direction and sign right (atomisation,
ionisation +; electron affinity, lattice formation —) and apply Hess’s law around it.

o Lattice energy is more exothermic for smaller, more highly charged ions
(higher charge density).

» Predict the sign of AS from the state changes (more gas moles = more disorder).

« Use AG = AH — TAS,; feasible when AG < 0 — convert AS from J K~ mol™!
(=1000).
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Electrochemistry
A-Level Chemistry

Electrolysis

Electrolysis HLfi# uses electricity to break down a molten or aqueous electrolyte
FLfi# i, Positive ions move to the negative electrode and negative ions move to the
positive electrode.

At each electrode Hif}; a half-reaction happens:

« at the cathode [H#}% (negative): positive ions gain electrons (reduction).
« at the anode [H#% (positive): negative ions lose electrons (oxidation).

DC supply

17

+
‘—
—_
cathode (—) anode (+)
reduction oxidation

FElectrolysis: the DC supply drives positive ions to the cathode (reduction) and
negative ions to the anode (oxidation)
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A Hofmann voltameter for the electrolysis of water: the power supply drives current
through two electrodes, and the gas made at each one collects in its side tube

Predicting the products

« a molten electrolyte gives the metal at the cathode and the non-metal at the
anode.

e an aqueous electrolyte also contains water. At the cathode, a less reactive metal
is released, but for a reactive metal you get hydrogen instead. At the anode you
usually get oxygen, but a concentrated halide solution gives the halogen.

molten aqueous
metal at cathode also contains water,
non-metal at anode so Ho or Og may form

A molten electrolyte gives the metal and non-metal; aqueous also has water

Calculations

The charge on one mole of electrons is the Faraday constant ¥£$7 5% &, linked to
the Avogadro constant [i{RI{E% &5 & (L) and the charge on one electron (e) by
F = Le.

The charge passed is () = It (current x time). Then:

1. moles of electrons = Q/F.
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2. use the half-equation to find moles of product.
3. find the mass (xM,) or the gas volume.

Measuring the mass deposited for a known charge lets you work back to a value of the
Avogadro constant.

Worked example. A current of 2.0 A flows for 30 minutes through copper(II) sulfate
solution, depositing copper at the cathode: Cu*"+2e~ — Cu. Find the mass of copper
deposited. (F' = 96500 C mol™', A, Cu = 64.)

Charge passed: @) = It = 2.0 x (30 x 60) = 3600 C. Moles of electrons = Q/F =
3600/96 500 = 0.0373 mol. From the half-equation, 2 mol of electrons give 1 mol of
Cu, so n(Cu) = 0.0187 mol and

m=nM =0.0187 x 64 ~ 1.2 g.

Electrolysis is used to electroplate an object with a thin, shiny layer of metal such as
chromium

Standard electrode potentials and cell potentials

The electrode potential H#H ¥ (F) of a half-cell shows how easily it is reduced.
We measure it against a reference, under standard conditions, to get the standard
electrode potential FRifEHL T (E©), always written as a reduction.

The reference is the standard hydrogen electrode Frifi & HH%: hydrogen gas at
1 atm over platinum in 1 mol dm™ H', defined as exactly 0.00 V.
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<«— Hj gas (1 atm)

- -1 Pt electrode

. E® =0.00 V

1 mol dm™2 HT

The standard hydrogen electrode: Hy at 1 atm over platinum in 1 mol dm=> HY, the
0.00 V reference for every electrode potential

To measure an E°, connect the half-cell to the standard hydrogen electrode and read
the voltage. A metal sits in a solution of its ions; for two ions of the same element
(such as Fe®t /Fe?"), a platinum electrode dips into a solution containing both.
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Combining half-cells

The standard cell potential FrfEH B HL ¥ is the difference between the two stan-
dard electrode potentials:

E@

1 = E°(more positive) — E°(less positive)

Y
Y

(V)
N

Zn salt bridge Cu
- +
ZnS04(aq) CuSO4(aq)
negative positive
(oxidation) (reduction)

A simple cell: two half-cells joined by a salt bridge, with a voltmeter. Electrons flow
from the negative (Zn) electrode to the positive (Cu)

Worked example. Find the standard cell potential of a cell built from the Zn®*/Zn
half-cell (E® = —0.76 V) and the Cu®*/Cu half-cell (E© = +0.34 V).

ES,, = E°(more positive) — E(less positive) = (+0.34) — (=0.76) = 1.10 V.

cell

From E°© values you can:

o find the polarity: the more negative electrode is the negative terminal, and elec-
trons flow from it through the external circuit to the positive electrode.

e judge reactivity: a more positive E° means a better oxidising agent &
(easily reduced); a more negative E° means a better reducing agent ifJ7i 7.
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ES |V

A
iR - A
287 Fo/F stronger
oxidising
agent
+1.36 + Cly/Cl™
+034 | Cu*'/Cu
000 T 2HT/H,
-0.76 + Zn*t/Zn
stronger
reducing
271 + Na'/Na agent
v

The electrochemical series: a more positive E° (top) is a stronger oxidising agent; a
more negative E° (bottom) is a stronger reducing agent

Feasibility and redox equations

A reaction is feasible when EY, is positive. To build the full equation, take the two
half-equations [z [V 5 FE3(, reverse the one that is oxidised, and add them so the
electrons cancel. This E° test tells you the feasibility 7]474 of the reaction.

You can also link it to free energy: AG® = —nES F, where n is the moles of electrons.

cell

The Nernst equation

If the concentrations are not standard, the electrode potential changes. Raising the
concentration of the oxidised species makes E more positive. The Nernst equation
BEHTEF AR gives the exact value:

E— E° 4 0.059 log [oxidised species]
z

[reduced species|

where z is the number of electrons in the half-equation.
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Exam tips

« ES, = E°(more positive) — E°(less positive); a positive E); means the reaction
is feasible.

« Standard conditions for E©: 298 K, 1 mol dm >, 100 kPa, platinum electrode
— state them if asked.

« A more negative electrode potential means a stronger reducing agent; use the
series to predict the direction.

 For electrolysis quantities use () = It and moles of electrons = Q/F.
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Equilibria
A-Level Chemistry

Conjugate acids and bases

When a Brgnsted acid loses an H, what is left is its conjugate base :#ifi. When
a base gains an HT, it becomes its conjugate acid FL#ifix. The two species that
differ by just one HT form a conjugate acid—base pair FL4EEZHHNT.

For example, in CH;COOH = CH3COO~ + HT, the pair is CH3COOH (acid) and
CH3COO™ (its conjugate base).

conjugate pair: differ by one HT

CH3COOH = CH3COO~ + HF
acid conjugate base
NH3 + HT = NH;
base conjugate acid

Conjugate pairs differ by one proton: an acid loses H to give its conjugate base; a
base gains H' to give its conjugate acid
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pH and the equilibrium constants

« pH measures acidity: pH = —log[H"], so [H*] = 107PH.
H|[A™
« the acid dissociation constant gfi# 5% of a weak acid HA is K, = %,
and pK, = —log K,. A larger K, (smaller pK,) means a stronger acid.
o the ionic product of water /K& 7 is K, = [HT][OH] = 1.0 x 10~ at
298 K.

pH = — log[HT]
0 7 14
acidic neutral alkaline

The pH scale: pH = -log of the hydrogen-ion concentration

pH paper estimates the pH of a solution from the colour it turns
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Calculating pH
« strong acid 3% fully ionised, so [H"] equals the acid concentration; then take
— log.

o strong alkali #§§: find [OH™| from the concentration, then use [H'] =
K, /[OH™].

« weak acid 532 only partly ionised, so use [H] = /K, x [HA].
Worked example. Find the pH of 0.050 mol dm™® hydrochloric acid (a strong acid).
It is fully ionised, so [HT] = 0.050 mol dm™?, giving pH = — log(0.050) = 1.30.

Worked example. Find the pH of 0.10 mol dm™* sodium hydroxide (a strong base).
(Ky=1.0x 1014

[OH™] = 0.10, so [H*] = K,/[OH7] = (1.0 x 1074)/0.10 = 1.0 x 1073, giving
pH = 13.0.

Worked example. Find the pH of 0.10 mol dm ™ ethanoic acid (a weak acid).
(K, =18 x107%.)

[HY] = VK, x [HA] = /(1.8 x 1075)(0.10) = 1.3 x 1073, pH = —log(1.3 x 107%) = 2.87.
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Buffer solutions

A buffer solution ZE{H1/4 K resists a change in pH when a small amount of acid or
alkali is added. You make one from a weak acid and its conjugate base (for example
ethanoic acid and sodium ethanoate).

It works because the mixture holds a store of both partners:

o added HT is removed by the conjugate base: CH;COO~ + H" — CH;COOH.
e added OH™ is removed by the weak acid: CH3COOH+ OH™ — CH3COO™ + H50.

- +
dd H A~ + HT = HA

buffer store:
HA and A~

add OH™ HA 4+ OH™ — A~ + H,0

either way, the pH barely changes

A buffer holds a store of a weak acid and its conjugate base: added H' is mopped up
by A~ and added OH~ by HA, so the pH barely changes

To find the pH, put the concentrations of the acid and its salt into the K, expression.
Buffers are important in living things — for example, HCO;3; keeps the pH of blood
close to 7.4.

Solubility product

For a salt that barely dissolves, the solubility product % 1 (K,,) is the product of
the ion concentrations in a saturated solution, each raised to the power of its number
in the formula:

Ky =[AgT][CIT] Ky = [Ca][F7]

You can find K, from the solubility, or the solubility from K.
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Stalactites grow as dissolved calcium carbonate slowly comes back out of solution — a
real solubility equilibrium

The common ion effect

The common ion effect [f] B 7%V is the way a salt becomes less soluble in a
solution that already contains one of its ions. The extra ion pushes the dissolving
equilibrium back (Le Chatelier), so less salt dissolves. You can calculate the new
solubility using K, and the concentration of the common ion.

Partition coeflicients

When a solute is shaken with two solvents that do not mix, it spreads between them.
The partition coefficient 7}t 2% (K,.) is the ratio of its concentrations in the
two layers (at constant temperature):

[solute in solvent 1]

P¢ " [solute in solvent 2]

This works when the solute % /i is in the same physical state in both solvents. The
value depends on the polarity 24 of the solute and of each solvent 7A#: a non-
polar solute dissolves more in the non-polar solvent, while a polar solute prefers the
polar solvent.

A-Level Chemistry e 25 Equilibria @



® ®
-~ ® solvent 1 (non-polar)
® ®
_[solute in 1]
P [solute in 2]
PS ~ solvent 2 (water)

A solute shaken with two immiscible solvents spreads between them; the partition
coefficient is the ratio of its concentrations in the two layers

Exam tips

o pH = —log[H"]; for a strong acid [H"] = concentration, for a weak acid use
[H'] = /Kl [HA].

o For a base, get [H'] from K, = [H"][OH™] = 1.0 x 10714

o For a buffer use [H'] = K, x [acid]/[salt] and explain how it removes added
Ht/OH".

« Write the K, expression with the correct powers; the number of decimal places in
a pH equals the significant figures of [H'].
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Reaction kinetics
A-Level Chemistry

Rate equations and orders

A rate equation # % /5 shows how the rate depends on the concentrations of the
reactants:

rate = k [A]™[B]"

e m is the order of reaction [ V¢ %{ with respect to A, and n the order with
respect to B. Each is 0, 1 or 2.

« the overall order of reaction i JZ V2% is m + n.

o k is the rate constant # 3 %{. The rate equation can only be found by exper-
iment, not from the balanced equation.

Yy A Y —R
{ i
&

INTERCHANGEABL ¢ }
.\ /.

L By Wﬁj" i)

A gas syringe measures the volume of gas made over time, which gives the rate of
reaction
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Finding the order

« initial rates method: change one concentration at a time and see how the starting
rate changes. If doubling [A] doubles the rate, the order in A is 1; if it quadruples
the rate, the order is 2; if the rate is unchanged, the order is 0.

Worked example. In experiments on A + B — products, doubling [A] (with [B]
fixed) doubles the rate, and doubling [B] (with [A] fixed) quadruples the rate. Write
the rate equation and give the overall order.

Doubling [A] doubles the rate, so first order in A. Doubling [B] quadruples (2%) the
rate, so second order in B. Hence

rate = k[A][B]?, overall order =1+ 2 = 3.

o graphs: a concentration—time graph for a first-order reaction has a constant half-
life 3% (the time for the concentration to halve). A rate-concentration graph
is a straight line through the origin for first order, and a curve for second order.

A

first order

second
order

rate

zero order

rate =k - rate =k[A] - rate =k[A]?
_/ >

concentration [A]

Rate against concentration: zero order is a flat line, first order a straight line through
the origin, second order an upward curve
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Half-life and the rate constant

For a first-order reaction the half-life is constant — it does not depend on the
concentration. You can find the rate constant from it:

~0.693
ot

k

NI

Co

tip = InTZ (constant for 1st order)

C0/2 1

concentration

C0/4 1

t1/2 t1/2 t1/2

A first-order reaction has a constant half-life: the concentration halves in the same
time t1/2 again and again, whatever the starting value

Worked example. A first-order reaction has a half-life of 120 s. Find its rate
constant.

L 0693 0693 o o
tyy 120

You can also find k£ by putting initial-rate data into the rate equation.
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Reaction mechanisms

Most reactions happen in several steps. The slowest step is the rate-determining
step #L# A PE, and it controls the overall rate. Only the species involved up to and
including this step appear in the rate equation.

A
rate-determining
step (slow, big barrier)
\ second step
(faster)
2
]
c
]
reactants intermediate
rate-determining step = highest E, barrier (slowest elementary step) >

reaction progress

A two-step profile: the slower step has the bigger barrier and is rate-determining; the

dip between the two barriers is an intermediate

« an intermediate H1[A]{4 is a species made in one step and then used up in a later

step.

It is not in the overall equation.

e you can suggest a mechanism that fits both the rate equation and the overall equa-

tion,
step.

predict the order from a given mechanism, or pick out the rate-determining

If you compare the initial rate #J15# % of different mixtures, you can deduce the
rate equation, and from that work out the mechanism.

Effect

of temperature

Raising the temperature increases the rate constant k& (more molecules pass the acti-
vation energy), so the rate goes up.
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Catalysts

Catalysts {f45f] can be homogeneous or heterogeneous.

Heterogeneous catalysts

A heterogeneous catalyst £ {1t 5] is in a different physical state from the
reactants (usually a solid with gases). It works in three stages:

1. adsorption I} [ff: reactant molecules stick to the catalyst surface.
2. the bonds in the reactants are weakened, so they react more easily.
3. desorption Jiifff: the product molecules leave the surface.

oo ore

: e

1. adsorb 2. react 3. desorb
(stick on) (bonds weakened) (product leaves)

catalyst surface

A heterogeneous catalyst works in three stages: the reactants adsorb onto the surface,
their weakened bonds let them react, then the product desorbs

Real heterogeneous catalysts are made as small shaped pellets, rings and perforated
discs, which give a large surface area for the reactants to stick to
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Examples are iron in the Haber process, and platinum, palladium and rhodium in a
catalytic converter.

Homogeneous catalysts

A homogeneous catalyst ¥JF{#{k7 is in the same physical state as the reactants.
It is used up in one step and then reformed in a later step, so it comes back unchanged.
Examples are oxides of nitrogen helping to oxidise atmospheric sulfur dioxide, and Fe*"
or Fe** speeding up the reaction between I~ and Sgog_.

Exam tips

Find orders from initial-rate data: doubling a concentration that doubles the rate
is first order, quadruples it is second order, no change is zero order.

Write rate = k[A]™[B]™ and work out the units of % from it.

The rate-determining step contains the species (and orders) in the rate equation
— use this to test a mechanism.

A constant half-life means first order.
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Group 2
A-Level Chemistry

Thermal stability of the nitrates and carbonates

The thermal stability # & E1E of the Group 2 nitrates fififig i and carbonates
ikER T increases down the group. Here is the reason, in terms of how the ions affect
each other.

1

Heating limestone (calcium carbonate) in a kiln decomposes it to calcium oxide — a
thermal decomposition

A small cation [T with a small ionic radius & 7242 has a high charge den-
sity. It pulls on the electrons of the nearby anion and distorts its shape — this is
polarisation fffk. Distorting the large anion [HE T (the carbonate or nitrate ion)
weakens a bond inside it, so the compound breaks down more easily.

Going down the group, the cation gets larger. Its charge density drops, so it polarises
the anion less. The anion is less distorted, so the compound is harder to break down
— it is more thermally stable and needs a higher temperature to decompose.
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BaZt

large

high charge density — low charge density —
distorts the anion a lot distorts the anion little
less stable: decomposes easily more stable: needs high heat

A small cation has a high charge density, so it distorts (polarises) the large anion
more — weakening it, so the compound is less stable

Worked example. Down Group 2 the hydroxides become more soluble while the
sulfates become less soluble. Explain why the two trends run in opposite directions.
Solubility is a contest between the lattice energy holding the solid together and the
hydration energy rewarding the ions for dissolving. Both get less exothermic as the
cation grows, so whichever falls faster decides the trend. With the small hydroxide
ion, the lattice energy depends strongly on the cation’s size, so it falls faster than
the hydration energy: the lattice gets relatively easier to break and solubility rises.
With the large sulfate ion, the lattice energy is already dominated by that big anion
and barely changes down the group, while the cation’s hydration energy still falls - so
solubility falls. Name both energies and say which one falls faster; simply restating
the trends earns no explanation marks.

Solubility of the hydroxides and sulfates

When an ionic solid dissolves, two energy changes compete. The enthalpy change
of solution AfEI5GAY is the sum of them:

hydroxides sulfates
get more soluble get less soluble
down the group down the group

Down Group 2 the hydroxides get more soluble but the sulfates less

AH@ - _AHlatt —|— Athd

sol

 you must first pull the lattice apart (this needs the lattice energy [HH&HE).
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o then water surrounds the ions (this releases the enthalpy change of hydration
IKEIEAE).

If the energy released on hydration roughly matches (or beats) the energy needed to
break the lattice, the solid dissolves easily.

An insoluble metal hydrozide forms as a gelatinous precipitate when its lattice enerqy
is too large to be repaid by hydration

Going down the group, both the lattice energy and the hydration enthalpy get smaller
(less negative), because the cation is larger. But they shrink at different rates, and
this explains the opposite trends:

AHgo) = —AHjate + AHpyg

hydroxides (small OH™):
) more
lattice energy falls a lot down the group |——>
) . soluble
= outweighs the smaller hydration fall
sulfates (large SO37): less
lattice energy stays almost constant
. . soluble
= the hydration fall then dominates

Why the trends are opposite: the small OH™ lattice energy falls a lot down the group
(hydrozides dissolve more), but the large SOF lattice energy barely changes (sulfates
dissolve less)
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Compound Trend in solubility %#EE down the group Why

hydroxides 44(fk4) increases the OH™ ion is small, so the lattice energy falls a lot down the group; this change outweighs the fall in hydration energy
sulfates Biffth decreases the SO3~ ion is large, so the lattice energy stays almost the same; the fall in hydration energy then dominates, so dissolving becomes less favourable

Exam tips

o Thermal stability of carbonates and nitrates increases down the group — larger
cations polarise the anion less.

e Give the decomposition products: carbonates — oxide + CO»; nitrates — oxide
+ NOy + O4 (brown gas).

o Hydroxides get more soluble and sulfates less soluble down the group.

« Explain trends with cation charge density (polarising power), not just size.
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Chemistry of transition elements
A-Level Chemistry

Transition elements

A transition element 51 JGZ is a d-block element that forms one or more stable
ions with incomplete d orbitals. (Scandium and zinc are in the d-block but are not
transition elements, because their stable ions have empty or full d orbitals.)

The 3d orbitals #i& have set shapes: the 3d,, orbital has four lobes pointing between
the axes, and the 3d,2 orbital has two lobes along the z-axis with a ring around the

middle.

Four key properties (and why)

Property Reason
variable oxidation state Zfk%s the 3d and 4s sub-shells are close in energy, so similar small amounts of energy remove different numbers of electrons
act as a catalyst L7 they have more than one stable oxidation state, and vacant d orbitals that can form dative bonds
form complex ions vacant d orbitals can accept lone pairs
form coloured compounds electrons move between split d orbitals (see below)
variable oxidation states act as catalysts
form complex ions coloured compounds

The four key properties of the transition elements
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A ruby is red because of transition-metal (chromium) ions held in its crystal lattice

Ligands and complexes

A transition metal ion can be surrounded by complex ions ff 2. The species
attached are ligands.

A ligand [ {£ is a species with a lone pair of electrons that forms a dative covalent
bond Fii{v/## to the central metal ion. (The lone pair f{X}H,+ is what it donates.)
Ligands are grouped by how many such bonds they can form:

« monodentate E5: one bond (H,O, NH3, C17, CN7).

« bidentate X{ik: two bonds (1,2-diaminoethane ”en”, and the ethanedioate ion
C,027).

+ polydentate £ 1: many bonds (EDTA*", which uses six).

N— |
<«<—— :NHj3
\ \ e l N
monodentate: 1 bond
(H20, NHs, CI7) bidentatlt:e: ”2 bonds polydentate: many
(“en”) (EDTA uses 6)

Ligands are grouped by how many dative bonds they form: monodentate (one),
bidentate (two) or polydentate (many, like EDTA’s six)
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A complex fit &%) is a central metal atom or ion surrounded by one or more ligands.
Its shape can be linear H 4k, square planar “F-Jfij i )5 /£, tetrahedral PUaj{&IE
or octahedral J\ i {4 .

The coordination number {4} is the number of dative bonds from the ligands
to the central ion (6 — octahedral, 4 — tetrahedral or square planar, 2 — linear). To
predict the charge of a complex, add the metal’s charge and all the ligand charges.

a__® 7 07 0
,, Q- O
< o el

tetrahedral square planar octahedral
CN 4 CN 4 CN 6

00

linear
CN 2

Complex shapes follow the coordination number: 2 is linear, 4 is tetrahedral or square
planar, 6 is octahedral

Ligand exchange

In ligand exchange il {& %z i one ligand replaces another, often with a colour change.
For copper(II):

[Cu(H50)6]*" (pale blue) LLEN [Cu(NH3)4(Hy0)5)*" (deep blue)

With concentrated HCI it becomes yellow [CuCly]*~; cobalt(IT) behaves in a similar
way.

[CU(H20)6]2+ [CU(NH3)4(H20)2]2+ [CUC|4]2_
pale blue deep blue yellow

Ligand exchange changes the colour of copper(Il): pale blue with water, deep blue
with ammonia, yellow with concentrated HCI
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Redox reactions of transition ions

Use E° values to predict whether a redox reaction is feasible. Common titrations you
should be able to calculate include MnO; /C,03~ and MnO; /Fe*" in acid (purple to
colourless), and Cu*" /I~ (which makes iodine, then titrated with thiosulfate).

Worked example. In acid, MnO, reacts with Fe*" in the ratio 1 : 5 (see the
balanced equation above). A 25.0 cm® sample of Fe* solution needs 22.0 cm? of
0.0200 mol dm—® KMnOy to reach the end point. Find the concentration of the Fe?".

22.0
Moles of MnOj used = 0.0200 x 1000 = 4.40 x 10~* mol. Each mole of MnO; reacts

with 5 moles of Fe*", so moles of Fe?™ =5 x 4.40 x 10~* = 2.20 x 1073 mol. This was
in 25.0 cm?, so

2.20 x 1073

= 0.0880 mol dm~>.
25.0/1000 HHos G

[Fe?t] =
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Why complexes are coloured

In a free ion the five d orbitals are degenerate fijJf — they have the same energy.
When ligands come close, they split the d orbitals into two non-degenerate Ef&jF
sets, separated by an energy gap AFE:

e octahedral: three lower and two higher orbitals.
» tetrahedral: two lower and three higher orbitals.

A complex absorbs light whose frequency matches AFE, promoting an electron from a
lower to a higher d orbital. The colour you see is the complementary colour .
%M@ of the light absorbed. Different ligands give a different AE, so they change the
frequency absorbed and hence the colour — which is why ligand exchange changes the
colour.

octahedral tetrahedral

AE

free ion free ion

AE

3 lower, 2 higher 2 lower, 3 higher

the complex absorbs light of energy AE, so we see the complementary colour

Ligands split the five d orbitals into two sets separated by a gap AE; the complex
absorbs light of that energy, so we see the complementary colour

Different metals and ozidation states give different colours: cobalt(1I) (red),
dichromate (orange), chromate (yellow), nickel(Il) (green), copper(Il) (blue) and
permanganate (violet)
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Stereoisomerism in complexes

+ geometrical isomerism JU{i] 744 (cis iz, / trans Jz ) appears in square
planar complexes such as [Pt(NHj3),Cly], and in octahedral complexes such as
[CO(NH3)4(HQO)2]2+.

square planar [Pt(NH3),Cl;]

NHs NHs
Cl—{ 77 — NH3 A — - —d
Cl NH3
cis (same side) trans (opposite)

Geometrical isomerism in a square planar complex: the two identical ligands are
adjacent (cis) or opposite (trans)

o optical isomerism JjE %) appears in octahedral complexes with bidentate
ligands, such as [Ni(en)3]*", which has two non-superimposable mirror images.

You can also deduce the polarity of a complex: a cis form may be polar, while the
matching trans form is often non-polar because its dipoles cancel.

Stability constants

The stability constant & E H%{ (Ksp) is the equilibrium constant for forming a
complex ion from the metal ion and its ligands in solution (water is left out of the
expression).

A large K., means a very stable complex. In a ligand exchange, the position moves
towards the complex with the larger K., — that is why a ligand that forms a more
stable complex can push out a weaker one.

Exam tips

e Define a transition element: it forms at least one ion with a partially filled d
sub-shell — so Sc and Zn are excluded.

« Colour comes from d-d transitions (ligands split the d orbitals); the colour seen
is the complement of the light absorbed.
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 State the ligand and coordination number and predict the shape (6 = octahe-
dral, 4 = tetrahedral or square planar).

o Ligand exchange can change colour and coordination number; a larger stability
constant = a more stable complex.
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An introduction to A Level organic
chemistry
A-Level Chemistry

New functional groups and naming

At A Level you meet more functional group ‘EfE[4] families, including the amide
ik % group and aromatic 757 compounds (those built on a benzene ring). As
before, the functional group decides the properties, and you read it from the general,
structural, displayed or skeletal formula.

Naming aromatic compounds

A benzene 7K molecule is a ring of six carbons. When you name an aromatic com-
pound, use the benzene ring ZXFf as the parent and number the positions of the
substituents. For example, 3-nitrobenzoic acid has a —NOy group on carbon 3, and
2,4,6-tribromophenol has three bromine atoms on a phenol ring. You can also name
cyclic compounds with a single ring of up to six carbons.

COOH OH
Br Br
NO-
Br
3-nitrobenzoic acid 2,4,6-tribromophenol

Number the ring from the principal group (carbon 1); the substituent positions then
give the name

A-Level Chemistry ¢ 29 An introduction to A Level organic chemistry @



Two new types of mechanism

o electrophilic substitution SEHLEf: an electrophile replaces a hydrogen atom
on a benzene ring (this is how benzene reacts).

o addition—elimination JIifJi§Z: a molecule first adds on, then a small molecule
is removed (seen with 2/4-DNPH and with acyl chlorides).

electrophilic substitution addition—elimination
an electrophile replaces an H a molecule adds on, then
on a benzene ring a small molecule is removed

Two aromatic mechanisms: electrophilic substitution and addition-elimination

The shape of benzene

Benzene is a flat, regular hexagon. Each carbon is sp? hybridised, using its three
hybridisation Z%{k, orbitals to make sigma bonds ¢ % to two neighbouring carbons
and one hydrogen. This gives the ring of ¢ bonds.

Each carbon also has one electron left in a p orbital, standing up at right angles to the
ring. These p orbitals overlap sideways all the way round, making a single delocalised
218, pi bond 7 4 system — a ring of electrons above and below the plane. Because
the electrons are shared evenly, all six C—C bonds are the same length, and benzene
is very stable.

one delocalised 7 system
above and below the ring

sp? o framework;
all six C—C bonds equal

Benzene’s bonding: an sp* o framework makes the flat hexagon, while the p orbitals
overlap into one delocalised w system above and below the ring

How do we know benzene really is delocalised? One strong piece of evidence is its
enthalpy change of hydrogenation & fk/%7%8. Adding hydrogen to one C=C
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double bond (as in cyclohexene) releases about 120 kJmol ™, so a Kekulé ring of three
separate double bonds should release about 3 x 120 = 360 kJmol™'. Real benzene
releases only 208 kJmol™! — it is about 152 kJmol™' more stable than the model
predicts.

energy
A Kekulé benzene (3 separate C=C)

extra stability

~ 152 kJ mol ™!
real

benzene

predicted
—360

kJ mol 1! actual
—208 kJmol™!

cyclohexane

Fvidence for delocalisation: real benzene releases far less on hydrogenation
(—208 kJmol™") than the Kekulé model predicts (—360 = 3x cyclohexene), so it is
about 152 kJmol™* more stable than expected
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Optical isomerism

Two enantiomers XA (mirror-image isomers) have identical physical and chem-
ical properties, with two exceptions:

« they rotate plane polarised light “FE[f i #iZ )% in opposite directions. A substance
that does this is optically active FE)yGiH 4.

o they may have different effects in living things (biological activity).

A racemic mixture MEBEIR A is a 50:50 mix of the two enantiomers. It does
not rotate plane polarised light, because the two opposite rotations cancel out.

enantiomer 1

+ sample 717 rotated clockwise

enantiomer 2 (mirror image)

AI—D sample AYP rotated anticlockwise

a 50:50 racemic mixture gives no net rotation (the two cancel)

The two enantiomers rotate plane-polarised light in opposite directions; a 50:50
racemic mixture gives no net rotation

Why chirality matters for drugs

Chirality {4 is important when making medicines. A molecule with a chiral
centre TP H1.[» has two enantiomers, and they can behave very differently in the
body — one may cure while the other does harm. So drug makers either:

e separate a racemic mixture into the two pure enantiomers, or
« use a chiral catalyst F{E{#{L5f] to make just the single enantiomer they want.

Worked example. Which of butan-1-ol, butan-2-ol and 2-methylpropan-2-ol is chi-
ral? A molecule is chiral if it has a carbon carrying four different groups. Take the
carbons one at a time. In butan-2-ol, CH3CH(OH)CH,CHj, carbon 2 carries OH, H,
CHj3 and CyHj - four different groups, so it is a chiral centre and butan-2-ol exists
as two optical isomers. Butan-1-ol’s carbon 1 carries two hydrogens, and the central
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carbon of 2-methylpropan-2-ol carries two identical methyl groups, so neither is
chiral. It takes only one repeated group on a carbon to destroy the chirality there -
and compare groups properly: CHs and CyHj5 differ, but only once you look past the
first atom.

Exam tips

« Optical isomers need a chiral carbon (four different groups); they are non-
superimposable mirror images that rotate plane-polarised light oppositely.

« A racemic mixture forms when a planar intermediate (carbocation or C = O)
is attacked equally from both sides.

» Benzene’s delocalised ring (equal bond lengths, planar) explains its stability ver-
sus the Kekulé model.

e Learn the two new mechanisms — electrophilic substitution of arenes, and nucle-
ophilic addition-elimination.
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Hydrocarbons
A-Level Chemistry

Arenes

Arenes 75 f¢ are aromatic hydrocarbons, built on the benzene 7 ring. The de-
localised ring of electrons is stable and electron-rich, so benzene mostly reacts by
electrophilic substitution 3% HL H{t — keeping the ring — rather than by addi-
tion.

Naphthalene, used in mothballs, is a simple arene — two benzene rings fused together
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Reactions of benzene and methylbenzene

Reaction Reagents and conditions Product
halogenation Cly or Bry, with AICl; or AlBrj as a catalyst fi#{k7] a halogenoarene [xf{ 7% (aryl halide)
nitration fi§{k concentrated HNOj + concentrated HySOy, 25-60°C  nitrobenzene
Friedel-Crafts alkylation {7 ffk CH3Cl + AlCl;, heat methylbenzene (adds an alkyl group)
Friedel-Crafts acylation ff7ifit3ft.  CH3COCI 4 AICl3, heat a phenyl ketone (adds an acyl group)
side-chain oxidation hot alkaline KMnQOy, then dilute acid benzoic acid 7 fig
hydrogenation Zifk H,, Pt/Ni catalyst, heat cyclohexane
alkylation acylation
adds an alkyl group adds an acyl group
(CH3C| + A|C|3) (CH3COC| + A|C|3)

Friedel-Crafts: alkylation adds an alkyl group, acylation an acyl group

chlorobenzene
Cly, AICl5

__» nitrobenzene

HNO3 /H2S0,
CH3Cl, AlCI3
T methylbenzene
Ho, Ni
(addition)

cyclohexane <«
CH3COCl, AlCl3
phenyl ketone

Benzene keeps its stable ring, reacting mostly by electrophilic substitution (and by
addition only with hydrogen)

In the side-chain oxidation, the whole side-chain flll#% (such as the -CH3 on methyl-
benzene) is turned into a -COOH group, giving benzoic acid. In the hydrogenation,
three molecules of Hy add to the benzene ring ZXFf to make a saturated cyclohexane
ring.
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The mechanism: electrophilic substitution
Take nitration as the example. The acid mix makes the electrophile NO; . Then:

1. the delocalised electrons of the ring form a bond to the electrophile, giving an
unstable intermediate.
2. an HT is lost from that carbon, which restores the stable ring.

Substitution wins over addition because the delocalisation i (aromatic stabili-
sation) of the ring is kept. Addition would destroy this stable system, so it is not
favoured.

NO-

H NO;
1. ring attacks unstable 2. lose HT:
the electrophile intermediate ring restored

Electrophilic substitution (nitration): the ring attacks the electrophile NOJ to give an
unstable intermediate, then loses H to restore the ring

Side-chain or ring?
Where a halogen reacts depends on the conditions:

« with a halogen-carrier catalyst (such as AICl3) and no UV light — substitution in
the ring.
o with UV light and no catalyst — free-radical substitution in the side-chain.

methylbenzene + Clg

AlCl3, no UV UV, no catalyst
ring substitution side-chain substitution
(Cl on the ring) (Cl on the CH3)

The conditions decide: a halogen carrier (AlCly) substitutes the ring; UV light
substitutes the side-chain
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Directing effects

A group already on the ring decides where the next group goes — its directing effect
JENIRV:

—NH5, —OH, —R —NO,;, —COOH, —COR
1 1
e N
6 6 2
5 3 5 /CB
\O/ \
4
direct to 2 and 4 direct to 3

A group already on the ring directs the next one: ~NHy/~OH/-R send it to positions
2 and 4; -NOy/~COOH/-COR send it to position 3

Group already present Directs the new group to

-NH,, -OH, -R positions 2 and 4
-NO,, -COOH, -COR position 3

Worked example. Methylbenzene and nitrobenzene are each nitrated. Predict where
the new NOy group goes, and which compound reacts faster. Look at the group
already on the ring. In methylbenzene the —-CHjs is an alkyl group: it directs the
new group to positions 2 and 4, and it releases electrons into the ring, making
the ring more attractive to an electrophile - so methylbenzene nitrates faster than
benzene. In nitrobenzene the -NO, directs to position 3, and it withdraws electrons
from the ring - so nitrobenzene nitrates more slowly than benzene. The group already
present controls both the position and the rate, and the two always travel together:
2,4-directors activate the ring, 3-directors deactivate it.

Exam tips

o Benzene undergoes electrophilic substitution, not addition, because addition
would destroy the stable delocalised ring.

o Learn nitration (concentrated HNO3/H,SO4, 50 — 60 °C) and halogenation
(halogen + AlCl3) with the electrophile-generating step.

o Compare reactivity: benzene resists addition far more than an alkene because of
delocalisation.
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Halogen compounds
A-Level Chemistry

Making halogenoarenes

A halogenoarene X774 (also called an aryl halide) is formed when an arene 7
J% reacts with Cly or Bry, using AlCl3 or AlBrs as a catalyst f{£{k5]. This is the
electrophilic substitution from the arenes topic — the halogen replaces a hydrogen on
the ring.

» benzene gives chlorobenzene.

« methylbenzene gives 1-chloro-2-methylbenzene and 1-chloro-4-methylbenzene (the
methyl group directs the chlorine to positions 2 and 4).

Cl
AlClg

+ Clo I + HCI

Making a halogenoarene by electrophilic substitution: with an AlCly catalyst, a
chlorine replaces a hydrogen on the ring (giving HCI)

Many pesticides and herbicides are halogenoarenes — chlorine atoms bonded to a
benzene ring
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Why a halogenoarene is less reactive than a
halogenoalkane

Compare chloroethane (a halogenoalkane f %) with chlorobenzene (a
halogenoarene).

A halogenoalkane reacts easily by nucleophilic substitution >EZHUft: its C-Cl
bond is polar, so a nucleophile can attack the slightly positive carbon and push the
halogen out.

A halogenoarene is very unreactive towards nucleophilic substitution. There are two
reasons:

 alone pair X%} HL T on the chlorine overlaps sideways with the delocalised 1,
ring of electrons. This gives the C—Cl bond partial double-bond character, making
it shorter and stronger, so it is much harder to break.

e the electron-rich ring repels an approaching nucleophile 3E4% 5.

So chlorobenzene does not react with nucleophiles such as OH™ under normal condi-
tions, while chloroethane does.

chloroethane: reactive chlorobenzene: unreactive
Cl
5+ lone pair overlaps ring
= stronger C-Cl
CH5CH,-Cl &

Nu™
nucleophile attacks the 6+ C

ring repels Nu™

Chloroethane reacts (a nucleophile attacks the 0+ carbon), but chlorobenzene does
not: the Cl lone pair strengthens the C-Cl bond and the ring repels nucleophiles

Exam tips

« A halogenoarene is less reactive than a halogenoalkane: the lone pair delocalises
into the ring, giving the C-X bond partial double-bond character.

« Distinguish a halogen on the ring (needs a catalyst, unreactive to substitution)
from one on a side chain (reacts like a halogenoalkane).
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Hydroxy compounds
A-Level Chemistry

Alcohols with acyl chlorides

At A Level you meet one more reaction of an alcohol [i: it reacts with an acyl
chloride {44 to make an ester fi§. This works faster and more completely than using
a carboxylic acid. For example, ethanol and ethanoyl chloride give ethyl ethanoate,
plus fumes of HCI.

CH3zCH20OH + CH3COCI _> CH3COOC,H5 + HCI

alcohol acyl chloride ester

An acyl chloride reacts with an alcohol faster and more completely than a carboxylic
acid does, giving the ester and HCI fumes

Phenol

Phenol i has an ~OH group joined directly to a benzene 7K ring. This changes
the chemistry of both the -OH group and the ring.

Phenol is a low-melting solid; it slowly turns pink as it oxidises in air
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Making phenol

Cool phenylamine K% with NaNO; and dilute acid below 10°C to make a diazo-
nium salt FE % L. Warming this salt with water then gives phenol (and nitrogen

gas).

Reactions of phenol

« with a base such as NaOH(aq): phenol reacts to give sodium phenoxide and water.
(Ordinary alcohols do not react with NaOH — this shows phenol is more acidic.)

o with sodium metal: gives sodium phenoxide and hydrogen.

+ with a diazonium salt in NaOH(aq): forms a coloured azo compound &t &
Y (used in dyes).

+ nitration fifjft, with dilute HNOj3 at room temperature: gives a mixture of 2-
nitrophenol and 4-nitrophenol.

« bromination J{f with bromine water at room temperature (no catalyst): gives
a white precipitate of 2,4,6-tribromophenol.

Acidity of phenol

Phenol loses its H' to form a phenoxide ion. This ion is stabilised because its negative
charge is spread (delocalised) into the ring. So phenol’s acidity [2{4 is higher than
that of water or ethanol:

ethanol < water < phenol

OH O~
= + Ht
phenol phenoxide (charge spread into ring)

acidity: ethanol < water < phenol

Phenol is more acidic than water or an alcohol: losing H" gives a phenozide ion
whose negative charge spreads into the ring, stabilising it

(Phenol is still a weak acid — weaker than a carboxylic acid.)

A-Level Chemistry e 32 Hydroxy compounds @



Why the conditions are milder than for benzene

A lone pair on the phenol oxygen is partly delocalised i into the ring. This makes
the ring more electron-rich, so it attracts electrophiles more strongly. Phenol therefore
reacts faster and under much milder conditions than benzene — no catalyst is needed,
and dilute reagents work at room temperature.

OH OH
Bra(aq), RT Br Br
no catalyst
_
phenol Br

2,4,6-tribromophenol
(white precipitate)

the ring is activated, so milder conditions than benzene
Phenol’s ring is activated, so bromine water brominates positions 2, 4 and 6 at room
temperature with no catalyst, giving a white precipitate

The —OH group directs new substituents to the 2-, 4- and 6-positions. The same ideas
apply to other phenolic compounds, such as naphthol.

Carbolic soap contains phenol, which was one of the first antiseptics

Worked example. Phenol, ethanol and ethanoic acid are each shaken with aqueous
NaOH and then with aqueous NayCOj3. Predict what happens, and order the three by
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acidity. Acidity depends on how well the anion left behind is stabilised. Ethanol’s
ethoxide keeps its charge stuck on one oxygen, so ethanol is weakest and reacts with
neither. Phenol’s phenoxide spreads the charge into the ring, making phenol acidic
enough to react with the strong base NaOH but not with the weaker NayCOj3 - so
no fizzing. Ethanoate spreads the charge over two oxygens, the most effective of
the three, so ethanoic acid reacts with both and fizzes with the carbonate. Order:
ethanol < phenol < ethanoic acid. The carbonate is the discriminating test -
only a carboxylic acid fizzes, which is exactly how you tell phenol from an acid.

Exam tips

« Phenol is a stronger acid than alcohols (its anion is stabilised by delocalisation)
but weaker than carboxylic acids — it does not react with carbonates.

e Phenol decolourises bromine water and gives a white precipitate without a
catalyst (the ring is activated by oxygen).

« Acyl chlorides react with alcohols/phenols to give esters readily (better than the
reversible acid route); misty HCI fumes are the observation.
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Carboxylic acids and derivatives
A-Level Chemistry

Carboxylic acids

Clitrus fruits taste sour because they contain citric acid, a carboxylic acid

Making and reacting

« an alkylbenzene 557K (such as methylbenzene) is oxidised by hot alkaline
KMnOy, then dilute acid, to give benzoic acid ZKH fig. The whole side-chain
becomes a ~-COOH group.

e a carboxylic acid reacts with PCl; and heat, PCl;, or SOCIl, to form an acyl
chloride fi:54.

CHs COOH
hot KMnOy4

> benzoic acid

Hot KMnO/ oxidises a methyl side-chain to a COOH group
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Acids that can be oxidised further
Two carboxylic acids #RZ are special because they can still be oxidised:

« methanoic acid (HCOOH) is oxidised by Fehling’s or Tollens’ reagent, or acidified
KMnO, / KyCryO7, to carbon dioxide and water.

« ethanedioic acid (HOOCCOOH) is oxidised by warm acidified KMnO, to carbon
dioxide.

Relative acidities

The acidity g} order is:

alcohol < phenol < carboxylic acid

A carboxylic acid is the strongest because, when it loses HT, the negative charge is
spread over two oxygen atoms, making the ion very stable. In a phenol ZK[{; the
charge spreads only into the ring, and in an alcohol [ (giving RO™) it is not spread
at all.

carboxylic acid — RCOO™:
charge spread over two O (strongest)

more spreading
= more stable anion
= stronger acid

phenol — phenoxide:
charge spread into the ring

acidity increases

alcohol — RO™:
charge on one O, not spread (weakest)

Acidity rises from alcohol to phenol to carboxylic acid: the more the negative charge
on the conjugate base is spread out, the more stable the ion and the stronger the acid

Chlorine atoms make a carboxylic acid more acidic.  Chlorine is electron-
withdrawing W Hi 7 through the inductive effect i# S %{ . it pulls electron
density away, helping to spread the negative charge and stabilise the ion. So more
chlorine atoms (closer to the -COOH) give a stronger acid.
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Esters

An alcohol (or phenol) reacts with an acyl chloride at room temperature to give an
ester fif and HCl. Examples are ethyl ethanoate (from ethanol) and phenyl benzoate
(from phenol).

Aspirin is an ester, made from salicylic acid
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Acyl chlorides

Acyl chlorides are made from carboxylic acids (with PCls, PCl; or SOCly). They are
very reactive. At room temperature they react with:

Reactant Product (plus HCI)
water the carboxylic acid

an alcohol an ester

phenol an ester

ammonia 2 an amide L%

a primary or secondary amine i an amide

carboxylic acid

water
ester
alcohol
acyl chloride phenol > ester (each also gives HCI)
R-COCI
ammonia

amide

i

amine

amide

]

Acyl chlorides are very reactive: with water, an alcohol, phenol, ammonia or an
amine they give the labelled product plus HCI
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The addition—elimination mechanism

All these reactions follow an addition—elimination i i{{ji§ 7+ mechanism: a nucle-
ophile first adds to the slightly positive carbonyl carbon, then HCI is eliminated.

0] oln 0
‘ /N” ‘ ‘
o+
— —
- C — = C ~ - C \N + HCI
R X Cl R Cl R u
Nu— tetrahedral 2. CI™ leaves
intermediate as HCI

1. Nu adds to

the C=0 carbon

Addition—elimination: the nucleophile adds to the d+ carbonyl carbon, then the C=0
reforms and CI~ leaves as HCI

Ease of hydrolysis

Compare how easily three chlorides react with water (hydrolysis 7Kfi#):

acyl chloride > alkyl chloride > aryl chloride

An acyl chloride reacts violently with cold water; an alkyl chloride reacts slowly; an
aryl chloride (halogenoarene) does not react, because its C—Cl bond is strengthened
by the ring.

Worked example. Ethanoyl chloride reacts violently with cold water, while ethyl
ethanoate needs prolonged reflux with acid or alkali. Explain the difference. Both
are attacked at the carbonyl carbon, so compare how open that carbon is to attack
and how good the leaving group is. In ethanoyl chloride the chlorine is strongly
electronegative and withdraws electrons, making the carbonyl carbon much more
0+ and so far more open to a nucleophile; and CI™, the anion of a strong acid, is a
good leaving group. In the ester the ~-OR oxygen donates a lone pair into the
carbonyl, reducing that d+ charge, and RO~ is a poor leaving group. So the acyl
chloride hydrolyses far more easily. Argue from both the d+ on the carbon and the
leaving group: either one alone is usually only half the marks.
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Exam tips

« Acyl chlorides are very reactive — learn their products with water (HCI), alcohols
(esters), ammonia (amides) and amines.

o Reactivity order of derivatives: acyl chloride > ester > amide.
o Acid strength: electron-withdrawing groups (e.g. Cl) increase it — explain via
the carboxylate ion.
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Nitrogen compounds
A-Level Chemistry

Primary and secondary amines

An amine % has an -NHy (primary) or -NH (secondary) group.

/H /H
N R N
N N

primary (—NHs5) secondary (—NH—)

A primary amine has -NH2; a secondary amine has -NH-

Making amines

« a halogenoalkane [ f{}¢ with NHs in ethanol, heated under pressure — a pri-
mary amine.

» a halogenoalkane with a primary amine, heated under pressure — a secondary
amine.

« reduction A of an amide i} with LiAIH,.
o reduction of a nitrile Ji§ with LiAlH, or Hy/Ni.

halogenoalkane + NHg

T
-

an amine

reduce a nitrile (LiAlH4)

Two routes to an amine: from a halogenoalkane, or by reducing a nitrile
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An amine (or ammonia %) reacts with an acyl chloride in a condensation 4§#
reaction to give an amide. The reagent is an acyl chloride J¥:4%.

Basicity of amines

The basicity §#f4 of an amine comes from the lone pair on its nitrogen, which can
accept an H' from water.

Phenylamine and azo compounds

Making phenylamine

Make phenylamine ZKJi% from benzene in two steps: nitrate benzene to nitrobenzene,
then reduce it with hot Sn and concentrated HCI, followed by NaOH(aq).

Reactions

o with bromine water at room temperature — 2,4,6-tribromophenylamine (a white
precipitate). The ring is activated, like phenol.

o with HNO; (from NaNO, and dilute acid) below 10 °C — a diazonium salt; warming
this with water gives phenol.
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Relative basicity

phenylamine < ammonia < ethylamine

Ethylamine is the strongest base: its alkyl group pushes electron density onto the
nitrogen, making the lone pair more available. Phenylamine is the weakest, because

its lone pair is delocalised 21 into the benzene ring, so it is less available to accept
an H.

phenylamine

NH, ammonia ethylamine

| ° .
—

NHS C2 H5—NH2

(reference) alkyl pushes

electrons onto N

lone pair pulled basicity increases
into the ring

Basicity depends on the nitrogen lone pair: an alkyl group makes it more available
(ethylamine strongest), a benzene ring pulls it away (phenylamine weakest)
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Azo compounds

A diazonium salt & (benzenediazonium chloride) couples with phenol ZE} in
NaOH(aq) to form an azo compound &AL E4). The azo group is -N=N-. Azo
compounds are brightly coloured and are often used as dye J¢f} s; many other azo
dyes are made the same way.

Methyl orange, a bright orange azo dye; the strong colour comes from the —-N=N- azo
group, which is why azo compounds are so widely used as dyes

Worked example. An amino acid has an isoelectric point of pH 6.0. Give its charge,
and the electrode it moves towards in electrophoresis, at pH 2, at pH 6.0 and at pH
11. Compare the solution’s pH with the isoelectric point each time. At pH 2, well
below it, the solution is acidic, so the -NH, gains an H™: the amino acid is positive
and moves to the cathode (negative electrode). At pH 6.0, exactly its isoelectric
point, it is the zwitterion with no net charge, so it does not move. At pH 11, well
above it, the ~-COOH loses its H™: the amino acid is negative and moves to the
anode. Compare the pH with the isoelectric point, never with 7 - and note the
zwitterion still carries both charges, it simply has no net charge.
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Amides

An amide is made from ammonia or a primary amine with an acyl chloride at room
temperature.

Paracetamol is a common painkiller that contains the amide group (-CONH-)

Its reactions:

« hydrolysis with aqueous acid or alkali, giving the carboxylic acid (or its salt) and
the amine (or ammonium).

e reduction of the C=0 group with LiAlH, to give an amine.

An amide is a much weaker base than an amine, because the nitrogen lone pair is
delocalised onto the neighbouring C=0 group, so it is not available to accept an H™.

Amino acids

An amino acid ZJfig has both a basic -NH, group and an acidic -COOH group.

Zwitterions and the isoelectric point

The ~COOH can give its HT to the -NHj in the same molecule, forming a zwitterion
Wit (HsNT-CHR-COO™) — an ion with both a positive and a negative end but
no overall charge.

o in acid (low pH), the amino acid gains H* and becomes positive.
o in alkali (high pH), it loses H and becomes negative.
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« at one special pH, the isoelectric point Z£Hi /5, it is mostly the zwitterion with
no net charge.

in acid add 1T | 2t the isoelectric point emove H in alkali
H3NT-CHR-COOH H3NT-CHR-COO™ HoN-CHR-COO™
positive zwitterion, no net charge negative

An amino acid’s charge depends on pH: positive in acid, the neutral zwitterion at the
isoelectric point, negative in alkali

Peptide bonds

Two amino acids join in a condensation reaction: the -COOH of one and the —-NH,
of the other react, losing water and forming a peptide bond fk## (an amide link).
Two amino acids give a dipeptide —_Jik, three give a tripeptide.

HyN-CHR-CO OH  + H —NH-CHR'-COOH
!

HyN-CHR-CO-NH-CHR-COOH + H-0

the peptide bond (an amide link)

Two amino acids condense: the —~OH from one ~COOH and the —H from the other
—~NH, leave as water, forming the peptide (amide) bond
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Electrophoresis
In electrophoresis Hijk, a mixture is placed in an electric field at a chosen pH:

o above its isoelectric point, an amino acid is negative and moves to the positive
electrode.

o below its isoelectric point, it is positive and moves to the negative electrode.

o at its isoelectric point, it does not move. So different amino acids separate.

positive: to — neutral: stays negative: to +

at one chosen pH, amino acids with different charges separate

Electrophoresis at a chosen pH: a positive amino acid moves to the negative electrode,
a negative one to the positive, and a neutral one stays — so they separate

Exam tips

e Phenylamine is a weaker base than aliphatic amines because the N lone pair
delocalises into the ring.

« Diazotisation (NaNO,/HCI, below 10 °C) then coupling gives azo dyes — learn
the conditions and the coloured product.

e Amino acids are zwitterions (both —NH; and —COOH), so they are amphoteric;
describe behaviour either side of the isoelectric point.
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Polymerisation
A-Level Chemistry

Condensation polymerisation

In condensation polymerisation 45 & %4, monomers join into a long chain and
a small molecule (such as water or HCI) is lost each time a new bond forms. Each
monomer needs two reactive groups, so the chain can grow at both ends.

polyester: -C(=0)-OH + H-O- — -C(=0)-O0- + H,0
polyamide: -C(=O)-OH + H-N(H)- — -C(=0)-NH- + H,0
every new ester or amide link loses a small molecule (condensation)

Condensation links: a polyester forms ester links and a polyamide forms amide links;
each new link releases a small molecule (here water)
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Polyesters
A polyester i has many ester links along its chain. You can make one from:

e a diol —_fi# (two ~OH groups) and a dicarboxylic acid — ¥R (two -COOH
groups), or a dioyl chloride.
« a single hydroxycarboxylic acid, which has both an ~-OH and a ~-COOH.

PET drinks bottles are made of a polyester — a condensation polymer, collected here
for recycling
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Polyamides
A polyamide Zft}% has many amide links. You can make one from:

o a diamine —f# (two -NH, groups) and a dicarboxylic acid or a dioyl chloride.
« a single aminocarboxylic acid, or from amino acids Z % joining together (pro-
teins are natural polyamides).

The “nylon rope trick”: nylon (a polyamide) forms where two reactant solutions meet,
so a single long thread can be pulled out (it is pink here from an added indicator)
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Repeat units and monomers

The repeat unit & BLJC of a condensation polymer contains parts of both
monomers, minus the atoms lost as the small molecule. To find the monomers FL{f

from a section of polymer, break the chain at each ester or amide link, then add back
—~OH and —H (or —Cl).

polyester (ester links)
.. ~CO-0-R-0-CO-R’'~CO-O-- - -

l break each link; add back —OH and —H

HO-R-OH + HOOC-R'-COOH

diol dicarboxylic acid

To find the monomers, break the chain at each link and add back —OH and —H to the
cut ends — here giving the diol and the dicarboxylic acid

Worked example. A polymer chain contains repeating -CONH- links. Name the
type of polymer, identify the monomers, and give the small molecule lost. A -CONH-
link is an amide, so this is a polyamide made by condensation polymerisation.
To find the monomers, break the chain at each amide link and give the cut ends
their atoms back: the carbon side takes ~OH, making a dicarboxylic acid, and the
nitrogen side takes —H, making a diamine. The small molecule lost at each link is
water (or HC, if an acyl dichloride was used in place of the acid). Each monomer must
have two functional groups, or the chain could never keep growing - if the monomer
you propose has only one, you have broken the chain in the wrong place.
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Predicting the type of polymerisation

Clue Type

the monomer has a C=C double bond, and nothing else is lost addition polymerisation i &
each monomer has two functional groups, and a small molecule is lost; the chain has ester or amide links condensation polymerisation

( )

.. .. condensation polymerisation
addition polymerisation poly

e each monomer has two func-
tional groups

e a small molecule (H;O or
HCI) is lost

e ester or amide links form

e monomer has a C=C

e the double bond opens and the
monomers join

e nothing else is lost

e.g. ethene — poly(ethene)

| J

e.g. a polyester or polyamide
| J

The two kinds of polymerisation: addition opens a C=C" and loses nothing;
condensation joins two-group monomers and loses a small molecule

Degradable polymers

+ poly(alkene)s E /% are chemically inert — they have only strong, non-polar
C-C and C-H bonds, so they are hard to biodegrade 7] 4= ¥J[%&fi# and last a long

time.

 some polymers are made so that light can break them down (they are photodegrad-
able).

e polyesters and polyamides are biodegradable, because their ester and amide links
can be broken by acidic or alkaline hydrolysis 7K fi#.

Exam tips

» Condensation polymers (polyesters, polyamides) form with loss of a small
molecule (H,0O or HCl) — draw the repeat unit and the lost molecule.

o Identify the monomers from the polymer by breaking the ester or amide link
— a common question.

o Predict the type from the monomers: a C = C gives addition; two functional
groups give condensation.

 Polyesters and polyamides are hydrolysable (more degradable); addition polymers
are not.
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Organic synthesis

A-Level Chemistry

Organic synthesis

Like the AS synthesis topic, this asks you to join up known reactions to build a target
molecule. Now you also have the A Level reactions of arenes, phenol, amines, amides

and acyl chlorides.

Identifying functional groups

A molecule may carry several functional group ‘E §E[4] types. Use the test reactions
to spot each one, then predict its behaviour. For example:

 decolourises bromine water with no catalyst, giving a white precipitate — a phenol

or a phenylamine (the ring is activated).

o reacts violently with cold water, giving fumes of HCl — an acyl chloride [t

o gives a purple colour with neutral FeCl; — a phenol ZK[i.

add this you see
bromine water

hite precipitate
(no catalyst) WhILE precipt

cold water violent, HCI fumes

neutral FeCls purple colour

functional group

phenol or phenylamine

acyl chloride

Identification tests added at A Level: each reagent gives a characteristic result that

points to a functional group

A map of the A Level reactions

Start Reagent and conditions

Product

HNO; / HySO, (electrophilic substitution 3zHLHUT)
Sn / conc HCI, then NaOH (reduction ifJ5i)

HNOs,, below 10°C

warm water

hot KMnO, (oxidation %k)

SOCI, or PCly

alcohol / phenol

ammonia / amine Ji%

LiAlIH,

KCN

benzene (an arene 754%)
nitrobenzene
phenylamine

diazonium salt
methylbenzene
carboxylic acid #&R[ig
acyl chloride

acyl chloride

amide or nitrile Ji%
halogenoalkane

nitrobenzene

phenylamine

a diazonium salt

phenol; or couple with phenol — azo dye
benzoic acid

acyl chloride

an ester [ig

an amide Ftf%

an amine

a nitrile (adds one carbon)
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H20/'

HNO3/H3SO Sn / HCI | HNO,, <10° X -
benzene s/H2504 nitrobenzene / phenylamine 2, < dIaZSc;Ttlum
|
coupie azo dye
methylbenzene
/ amine

ester
KMnO4 alcohol/ .
Y LiAIH4
carboxylic SOCly | acyl
acid “| chloride

ammonia/amine—g(
amide

A map of the A Level reactions: the aromatic chain (top) and the acyl-chloride chain
(bottom), with their feed-ins. Work backwards from your target

Planning and analysing a route

To devise a synthetic route & i 4k, work backwards from the target: which
single reaction makes it, and from what? Repeat until you reach the starting material,
then write each step with its reagent {7 and conditions.

plan backwards from the target

A

diazotise,
benzene nitrate - nitro- reduce phenyl- then couple =

»
>

(start) “| benzene amine "\ (target)

Plan a route by working backwards from the target, one reaction at a time, until you
reach the starting material

When you analyse a route, state the type of reaction for each step (for example
electrophilic substitution, addition—elimination fll il 2, oxidation or reduction)
and watch for likely by-products fl|f=4) — for example, making an amine from a
halogenoalkane also gives over-substituted amines, lowering the yield.

Worked example. Devise a route from benzene to phenylamine, CgH;NH;. Work
backwards: phenylamine comes from reducing nitrobenzene, and nitrobenzene
comes from nitrating benzene - so the route is two steps. Step 1: benzene with
concentrated HNO3 and concentrated HoSOy4 at 55 °C; electrophilic substitution gives
nitrobenzene (keep below 55 °C, or further substitution follows). Step 2: reduce the
nitrobenzene with tin and concentrated HCI, then add NaOH to free the amine
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from its salt. There is no direct route - you cannot put an —NH, straight onto a ring,
which is exactly why this nitrate-then-reduce pair is worth knowing by heart.

Exam tips

o Combine AS and A-level steps and watch for benzene-ring reactions and
carbon-count changes.

o State every reagent and condition, and note when a step produces a racemic
mixture.

o Choose the shortest route that reaches the target functional group.
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Analytical techniques
A-Level Chemistry

Thin-layer chromatography

Chromatography f{4ij% separates a mixture using two “phases” — one that stays
still and one that moves. In thin-layer chromatography /2 {6 i% (TLC):

« the stationary phase [&]E#H stays still (for example aluminium oxide on a plate).

+ the mobile phase JiiZJ#] moves (a polar or non-polar solvent that travels up the
plate).

o the baseline J:ZE is the starting line where the spots are placed; the solvent
front A5 HIUT is the highest level the solvent reaches.

The Ry value compares how far a spot moves with how far the solvent moves:

distance moved by the spot

™ distance moved by the solvent front

It is always between 0 and 1. A substance that sticks more strongly to the stationary
phase, or is less soluble in the mobile phase, moves less and has a smaller Rj.

solvent front f-——-—---------- A

O A solvent _ distance moved by the spot
moves "™ distance moved by the solvent
spot
moves
always between 0 and 1
v v

baseline f--—-—--{ )-----

Thin-layer chromatography: the Ry value is how far the spot moved divided by how
far the solvent front moved
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A real TLC plate under UV light: each glowing spot is a separated component of the
mixture
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Gas/liquid chromatography

In gas/liquid chromatography S {41 (GLC):

o the stationary phase is a high-boiling-point non-polar liquid on a solid support.

o the mobile phase is an unreactive carrier gas.
o the retention time {3 i} is how long a component takes to pass through.

The area of each peak gives the percentage of that component in the mixture. A
component that interacts more with the stationary phase has a longer retention time.

A
tr identifies - peak area = amount

that component

detector signal

A B C

>

retention time

A gas-liquid chromatogram: each component gives a peak at its own retention time,
and the peak area is its percentage in the mizture
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Carbon-13 NMR spectroscopy

NMR B3¢ (nuclear magnetic resonance) studies how certain nuclei behave in a
strong magnetic field.

An NMR spectrometer: the large cylinder holds a superconducting magnet that makes
the very strong magnetic field the technique needs

In carbon-13 NMR, each different chemical environment {2£¥f1% of carbon gives
one peak. So:

e the number of peaks tells you how many different carbon environments there are
(equivalent carbons share a peak).

o the position of each peak (its chemical shift) suggests the type of carbon, which
helps you deduce possible structures.

Proton (!H) NMR spectroscopy

Proton NMR looks at the hydrogen atoms (proton Jiif nuclei). From the spectrum
you read off:

e chemical environments: protons in different environments appear at different
chemical shift {b24{V % values.

« relative numbers: the relative peak areas give the ratio of each type of proton.

 splitting %44y a peak is split by the protons on the neighbouring carbon, following
the n + 1 rule — n equivalent neighbours split a peak into n + 1 lines:
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Neighbours (n) Pattern

0 singlet FfLl&

1 doublet XVI&

2 triplet =&

3 quartet PUl&

many multiplet £ &l

N ‘ |

singlet doublet triplet quartet
n=>0 n=1 n=2 n=3

n equivalent neighbours split a peak into n 4+ 1 lines

The n + 1 rule: n equivalent neighbouring protons split a peak into n + 1 lines
(singlet, doublet, triplet, quartet)

n+1rule - integration 3:2:1 - TMS =0 ppm
CH;
triplet, 3H
© OH
S singlet, 1H
‘« CH,
quartet, 2H
T™MS
| | T T T
5 4 3 2 1 0

chemical shift 6 / ppm

Proton NMR of ethanol: three environments give a CHs triplet, a CHy quartet and
an OH singlet, with areas in the ratio 3 :2: 1
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Practical points

+ tetramethylsilane JUH Efifki (TMS) is the standard, set at a chemical shift of
0.

+ a deuterated solvent jift¥% 7| (such as CDCly) is used so that the solvent itself
gives no proton signal.

 shaking the sample with D,O makes the O-H and N-H peaks disappear (their
hydrogen is swapped for deuterium), which identifies those protons.

Worked example. A compound C4HgO, gives three proton NMR peaks: a triplet
at 0 1.2 (area 3), a quartet at ¢ 4.1 (area 2), and a singlet at § 2.0 (area 3). Deduce
the structure. Read the areas first, then the splitting. Areas 3 : 2 : 3 give three
proton environments holding 3, 2 and 3 hydrogens. Apply the n + 1 rule in reverse:
a triplet (area 3) is a CHj3 with 2 neighbours, and a quartet (area 2) is a CHy with
3 neighbours - each splitting the other, which is the classic ethyl group, CH3CHy—.
That CH, lies far downfield at § 4.1, so it is attached to an oxygen. The remaining
singlet (area 3) is a CH3 with no neighbours at ¢ 2.0, so it sits next to the C=0.
Together: CH3COOCH;CH3, ethyl ethanoate. A triplet-and-quartet pair is almost
always an ethyl group - spot it first and the rest follows.

Exam tips

o In BC NMR the number of peaks equals the number of carbon environments
— use symmetry to count them.

o In '"H NMR use chemical shift (data booklet), integration (ratio of H’s) and
splitting (the n + 1 rule): a triplet + quartet means an ethyl group.

o TMS is the reference (6 = 0); a DO shake removes O-H and N-H peaks.

o Combine IR, mass spectrum and NMR to deduce a structure, stating which evi-
dence gives which feature.
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