Fuelling Formula 1

F

ormula 1 is an enduringly popular sport. The cars are
faster and more powerful than ever thanks to cuttingedge science and engineering, from aerodynamic wings
to the powerful six-cylinder engine. However, there is one
factor that is often overlooked, which is just as important as
aerodynamics and weight: fuel.
The fuel used in F1 vehicles is a mixture of hydrocarbons
(C nH2n+2), not too dissimilar to the petrol propelling domestic
cars. Energy is released to power the engine through combustion
of the fuel, producing hot gases. For example, octane (C8H18)
burns in oxygen to produce carbon dioxide and water:
2C8H18(l) + 25O2(g) → 16CO2(g) + 18H2O(g)

Faster fuel
However, the fuel used in racing cars was not always so similar
to everyday petrol. Early Grand Prix cars ran on mixtures
containing benzene, alcohols and even aviation fuel. The
disadvantage of these mixtures was that they were potentially
damaging to the engine, which often required disassembly after
a race in order to clean out the fuel to prevent it from corroding
the metal.
Today, the fuel used is specially designed by chemists, who
are charged with developing and fine-tuning it. The aim is

to create a fuel that can produce a great deal of power, rapid
acceleration and high speed. At the same time it must keep the
engine clean and abide by the strict regulations of the sport.
Chemists play a key role in keeping the F1 cars running
and ensuring that the teams abide by the rules. Prior to using
a new formulation of fuel in competition, an F1 team must
submit a sample of the fuel for approval by the FIA (Fédération
Internationale de l’Automobile, the governing body for motor
sport), which analyses the fuel by gas chromatography (GC,
see Chemistry R eview, Vol. 26, No. 3, p. 18). To check that teams
are using the approved fuels on race day, the FIA takes random
samples for trackside GC analysis from the competing cars, as
well as from the three podium finishers. The teams also have
mobile labs at each race, to check that their fuel has not become
contaminated.
In addition to GC, teams employ rotating disc electrode
optical emission spectroscopy (RDE-OES), which detects any
metal fragments that have entered the fuel and oil, which would
indicate a problem with the engine. Teams also use infrared
spectroscopy (see Chemistry R eview, Vol. 25, No. 3, p. 6–9 and
34) to test oils, which can help with fault-finding.
Sam Daly is studying chemistry at the University of York and is
the editorial assistant for Chemistry Review.
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Galactic chemistry
Simon Cotton

It might look like a vast expanse of nothing, but space contains enough
chemistry to form the building blocks of life

Exam links
This article links to the following topics in the AQA, Edexcel, OCR,
WJEC, CCEA and SQA exam specifications:
• amino acids
• chirality
• proteins
• alkynes
• enzymes
• mass spectrometry
• isomers

T

he spaces between the stars are composed of gas and dust
particles, though at extremely low concentration. The gas
is mainly composed of hydrogen molecules and ions, at a
density of around one particle per cm3 (this is 1.3 × 10 –19 % of the
particle density in the Earth’s atmosphere). The dust is probably
mainly solid water, methane and ammonia, at a concentration
of around a few particles per km3. Overall, the matter is 70%
hydrogen and 28% helium, but there are other interesting
molecules too.

Going out into deep space with a spectrometer to measure
these molecules is not feasible. Traditionally the main technique
used has been radio astronomy, using radio telescopes to detect
radiation emitted with wavelengths of millimetres or greater.
The recorded spectra are compared with databases of spectra
from molecules studied on Earth.
Originally it was just simple diatomic molecules that were
detected. Then in 1968 the first larger molecule, ammonia,
was identified by its 1.25 cm wavelength signal. By 1971, 20
compounds had been identified, including water, formaldehyde
(methanal), hydrogen cyanide and acetylene (ethyne) (Figure 1).
Many more are known now.

A prizewinning discovery
Some of the formulae of these molecules look rather exotic:
HC5N, HC7N, HC9N and so on. These strange molecules are
cyanopolyalkynes (Figure 2), which led to the discovery of
fullerenes. British chemist Harry Kroto (see Chemistry Review,

Radio telescopes are used to detect radiation emitted from space,
and the recorded spectra are compared with databases on Earth
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Amino acid Organic molecule containing both carboxylic acid
(–COOH) and primary amine (–NH2) groups.

Water

Chiral A molecule is chiral if it cannot be superimposed on its
mirror image. For example, a molecule containing a carbon with four
different atoms (or groups of atoms) attached is chiral.
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Figure 1 A selection of molecules that had been found in space
by 1971
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Figure 2 Examples of cyanopolyalkynes

Vol. 7, No. 1, pp. 12–13) had a long-standing interest in the
molecules of outer space, especially polyalkynes. At a conference
in 1984, he found out about an apparatus being used by two
Houston-based professors, Bob Curl and Richard Smalley.
Their research involved using a laser to vaporise materials, and
sweeping away these vapours in a helium gas current.
Kroto had the idea of vaporising graphite and introducing
other gas molecules into the helium current, then analysing the
products with a mass spectrometer (see Chemistry Review, Vol.
20, No. 1, pp. 10–13). Kroto visited Curl and Smalley in Texas
several times, and they found that if they added CH3CN to the
pulses of helium carrying away the vaporised graphite, HC7N
and HC9N could be detected.
However, they also discovered something much more
important. On 4 September 1985 they noticed a prominent
peak in the mass spectra with a mass/charge ratio of 720,
corresponding to C60 (along with a weaker peak with m/z = 840,
due to C70). They had created the molecule that we now know
as buckminsterfullerene (Figure 3). Kroto, Curl and Smalley
shared in the award of the 1996 Nobel prize in chemistry for
their discovery of fullerenes (see Chemistry Review, Vol. 2, No. 1,
pp. 2–6).
In general the molecules made in space are rather small.
Because the molecules are so much further apart than they
are on Earth, collision rates are low, and since most atoms are
hydrogen, matter here is mainly H atoms and H2 molecules.
There are more particles near stars, but the high temperatures
split up most molecules. The surfaces of interstellar dust grains
seem to be the most likely places for synthesis (Box 1).

Cis- and trans- isomers A special case of E/Z isomerism, in which
(at least) one substituent group on the carbons at each end of a
C=C bond is identical to a group at the other end of the bond. E/Z
isomerism is stereoisomerism caused by restricted rotation about a
C=C double bond when two different groups are attached to each
carbon atom of the C=C group.
Ester An organic compound derived from a carboxylic acid, in which
the hydrogen in the compound’s carboxyl group is replaced with an
alkyl (R) group, usually made by a reaction between a carboxylic acid
and an alcohol (see Chemistry Review, Vol. 25, No. 3, pp. 6–9).
Isomers Compounds with the same molecular formula but different
structures.
Nitrile Compound containing a –C≡N group.
Stereoisomers Molecules with the same molecular formula and
sequence of bonded atoms, but which differ in the three-dimensional
orientations of these atoms in space.

Harry Kroto’s research into the molecules of outer
space led to the discovery of buckminsterfullerene

Box 1

Figure 3 Buckminsterfullerene, C60
www.hoddereducation.co.uk/chemistryreview
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Galactic brewery

In 1995, scientists at the Universities of Kent and Manchester
discovered that a cloud around the newly formed star G34.3 in the
constellation Aquila contains 10 trillion litres of ethanol, equivalent to
4 × 1026 pints of beer. It was discovered from lines in spectra emitted
by the star. The temperature of the ethanol gas was about –148°C.
It could be synthesised from atoms meeting on the surface of dust
grains, then be evaporated off by the heating effect of the star.
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The high temperatures near
stars split up most molecules

A number of interesting larger molecules, including the ester
ethyl methanoate (ethyl formate), its isomer methyl ethanoate
(methyl acetate) and the nitrile aminoacetonitrile are among
those to have been discovered in recent years. The first branchedchain molecule, isopropyl cyanide (2-methylpropanenitrile, see
Figure 4), was reported in 2014.

Creating life
Aminoacetonitrile is quite close in structure to amino acids, the
building blocks of proteins (see Chemistry Review, Vol. 25, No. 2,
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Figure 4 Larger molecules recently discovered in space
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pp. 14–15), raising the possibility of life on Earth originating
in outer space (see Chemistry Review, Vol. 18, No. 1, pp. 2–6).
Methane, ammonia, hydrogen and water vapour are known
to react on sparking to form amino acids. Molecules that are
known to exist in space, such as methanoic acid (formic acid),
methanal (formaldehyde) and methyleneimine (H2CNH) could
react to form glycine (Figure 5), the simplest amino acid, giving
clues as to how life on Earth might have originated.
In 1953, Stanley Miller carried out experiments exploring
the feasibility of making amino acids from simpler molecules.
Miller’s apparatus is shown in Figure 6 and was filled with
methane, ammonia and hydrogen. A flask filled with water
simulated seawater in an ocean. Two electrodes, which were used
to produce lightning, provided energy to the system. Various
organic compounds collected at the bottom of the apparatus.
Miller passed sparks through a mixture of H2, H2O, CH4 and
NH3 gases (believed at the time to correspond to the primitive
Earth’s atmosphere) and found that a number of amino acids
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Figure 5 Synthesis of the amino acid glycine from simple
building blocks that are found in space
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Figure 6 Stanley Miller’s experiment in 1953 produced a variety
of amino acids from some simple molecules that he believed were
abundant on Earth before life began

were produced, including glycine, alanine, N-methylalanine,
aspartic acid and glutamic acid. Miller died in 2007, but he had
retained samples from his experiments, and after his death these
were analysed using modern methods and 25 different amino
acids were isolated.
In an alternative approach, using conditions more like those
in space, Guillermo Muñoz Caro and Emmanuel Dartois (two
astrophysicists from Spain and France) mixed together simple
molecules, for example H2O, CO and NH3 at –263°C (10 K),
then irradiated the mixture with ultraviolet light, making a
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Figure 7 Molecules made by mimicking the conditions in space

yellow substance rich in organic matter, including amino acids.
In 2016, American scientists reported exposing ices of carbon
monoxide (CO) and methane (CH4) or carbon monoxide and
ethane (C2H6) to energetic electrons at –268°C (5 K), conditions
mimicking synthesis on interstellar grains. They obtained a
number of 2- and 3-carbon molecules, including propanal,
propanone and prop-1-en-1-ol (which can exist as cis- or transisomers, see Figure 7).

Online archive
For more Chemistry Review articles about molecules in space, see:
‘Molecules in space’, Vol. 7, No. 3, p. 26.
‘DIBs: a great unsolved mystery’, Vol. 10, No. 1, pp. 30–33.
‘What a dusty universe!’, Vol. 10, No. 2, pp. 30–33.
‘Space: the first and last great brewery’, Vol. 10, No. 3, pp. 28–33.

The surfaces of interstellar dust grains are the most
likely places for synthesis of larger molecules
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Box 2

Amino acids

The naturally occurring α-amino acids are the building blocks for
the proteins in every living thing on Earth. All of these α-amino
acids, except glycine, have a chiral carbon atom, and so are ‘handed’
molecules (Figure 8). The labels d - (dextro) and l- (laevo) refer to
which way the enantiomer rotates the plane of polarised light at right
angles to its direction of propagation/travel.
To determine the d - or l- configuration of an α-amino acid, you can
use the CORN mnemonic. Imagine looking down the Cα –H bond, with
the H nearest to you, Now, starting with the carboxylic acid (–COOH)
group, move your eye clockwise around the molecule. If you read the
groups in the order –COOH, –R, –N, spelling out CORN, you have
the l-form of the amino acid (see Figure 9). However, if you read the
sequence CONR, this corresponds to the d -isomer.
Take care not to confuse this technique with the Cahn–Ingold–
Prelog rules for determining the R/S designation of a chiral molecule,

in which you point the lowest priority group (the one with the lowest
atomic number, in this case H) away from you (see Chemistry Review,
Vol. 18, No. 1, p. 3).
Chemical synthesis of amino acids produces a mixture of the two
isomers, but generally only the l-stereoisomer (‘left-handed’)
occurs naturally (the d -isomer is found in a few bacteria). It has
been speculated that millions of years ago just one isomer (the
l-stereoisomer) was brought to Earth from space and this is what has
led to just the one isomer being found in nature (see Chemistry Review,
Vol. 26, No. 4, pp. 2–6).

ChemistryReviewExtras
Get a full description of the rules for
determining R/S designation at
www.hoddereducation.co.uk/chemistryreviewextras
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Life from space?
Scientists have also searched for amino acids in space. Those
that are found in nature on Earth are α-amino acids, so-called
because they have the amine (–NH2) group attached to the
carbon next to the carboxylic acid, the ‘alpha-carbon’ (Box 2).
These all have similar structures (Figure 10).
Glycine is the only α-amino acid that does not contain a
chiral carbon atom. All the other α-amino acids are chiral and
(on Earth) are generally only in the l-configuration in naturally
occurring proteins (see p. 8 and Chemistry Review, Vol. 23,
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No. 1, pp. 20–25). Astronomers claimed in 1994 and again in
2003 to have detected glycine in space, but other scientists have
failed to confirm these results. Most recently, in 2009, it was
detected in samples collected by the NASA Stardust spacecraft
from comet 81P/Wild 2. The scientists carried out isotope
mass ratio measurements to obtain δ13C values (see Chemistry
Review, Vol. 25, No. 1, pp. 16–21), which strongly suggested an
extraterrestrial origin, rather than contamination with Earthderived glycine. Subsequently it was again detected in the coma
of comet 67P/Churyumov-Gerasimenko in 2016.
Although chiral α-amino acids have been discovered in
meteorites (see Chemistry R eview, Vol. 18, No. 1, pp. 2–6),
no amino acids with a chiral carbon had been detected in
space. However, the first extraterrestrial chiral molecule to be
identified in space was detected by astronomers in 2016. This
was propylene oxide (2–methyloxirane, see Figure 11), which
was located in a cold, extended molecular shell around the
Sagittarius B2 North star-forming region.
It is the astrochemist’s job to investigate the abundance of
elements and molecules in the huge expanse of space, and
the reactions they undergo in this vacuum. By gazing into
nothingness we are learning more and more about our origins
within the cosmos.

C

Simon Cotton taught chemistry in schools for over 30 years
and is currently an honorary senior lecturer in chemistry at
the University of Birmingham. He has written several generalinterest chemistry books.

H

Figure 11 Propylene oxide, a chiral molecule discovered in space
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did you know?

Optical isomers
and penicillin
A

pair of chiral molecules (optical isomers) behave exactly
the same in all chemical reactions with non-chiral
molecules, and have identical physical properties, such
as solubility and melting point. However, when they are in the
presence of other chiral molecules they behave differently from
each other. For example, because the smell receptors in our
bodies are made of proteins (which in turn are built from chiral
amino acids), the two forms of certain chiral molecules can smell
different. The two forms of carvone are a good example of this:
one form smells of caraway, the other smells of spearmint (see
Chemistry Review, Vol. 10, No. 3, pp. 6–9). Similarly with taste,
the naturally occurring l-amino acids have either a bitter taste
or no taste, whereas the d-amino acids taste sweet (Figure 1).
Although d-amino acids are rare in nature (see pp. 2–7),
they are used in the formation of some bacterial cell walls,
where polysaccharide chains are linked by short peptide chains,
which end in two d-alanine (d-ala) residues. The beta-lactam
ring of penicillin has a similar shape to these two d-ala residues
(Figure 2), and inhibits transpeptidase enzymes that catalyse
O

O
OH
NH2

L-alanine

Figure 1

l-

and d- forms of alanine
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Figure 2 Penicillin mimics the shape of two d-alanine residues
at the end of a peptide

the cross-linking reaction by fitting their active site. Thus
penicillin stops bacterial cell wall formation, making it an
effective antibiotic. Animal cells do not have cell walls, and are
unaffected by penicillin. For more information about penicillin
and how it works to kill bacteria, see Chemistry Review, Vol. 24,
No. 1, pp. 19–23 and Vol. 24, No. 4, pp. 9–15, and www.tinyurl.
com/m8ozqpk
Simon Cotton
Chemistry Review September 2017
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Jet fumes
in the cabin
The aviation industry’s
dirty secret?

Stefan Swift

Are leakages of engine fumes
into aircraft cabins more
common than the aviation
industry would like us to think?

Exam links

in 2015, on board the 100 000 scheduled daily flights that take
off globally each day.

This article links to the following topics in the AQA, Edexcel, OCR,
WJEC, CCEA and SQA exam specifications:
• organophosphates
• isomers
• enzymes

Fume events

W

ith budget airlines advertising fares as low as
£2, along with rapidly developing technologies
increasing both fuel efficiency and the number
of passengers that can safely fit onto aircraft, flying is more
popular now than ever before. It is estimated that 3.5 billion
passengers (almost half the world’s population) took to the skies

www.hoddereducation.co.uk/chemistryreview
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Once airborne, a modern-day commercial airliner cruises at an
average altitude of around 12 000 m, a height at which humans
are unable to breathe independently. To allow for a comfortable
and inhabitable atmosphere, aircraft are designed to hold a
pressurised cabin. In order to avoid running out of oxygen over
the course of a flight, fresh air from outside the aircraft is pulled
in by the jets and guided through to the aircraft interior.
The majority of the air passing through the jet engine is mixed
with aviation fuel and is ignited to produce thrust. As air flows
through the jets, it is compressed and a small fraction of flow
is split (known as bleed air), which enters the cabin through the

9
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wings (Figure 1). Most jet engines have wet-seals, which separate
the bleed air from the jet fuel component. However, these seals
are not always effective. When the engines are under greater
force (i.e. during takeoff and ascension) the wet-seal is prone to
degradation. These wet seals can also suddenly fail, producing a
fuel leakage into the bleed air. The bleed portion of the air flow
meets the hydraulic fluid, engine oil and jet fuel, contaminating
the bleed air, for which there is no filter mechanism between the
jet and the cabin. If the wet-seal fails, large amounts of material
may enter the cabin, producing smoke and fumes in what is
known in the industry as a fume event (Box 1). Since 2010 the
Civil Aviation Authority (CAA) has received over 1300 reports of
fume events occurring inside aircraft cabins of British airlines.
This raises concerns about air quality onboard modernday aircraft. In the event of what is essentially a minor engine
malfunction, could the air we breathe inside an aircraft cabin be
contaminated with jet fuel?

Aerotoxic syndrome
A study conducted by Chris Winder and Jean-Christophe
Balouet followed ten cases of aircrew who had been involved
in fume events, across five airlines through four countries and
over three different aircraft types. After short-term exposure,
they found that the crew had suffered from symptoms such as
memory impairment, nausea/vomiting, vertigo, loss of balance,
blurred and tunnel vision, and increased heart rate, along with
many other symptoms.
After long-term exposure at a low concentration, more serious
symptoms such as joint pain, muscle weakness, skin blisters and
hair loss became prevalent. These physical and neurological
symptoms are the result of the cocktail of pollutants in cabin
air causing an illness known as aerotoxic syndrome. The groups
that are most vulnerable to this syndrome include aircrew
and frequent flyers, for which symptom severity is dependant
on a number of factors, such as the range and concentration
of contaminants, exposure time and individual susceptibility.
In the UK, more than 30 pilots have been grounded due to

Glossary
Aerotoxic syndrome Illness associated with exposure to poor air
quality within a pressured aircraft cabin.
Deactivation The process by which an enzyme has its structure
changed so far as to become useless for its purpose.
Endogenous Originating from a cell, tissue or organism.
Inhibition Mechanism by which an enzyme has its activity potential
decreased.
NTE Neurotoxic esterase or neuropathy target esterase is an enzyme
that hydrolyses the fatty acids in phosphatidylcholine (a membrane
lipid).
Phosphorylation The mechanism by which a phosphoryl group
(below) is added to a molecule.
O
P
O–
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Cabin airflow
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Aircraft engine
Intake
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Bleed air
Compression
Combustion

Combustion
chambers

Exhaust

Turbine

Figure 1 How air enters the pressurised cabin through the jet
engines

ill-effects associated with exposure to toxic fumes and at least
17 cabin crew plan on taking legal action against airlines due to
poor air quality within aircraft cabins.
So what is in jet fuel and mechanical oils that is so toxic to
humans?

Box 1

Seconds from disaster

On 12 November 1999, a BAe 146 aircraft operated by Braathens
Regional Aviation (flight BU925) carrying 73 passengers and crew
was en route from Stockholm to Malmö when a mysterious toxic
gas entered the cockpit. Captain Neils Gomer and his first officer
suddenly felt queasy and groggy. This was followed by nausea and
dizziness. Experiencing severe discomfort, the pilots reached for their
oxygen masks, suspecting the air inside the cockpit was at fault, but
symptoms remained. The captain felt so weak he struggled to lift his
arm. In the main cabin, many passengers fell into a heavy, deep sleep
and were described by the cabin crew (also intoxicated) as being
‘zombie-like’, as they struggled to wake them up after landing. The
oxygen supplied to the first officer was sufficient for him to regain
concentration and land the plane safely, saving everyone onboard.
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Additives in jet fuel
The death of a 43-year-old former pilot in 2012 is thought to have
been caused by exposure to fumes containing organophosphates
(phosphoric acid esters). Organophosphates are used in aviation
fuel and their neurotoxic effects (known since 1899 from sideeffects of a tuberculosis treatment) make them a likely cause of
aerotoxic syndrome.
Tricresyl phosphate (TCP, see Figure 2) is used within turbine
engine oil at a concentration of about 3%, as an anti-wear
additive to prolong the life of the engine. It is also used as a
lubricant and has flame-retardant properties. Ten isomers are
found within commercial grade TCP (Box 2). TCP is neurotoxic
and its toxicity is dependent on its isomer. Note that TCP here is

Box 2

Isomers of tricresyl phosphate

In order to describe the positions of substituents on an aromatic ring
relative to one-another, the ortho, meta, para nomenclature is used
(see Chemistry Review, Vol. 24, No. 1, p. 22):
• Ortho: two substituents next to each other.
• Meta: substituents reside in positions 1 and 3.
• Para: substituents reside in positions 1 and 4.
For example, cresol has three isomers:
OH

OH
6
5

1
4

not the same as the antiseptic ‘TCP’, which contains a mixture
of halogenated phenols.

Neurotoxic effects of TCP
The toxicity of TCP is centred around its interaction with
enzymes in the body, such as the esterases and neurotoxic
esterases (NTEs) for which mechanisms have been thoroughly
studied. Such enzymes include the cholinesterase enzyme,
which the body uses to break-up endogenous choline esters.
For example, the neurotransmitter acetylcholine (Figure 3) is a
vital choline ester that activates the muscles.

On esterase enzymes
The toxicity of these organophosphorus compounds focuses
on the ability of these substances to induce phosphorylation

O

P

O

O
o
m

OH

2

CH3

O

H3C

o
p

m

CH3

Figure 2 Tricresyl phosphate (TCP)

3

O
o-cresol

m-cresol

p-cresol

This nomenclature can also be applied to a more complicated
molecule such as TCP (Figure 2).
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Figure 3 Acetylcholine is an ester of choline and acetic
(ethanoic) acid
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Revision questions
Three of the ten structures of TCP (Figure 2) are shown below,
along with their systematic names. Can you draw and name the
other seven?

ChemistryReviewExtras
Check you answers at
www.hoddereducation.co.uk/chemistryreviewextras

O
O

P

O
O

O

P

O
O

O

P

O

O

O

O

Di-ortho-para-cresyl phosphate

Ortho-para-meta-cresyl phosphate

Ortho-di-meta-cresyl phosphate

when presented with esterase enzymes, a process that results in
the inhibition of the esterase enzymes, most significantly the
neurotoxic esterases and cholinesterases.
As a result of the inhibition of cholinesterase and therefore
the reduction in choline ester breakdown, a build-up of
these esters occurs, which are subsequently released into the
cholinergic nervous system (the parts of the nervous system
involving acetylcholine as a neurotransmitter). Without the
availability of the cholinesterases to catalyse the degradation
of acetylcholine, overstimulation of the cholinergic organs and
tissue occurs, causing most of the symptoms associated with
short-term organophosphate poisoning: drowsiness, slurred
speech, general weakness etc.

On NTE enzymes
Another mechanism of inhibition proceeds via the NTE
enzyme, which can lead to progressive neurone damage and a

12
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neuropathological condition known as organophosphorus induced
delayed neuropathy (OPIDN). Organophosphorus molecules are
able to react with the –OH groups at the active sites of the
enzyme, deactivating it (Figure 4).
A measure of the toxicity of organophosphates to these
enzymes is correlated with the extent of inhibition. Dissociation
of the P–O–R bond occurs, localising a negative charge on
the P–O– (and producing R+), which is subsequently attacked
by the hydroxyl group that attaches to the organophosphate.
O
Enzyme–OH +

R3

P

O
R1 → Enzyme–O

R2

P

R1

R2

Figure 4 The enzyme NTE is deactivated when an
organophosphorus molecule binds to it
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New developments such as bleed-free technology
should reduce the occurence of fume events

The denaturing continues in a secondary process in which the
structure of the enzyme changes, resulting in deactivation.
The probability of this process occurring is a function of the
organophosphorus molecular shape, size and structure. With
regards to the organophosphorus molecules, in the cases where
an R group is attached to a phosphorus atom via an oxygen,
forming a P–O–R bond, inhibition of NTE can occur, causing
OPIDN to develop. Therefore the organophosphorus molecules
that induce OPIDN are the phosphates (such as TCP, which have
two P–O–R groups) and the phosphonates (which have one
P–O–R group) (Figure 5).
In order for enzyme ageing to take place, which leads to
OPIDN, there is a requirement for at least one P–O–R group
within the organophosphate structure. TCP and its isomers,
found in engine oil, accommodate two of these groups, and
therefore can induce OPIDN.
In addition to cholinesterase inhibition and neurological
effects, TCP is a known irritant, and produces toxic effects in the
testes, ovaries and adrenal glands.

Improved aircraft
Some commercial aircraft in use today have been in service
for over 25 years. With these dated technologies and the wear
and tear of aircraft, the possibility of a fume event occurring
on board passenger jets increases. The extent of a fume event
ranges from a small odour being detected to the air inside large
passenger aircraft becoming saturated with fumes and smoke.
Exposure to the toxic mixture during fume events can alter
enzyme activity, inducing aerotoxic syndrome in passengers
and crew. As commercial aircraft become larger, fume events
have the potential to affect substantial numbers of people in the
event of a malfunction.
www.hoddereducation.co.uk/chemistryreview
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Figure 5 Generalised structures of phosphonates and
phosphates

Some of the most recent aircraft to be built, such as the
Boeing 787 Dreamliner, include bleed-free technology in which
air enters through the wings as opposed to the jets, removing
this potential issue. Hopefully other aircraft manufacturers will
follow suit, making air travel safer and more comfortable for
everyone.
Stefan Swift is a PhD student at the Wolfson Atmospheric
Chemistry Labs (WACL), University of York, where he
investigates organic nitrogen species found in particulate
matter in Beijing.
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chemistry online

Massive open online
courses (Moocs)

All A-level chemistry exam boards highlight the importance of reading widely around the
specification topics and relating the material to the chemistry taught in class. To help you do
this, why not sign up for a chemistry Mooc that helps you develop independent learning skills in
preparation for university?

A

Mooc (massive open online course) is a model for
delivering learning content over the internet to any
person who wants to take the course, with no limit
on attendance. Typically, learners enrolled on a Mooc watch
short instructional videos and interact with instructors and
fellow participants in online forums. Learners take online
tests or quizzes with multiple-choice questions that are
graded automatically to earn a certificate. Some courses earn
academic course credits for degrees and MBAs (Masters of
business administration), professional qualifications and CPD
(continuing professional development) accreditation.
Moocs have the advantages of being free and convenient —
anyone with an internet connection can enrol, and learners can
work at their own pace according to their own timetables. Moocs

Further reading
Promotional video for Exploring Everyday Chemistry:

www.tinyurl.com/n4u9r99
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offer the opportunity to bring the world’s best education to the
remotest parts of the globe, help people in their careers and
increase intellectual and personal networks.

‘ 

Nothing has more potential to lift more people out of poverty
[and] unlock a billion more brains to solve the world’s biggest
problems.

’

Thomas Friedman writing about Moocs (2013, New York Times)

FutureLearn

Established in 2013, FutureLearn (www.futurelearn.com) is the
main platform for UK universities to deliver their Moocs. It has
grown quickly, with over 3 million learners registered. More
than 100 universities from around the globe offer courses,
including many Russell Group institutions, with the most recent
addition being the University of York.
So, what does a FutureLearn chemistry Mooc look like,
and what does it offer to pre-university students? One of the
first Moocs from York is called Exploring Everyday Chemistry
(abbreviated to eeDc), a 4-week course requiring 4 hours of
Chemistry Review September 2017
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study per week. It highlights a range of chemistry-based topics
relating to our everyday lives — from perfumes to antibiotics,
brewing and sport, with an emphasis on the important role of
organic chemistry. The course is designed to be of particular use
to sixth-formers interested in developing independent learning
skills to help the transition to university.

Introduction to advanced chemistry
A chemistry Mooc gives you the opportunity to expand on your
A-level specification and broaden your understanding of a range
of topics — from the use of nucleophilic substitution reactions
in perfume synthesis, to analysis of beverages using mass
spectrometry and designing polymers with specific properties
for use in sport. There is the opportunity to discuss cuttingedge chemistry, introduced with detailed explanations that

are accessible for pre-university learners, and to understand
practical applications through a series of ‘kitchen-experiments’,
with the opportunity to share and discuss results using tools
such as Padlet and Twitter.
Projects range from extracting a plant fragrance, to testing
the activity of spices against microbes, to modelling polymers.
Learners can also sample some university teaching materials
(including videos that demonstrate advanced practical
techniques) and explore chemistry-related career paths.
The eeDc course development was led by Professor Andy
Parsons, assisted by undergraduate chemistry students Katie
Martinelli and James Titterington, who helped compile course
content and trial experiments. More than 5000 learners from
well over 100 countries signed up for the first course in January
2017, and learner feedback was positive. A slightly revised
version of the course started in July 2017, and FutureLearn’s
head of strategy and insight noted that this type of course may
be useful for A-level students applying to study chemistry at
university:

‘


Many of our university partners say that completing a
[FutureLearn] course is evidence that applicants are interested
in the subject and can learn successfully on their own. So,
once you complete a course, use it to demonstrate your
commitment and skills when you come to write your UCAS
personal statement or attend an interview.



Andy Parsons is an organic chemist at the University of York.
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in pictures

The chemistry
Baking and chemistry go hand in hand.
A recipe draws parallels with an experimental
procedure in that each has to be designed
so that the ingredients come together in the
right order, resulting in a final product. Each
ingredient undergoes a chemical change and
performs a specific function as they react with
one another in the process of baking of a cake

Butter
Butter is an emulsion of water in butterfat. The addition of butter
gives rise to a softer mixture. It also helps to trap carbon dioxide
bubbles and enhances the flavour of the cake.

Exam links
This poster is relevant to following A-level topics:
• reactions of carbonates
• hydrogen bonding
• sugars, proteins and fats

Flour
The flour provides both structure and bulk for the cake. Flour
contains starch (a polymer of sugar molecules) and protein. In
preparing the ingredients, the aim is to trap air bubbles, giving
the mixture a light texture. As it cooks, the starch within the flour
becomes a gel, whereby interactions between starch molecules are
broken and water becomes bound to the starch by hydrogen bonding
as the starch granules swell.

16
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Egg
The moisture in the cake comes from the eggs. Egg white (albumen)
is 90% water and about 10% protein, including albumins (globular
proteins). Egg yolk contains water (~52%), vitamins, minerals,
carbohydrates (~3.5%), proteins (~16%), cholesterol (~1%) and fats
(~26.5%) including lecithin. Lecithin is a fatty substance that has
hydrophilic (water-loving) and lipophilic (fat-loving) regions of the
molecule. This means that the egg can act as an emulsifier, allowing
the moist and fatty ingredients to remain mixed. Once an egg is
beaten, it is able to hold onto bubbles of carbon dioxide within the
mixture. The egg adheres to and binds the ingredients together.

Chemistry Review September 2017
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y behind baking
Sugar
Typically, caster sugar is used in cake baking, as it has small
crystals of sucrose that trap air between them and then easily
dissolve. The sugar sweetens the cake, but also has a role in
creating the appealing golden colour of the baked product. At
160°C sucrose caramelises. This is a complex process with many
products that leads to the brown colour and characteristic caramel
flavour. Between 140 and 165°C the carbonyl group on any
reducing sugars in the mixture can react with amino groups (on
amino acids) to undergo the Maillard reaction (see Chemistry Review,
Vol. 11, No. 2, pp. 30–33) to produce another mixture of molecules
that give flavour and brown colour.
OH
O

HO
HO

OH

OH
O

Sucrose

O
OH

OH
OH

Baking powder
This can be added as a separate ingredient or as a
component of self-raising flour. Baking powder is a mixture
of sodium hydrogen carbonate (bicarbonate of soda,
NaHCO3) and a weak solid acid (such as a phosphate, e.g.
Ca(H2PO4)2) that can release H+ on dissolving. When the
baking powder is in the moist conditions of the cake mixture
it releases carbon dioxide gas. These bubbles of CO2 trapped
in the mixture expand as the cake is heated during baking,
creating a light and airy texture to the cake.
NaHCO3 + H+ → Na+ + H2O + CO2

ChemistryReviewExtras
Download this poster and get a recipe for element cupcakes at
www.hoddereducation.co.uk/chemistryreviewextras
Jessica Entwistle is studying chemistry at the University of York.
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wonder bugs

Landmine-detecting
bacteria
Emma Dux explains how bacteria can be genetically modified
to detect the compounds given off by landmines

Metal detectors can be useful for detecting older,
industrially made mines with metal casings, but
they cannot detect mines with plastic casings

18

6740_ChemRev_27_1_PRINT1.indd 18

Chemistry Review September 2017

21/07/2017 13:02

Exam links
This column links to the following A-level topics:
• analytical chemistry
• nitro compounds
• proteins
• DNA and RNA

L

andmines are explosive devices that are deployed either
on the surface or slightly buried in the ground. There are
two main types:
■■ anti-personnel landmines are designed to be triggered by the
proximity of a person
■■ anti-tank landmines are designed to be triggered by vehicles
The latter generally contain far higher amounts of explosive,
but have a fuse that is designed to be triggered by heavy vehicles
rather than people.
Landmines were first used during the First World War, with
anti-tank mines deployed to act against the newly introduced
armoured vehicles, which were immune to defences such as
ditches and wire. To ensure that these mines were only detonated
by tanks, they were surrounded by anti-personnel mines, and
the use of landmines has continued ever since.
Landmines are a relatively cheap weapon, and are often
deployed in groups as minefields that can lie dormant for
decades, causing injuries and fatalities many years after a
conflict in an area has ended. This means that areas within
former warzones remain no-go areas because of the risk of
mines detonating. Locating them and destroying them safely is
expensive and time consuming.
Minefields are even present in areas that have not
experienced military conf lict. For example, in Colombia,
there are large areas of minefields that have been deployed
by warring drug cartels and guerrilla forces. With a lot of
these devices being made non-industrially (typically they

are improvised explosive devices) and constructed from
everyday objects, these can be even harder to detect than their
industrially made counterparts.
There has been significant pressure for the use of landmines
to be banned because of the way they kill and maim
indiscriminately, and continue to do so long after the conflicts
in which they were deployed have ended. Many nations have
signed the Ottawa Treaty, which calls for the ban of mines, but
significant non-signatory states include the USA, Russia, China,
Israel, Pakistan, India and Egypt.

Finding landmines
There is currently no effective, inexpensive and rapid method
for checking a large area rigorously for hidden mines. Metal
detectors can be useful for locating older, industrially made
mines with metal casings, but are no help for locating ones
with plastic casings. Also, they are not effective for scanning
large areas rigorously, and the process is time-intensive. Trained
animals, such as dogs, have been used to sniff out the chemical
signatures of buried mines, but again this is time-intensive,
and puts the animal handler and the animal at great risk of
detonating an undetected mine.
Mines can be searched for manually by prodding the ground
with a long metal pole (about 25 m long), but again this method
is dangerous and not ideal for clearing large areas. Armoured
minesweeper vehicles can be used, but these are expensive, and
not suitable for all terrains.
There are various laboratory-based techniques where samples
can be taken from the area of interest and analysed, such as
high performance liquid chromatography (HPLC, see Chemistry
Review, Vol. 24, No. 3, p. 18 and Vol. 23, No. 1, p. 23) or gas
chromatography coupled with mass spectrometry (GC-MS,
see Chemistry Review, Vol. 21, No. 4, p. 5), but these require
expensive equipment and sample preparation. Various groundscanning techniques can be used, such as ultrasound, but the
Armoured robotic minesweeper vehicle
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Glossary
ATP Adenosine triphosphate is a biological molecule found in all
known life forms that is used by cells as an energy carrier. ATP is
formed from ADP (adenosine diphosphate) and phosphate during
energy-yielding reactions (such as the oxidation of glucose), and is
broken down (to ADP and phosphate) to release this energy in order
to drive unfavourable reactions.
Bioreporters Microbial cells (often genetically engineered) that
reflect changes in their environment in a dose-dependent response in
the form of a quantitative signal.
Reporter protein The protein that provides the quantitative signal
of a bioreporter cell.

effectiveness of this depends on the materials the mine is made
from and the type of ground it is buried in.

Reporting bacteria
With the increased ability to carry out specific mutations and
insertion of genes, biologists have been able to create specific
bacterial bioreporters. Bioreporters are bacteria that are able
to reflect changes in their environment in a dose-dependent
manner, in the form of some sort of quantitative signal or
response. They can be genetically engineered to respond to a
specific stimulus.
The idea behind such bioreporters is that exposure to a
predetermined stimulus is detected by the bacteria and causes
the cell to initiate a response, such as the production of a signal
protein (Box 1). When designing a bioreporter, there are plenty
of examples of optical biological signals that exist in nature,
which can be utilised as a reporter protein:

Box 1

How does bioreporting work?

Figure 1 shows how a ‘lights-on’ bioreporter cell can signal the
presence of an explosive. When the molecule of interest enters the
bacterial cell, it is identified by a regulatory protein, which in turn
activates the promoter region of a gene that codes for a reporter
protein. This activated gene (which is a region of a DNA molecule)
is then transcribed, i.e. the gene is copied from the DNA to produce
messenger-RNA (mRNA) molecules. The mRNA copies of the gene
are translated in the protein-producing region of the cell so that the
reporter protein is made and a measurable signal can be observed.

Anti-tank mines

the green fluorescent protein (GFP) found in the Aequorea
victoria jellyfish (see Chemistry Review, Vol. 12, No. 1, pp. 2–5)
■■ the luciferase protein from Photinus pyralis fireflies
(see Chemistry Review, Vol. 17, No. 2, p. 34)
The reporter protein needs to be non-native (i.e. does not
occur naturally) within the bacteria being used as a bioreporter,
otherwise the signal risks being produced less selectively.
The GFP gene is easily fused with the genes of the host without
causing undesired interference with normal gene function. It
also has the advantage that unlike other signal proteins, such as
luciferase — which requires ATP, oxygen (as O2) and luciferin
(Figure 2) — GFP does not require any substrate, it just requires
an external light source at the required excitation wavelength.
The protein is not fluorescent when it is formed, but in the
presence of oxygen it spontaneously undergoes a reaction series
centred on three key amino acid residues to form the one that
will emit light (Figure 3).
■■

Signal

Explosive
tracer
Regulatory
protein

Transcription
Promoter

Reporter
gene

Translation
mRNA

Reporter
protein
Bacterial cell

Figure 1 How bioreporters detect explosives

20

6740_ChemRev_27_1_PRINT1.indd 20

Chemistry Review September 2017

21/07/2017 13:02

O
HO

S

N

N

S

OH

HO

Luciferase, Mg2+

CO2

O2

Firefly luciferin
ATP

S

N

N

S

O
+

Oxyluciferin

λem 562 nm

Yellow-green light with
a wavelength of 562 nm

AMP + PPi

Figure 2 The bioluminescence of luciferase
O

HN

HO

O

H
N
O

HO

O

N
Cyclisation

N
H

HO

H2O2

O

HN

O2

OH O

HO

N
H

Dehydration

O

N

N

N

HO

Oxidation

O

HO

N
H

N

HO

O

HO

N
H

λex 562 nm
yellow-green light
for excitation
λem 509 nm
blue-green light
emitted

O
N
N

HO

HO

O
N
H

Figure 3 The bioluminescence mechanism of GFP

What if bacteria could be modified so that they would give
a particular response when traces of explosive compounds were
placed in their microenvironment? To do this, an understanding
of the compounds used by landmines is needed.

A landmine’s fingerprint
The majority of landmines contain a large proportion of
TNT (2-methyl-1,3,5-trinitrobenzene or trinitrotoluene,

CH3
O2N

CH3
NO2

TNT
(trinitrotoluene)

CH3
NO2

NO2

see C hemistry Review, Vol. 25, No. 3, pp. 18–22) as their
explosive, but this compound has a low volatility, so does not
move much from inside the mine. However, the TNT used for
military purposes is frequently not of a high purity, so contains
by-products originating from its synthesis, such as 2,4-DNT
(2,4-dinitrotoluene), 2,6-DNT (2,6-dinitrotoluene), 1,3-DNB
(1,3-dinitrobenzene) and 1,3,5-TNB (1,3,5-trinitrobenzene)
(Figure 4). Many of these contaminants, such as 2,4-DNT, have

O2N

NO2

O2N

NO2

NO2

NO2

NO2
2,4-DNT
(2,4-dinitrotoluene)

O2N

2,6-DNT
(2,6-dinitrotoluene)

1,3-DNB
(1,3-dinitrobenzene)

1,3,5-TNB
(1,3,5-trinitrobenzene)

Figure 4 The structures of TNT and examples of by-products formed during its production
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Neutralising landmines is a dangerous job

a higher volatility than TNT, so are able to infiltrate the soil that
surrounds the landmine more easily.
In addition to the impurities contained within the TNT,
other compounds are found in the soil around landmines,
which are a result of the degradation of TNT. Compounds such
as 2,4-DNT are a result of the photodegradation of TNT, while
microbial degradation of TNT can result in products such as
2-ADNT (2-amino-4,6-dinitrotoluene) and 4-ADNT (4-amino2,6-dinitrotoluene) (Figure 5).
In order to be detectable, these compounds need to transfer
to the surrounding soil. Some contamination of the surrounding
soil by the landmine occurs when it is first placed in the ground,
as there are often traces of explosives on the surface of its casing.
However, this will not remain in the vicinity of the mine in
high-enough quantities to be detectable for a significant amount
of time. Fortunately, detection of landmines is aided by vapour
diffusion and leakage of the compounds through the mine
casing over time, aided by any cracks and holes.
From being on the surface of the landmine’s casing, there are
various processes that aid the movement of these compounds
through the soil, allowing some to reach the ground surface,
where they can be detected (Figure 6). Some of the escaped

Revision question
Look at Figure 3 and insert curly arrows to show the mechanism for
the bioluminescence reaction of GFP.

ChemistryReviewExtras
Check your answer at
www.hoddereducation.co.uk/chemistryreviewextras
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compounds can become adsorbed onto the surfaces of the
solid particulates of the soil, some will dissolve into the water
within the soil and some will transfer to the gas or liquid
phase. The balance of the processes that occur is determined
by factors such as the type of soil, its moisture content and
the temperature of the environment. Prolonged periods of
precipitation can wash these compounds deeper into the
ground, while evaporation of water from the soil’s surface has
the effect of bringing up some of the water deeper in the soil to
the surface, including any solutes dissolved within it. When the
landmine-contaminated water evaporates, the compounds are
deposited on the soil’s surface.
CH3
O2N

CH3
NH2

NO2
2-ADNT
(2-amino-4,6dinitrotoluene)

O2N

NO2

NH2
4-ADNT
(4-amino-2,6dinitrotoluene)

Figure 5 Microbial degradation products of TNT

Further reading
‘Sniffer bees’, Chemistry Review, Vol. 16, No. 3, p. 34. (Honey bees
trained to respond to certain smells for detection of drugs and
explosives)
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Figure 6 How the explosive compounds in landmines move through the soil

Modifying the bacteria
The idea of using bacteria to detect landmines was first
reported in 1998, but it was not until 2008 that successful
proof of this concept was published. The study looked at
exploiting a regulatory protein for the biodegradation of
methylbenzene (toluene), 1,3-dimethylbenzene (meta-xylene)
and 1,4-dimethylbenzene (para-xylene) (Figure 7) from a soil
bacterium. After finding a mutant of this bacterium that was
activated by 2,4-DNT, the scientists originally chose to use
luciferase as the reporting signal. Their system was able to
successfully detect very small concentrations of 2,4-DNT, but
at higher concentrations the signal from the luciferase started
to disappear, owing to the concentration becoming toxic to the
bacterial cell, so it was no longer producing enough ATP for the
luciferase fluorescence to work. They therefore switched to using
GFP and were able to obtain successful detection of 2,4-DNT
using lab-based soil experiments.

CH3

CH3

CH3

CH3
Methylbenzene

1,3-dimethylbenzene

CH3
1,4-dimethylbenzene

Figure 7 Structures of methylbenzene (toluene),
1,3-dimethylbenzene (meta-xylene) and 1,4-dimethylbenzene
(para-xylene)
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Other bacterial strains with various modifications have
since been reported for detecting landmines, with increased
sensitivity, selectivity and signal output, making this concept
more suitable for detection of explosives in minefields.
To work in the field, the bacteria would need to be able
to be spread over the relevant area of ground so that they
could detect the trace amounts of explosive vapours and
signal this with fluorescence. However, to enable the bacteria
to survive in conditions outside the lab, a formulation is
needed. Encapsulating the bacteria within polymer or gel
beads would allow them to survive in dry environments,
hopefully for long enough to be able to detect and signal the
presence of explosives. It would also allow for the bacteria
to be surrounded by a microenvironment containing their
required nutrients.
Another potential issue is the release of modified bacteria into
the environment where, if the conditions were favourable, they
could flourish. There are several potential methods to prevent
this happening, such as making the bacteria dependent upon a
metabolite that is not naturally present in the environment, or
modifying the bacteria so that they are unable to undergo gene
transfer with other cells.
This research could mean that the humblest of organisms,
which we often associate with death and disease, has the
potential to save countless lives. These bacterial superbugs could
be our smallest superheroes.
Emma Dux helps with inorganic research in the Department
of Chemistry at the University of York and is a sub-editor for
Chemistry Review.
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answer back

Acids, alkalis and pH
Maurice Carmody shows you how to tackle complicated calculation questions

Exam links
This ‘Answer back’ addresses the following A-level topics:
• weak acids
• neutralisation reactions
• pH calculations
• ionic product of water
• equilibrium calculations
• concentration calculations
• significant figures and logs
• buffer solutions and approximations in related calculations

T

his question contains a number of typical A-level
calculations where you are not given much guidance
as to how you should proceed. You have to make your
own plan as well as carry out the calculation. Have a go at
completing the question before you read my solution. This is
the way to get the most out of this ‘Answer back’. If you don’t
do this it is easy to read through the solution thinking ‘Oh
yes I see…’, but if you have already done some of it correctly
and failed on part of it the solution is much more likely to
stick in your mind. If on the other hand you do it all perfectly
without reading the advice, I think we can say that you have
beaten me…
The question was taken from the A-level Kinetics, Equilibria
and Organic Chemistry paper set in June 2014 by AQA, which
has given permission for its use here. Responsibility for both
answers and comments rests solely with Chemistry Review.

Question
This question is about alkalis and carboxylic acids.
In this question, all data are quoted at 25°C.
(a) Carboxylic acids are weak acids.
State the meaning of the term weak as applied to carboxylic acids.
(1 mark)
(b) Write an equation for the reaction of propanoic acid with sodium
carbonate.
(1 mark)
(c) Calculate the pH of a 0.0120 mol dm–3 solution of calcium hydroxide.
The ionic product of water Kw = 1.00 × 10 –14 mol2 dm–6
Give your answer to two decimal places.
(3 marks)
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(d) The value of the acid dissociation constant Ka for benzenecarboxylic
acid (C6H5COOH) is 6.31 × 10 –5 mol dm–3.
(i) Write an expression for the acid dissociation constant Ka for
benzenecarboxylic acid.
(1 mark)
(ii) Calculate the pH of a 0.0120 mol dm–3 solution of
benzenecarboxylic acid. Give your answer to two decimal places.

(3 marks)
(iii) A buffer solution with a pH of 4.00 is made using
benzenecarboxylic acid and sodium benzenecarboxylate.
Calculate the mass of sodium benzenecarboxylate (Mr = 144.0)
that should be dissolved in 1.00 dm3 of a 0.0120 mol dm–3 solution
of benzenecarboxylic acid to produce a buffer solution with a
(5 marks)
pH of 4.00.
(e) Two solutions, one with a pH of 4.00 and the other with a pH of 9.00,
were left open to the air.
The pH of the pH 9.00 solution changed more than that of the other
solution.
Suggest what substance might be present in the air to cause the pH to
change.
Explain how and why the pH of the pH 9.00 solution changes. (3 marks)

Simon’s answer to (a)
Weak means that the acid is only partially ionised.

Maeve’s answer to (a)
This means that the acid is not fully ionised.

Simon scores 1/1
Maeve scores 0/1
Simon has a correct answer while Maeve’s answer was not
accepted, as ‘not fully ionised’ might mean it was not ionised
at all, which would be incorrect. Other acceptable answers were
‘slightly ionised’ or ‘partially dissociated into ions’.

■■
■■

Simon’s answer to (b)
2CH3CH2COOH + Na2CO3 → 2CH3CH2COONa + H2CO3

Maeve’s answer to (b)
2CH3CH2COOH + Na2CO3 → 2CH3CH2COO – Na+ + CO2 + H2O
Chemistry Review September 2017
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Simon scores 0/1
Maeve scores 1/1
Maeve has a correct answer and will gain the mark. Simon’s
answer is incorrect. He has not shown the charges on the ions
in the product, sodium proprionate, but the examiners would
have accepted this. The formula H2CO3 (carbonic acid) was not
acceptable. He should have put CO2 + H2O as Maeve did.
I cannot think of a circumstance in which you should put
carbonic acid (H2CO3) in an answer. Some years ago I would
have told my students that there was no such compound as
carbonic acid but statements like this just encourage researchers
to go out and look for it. They found it by showing that the
following equilibrium could exist in a closed system (a system
in which nothing can escape or be put in):

■■
■■

CO2 + H2O → H2CO3
There is about 0.17% of H2CO3 in such a closed system, but
in this question we have an open system because the CO2 can
escape, leaving negligible amounts of H2CO3 in solution. The
molecule H2CO3 has been made in the gas state and is thought
to exist in extraterrestrial ice on the surface of Mars.
Another common problem with answers to this question
was not knowing the formula of sodium carbonate (Na 2CO3).
The number of these inorganic compounds whose formula you
should know is quite small, so it is worth memorising the most
common ten or so (Box 1).

Simon’s answer to (c)
Ca(OH)2

→

Ca2+

+

0.0120
2 × 0.0120
			

2OH –

0.0240 × [H+] = 1 × 10 –14
1 × 10 –14
= 0.4167 × 10 –12
0.0240

pH = –log10 0.4167 × 10 –12 = 12.38

Maeve’s answer to (c)
[OH –] × [H+] = 1 × 10 –14
0.012 × [H+] = 1 × 10 –14
[H+] =

1 × 10 –14
= 0.83 × 10 –12
0.012

pH = –log10 0.83 × 10 –12 = 12.08

Simon scores 3/3
Maeve scores 1/3
Simon has a fully correct answer and will gain all 3 marks.
An important reason for his success is that the first thing he
did was to correctly write out the equation for the ionisation
of calcium hydroxide. To do this you must know the formula:
Ca(OH)2. Although in theory he could have worked this out
from first principles, it is not a realistic option in the exam. The
formula is on the list of formulae that you should commit to
■■
■■

www.hoddereducation.co.uk/chemistryreview

6740_ChemRev_27_1_PRINT1.indd 25

Useful inorganic formulae

It is useful to learn the formulae of a few common inorganic
compounds. Here are some examples.
In general the other members of the same group (either group 1
or 2) have a similar formula. I have chosen Na and Ca to use as
examples.

Group 1

Group 2
CaCO3

Carbonates

Na2CO3

Hydrogencarbonates

NaHCO3

Sulfates

Na2SO4

CaSO4

Nitrates

NaNO3

Ca(NO3)2

Hydroxides

NaOH

Ca(OH)2

Chlorides
(and similar formulae for the other
halides: fluoride, bromide and iodide)

NaCl

CaCl2

Examples of other halides
• FeCl2 (iron ii)
• FeCl3 (iron iii)
• CuCl (copper i)
• CuCl2 (copper ii)
• ZnCl2
• AlCl3
Common acids
• Sulfuric acid: H2SO4
• Nitric acid: HNO3
• Hydrochloric acid: HCl

2 × 0.0120
0.0240

[OH –] × [H+] = 1 × 10 –14

[H+] =

Box 1

memory. Had Maeve done this I am sure that she would have
seen that one Ca(OH)2 would have produced two OH– ions and
she too would have gained all 3 marks. As she has made this
error it was decided that she could only gain the last mark for
correctly calculating the pH from her (incorrect) value of H+
concentration.
Another lesson is that you should not take shortcuts in
calculations. Always write out the equations you are using as a
first step and write out all the working. This will give you a much
better chance of getting the correct answer than if you try to do
it in your head and just write down the result. If you show all
your workings, even if you were to get the final answer wrong it
would put you in a good position to gain some method marks.
Simon also noticed that the concentration in the question
was given to three significant figures (0.0120 mol dm–3) and
so also gave each of his answers up to the log step to three
significant figures. After he had taken the log he gave his answer
to four significant figures. This was because when you take logs
of numbers the results do not differ much compared to the
original numbers. In this case Maeve’s answer is based on an H+
concentration that was twice that of Simon’s, but the logs were
very close (12.38 and 12.08). The point I am making is that after
taking logs you need more significant figures — in this case that
will be a minimum of four (or two decimal places). Make sure
you know how to use all the relevant features on your calculator
before you go into the exam.
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Simon’s answer to (d)(i)
Ka =

[H ]
[C6H5COOH]
+ 2

[H+] [C6H5COO –]
[C6H5COOH]

Simon’s answer to (d)(ii)
[H+] = [C6H5COO –]
Ka =

(I will call this concentration x)

[H+]2
[C6H5COOH]

6.31 × 10 –5 =

[H+]2
0.0120

6.31 × 10 –5 × 0.0120 = [H+]2

Maeve’s answer to (d)(i)
Ka =

6.31 × 10 –5 =

x2
0.0120

7.527 × 10 –7 = [H+] = 8.702 × 10 –4 mol dm –3
pH = log 8.702 × 10 –4 = –3.06

Simon’s answer to (d)(iii)
Ka =

[H+]2
[C6H5COOH]

pH = –log [H+]
4.00 = –log [H+]

6.31 × 10 –5 × 0.0120 = x2

[H+] = 1 × 10 –4 = 0.0001

7.572 × 10 –7 = x2

I don’t know how to do most of the rest of this calculation, but
I think I can do the last bit, but I will have to make up a value
for the number of moles of the salt. This will be:

7.527 × 10 –7 = x = 8.702 × 10 –4 = [H+]
pH = –log [H+] = –(log 8.702 × 10 –4)
= –(–3.060) = 3.06

Ka =

[H ][C6H5COO ]
[C6H5COOH]

Maeve’s answer to (d)(iii)

–

but the concentrations of H+ and C6H5COO – are equal because
when an acid molecule ionises it produces one of each, so:
Ka =

So the mass of the salt will be:
5.00 × 10 –4 × 144 = 0.0720 g

Maeve’s answer to (d)(ii)
+

5.00 × 10 –4 moles

[H+]2
[C6H5COOH]
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Ka =

[H+][C6H5COO –]
[C6H5COOH]

pH = –log[H+]
4.00 = –log[H+]
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Table 1 Explanation of Maeve’s answer to (d)(iii)

–4.00 = log[H+]

Calculation

10 –4 = [H+] = 0.0001 mol dm –3
0.0001 × [C6H5COO –]
0.0120
6.31 × 10 –5 × 0.0120
=
= [C6H5COO –] = 0.007572 mol dm –3
0.0001
6.31 × 10 –5 =

In 1.00 dm3 we need 0.007572 mol of sodium salt (Mr = 144.0)
i.e. 0.007572 × 144.0 = 1.091 g

Simon scores 5/9
Maeve scores 8/9
In part (i) Maeve has the correct answer. Simon’s answer
assumes that the concentrations of H+ and C6H5COO– are equal,
which is not always the case and even if they were he would still
have had to show them separately. In part (ii) he correctly states
that in this calculation they are equal.
In part (ii) Simon has a fully correct answer. One reason
for this is that he has set out his work carefully. In particular
he wrote out the expression for pH (pH = –log [H+]) and then
went on to use brackets, so the minus sign did not get forgotten.
Maeve used a similar method, but lost track of the minus sign
when calculating pH. If she had set out her work more carefully
this error would not have occurred. Both candidates were careful
to give their answers for pH to two decimal places.
In part (iii) Simon has used the incorrect expression for Ka
that he used in part (i). He will, therefore, not be able to get
the correct answer. He has understood that he cannot do the
calculation, but he has got two things right. He has calculated
the correct concentration of H+ for a pH of 4 and his last step
where he multiplies the moles of salt by the Mr is the correct
method. He will, therefore, gain 2 of the 5 marks. Given that
he could not do the main part of the calculation he has done
■■
■■

Box 2

Question (d) approximations

We have used the following two equations. The first is an equilibrium
and the second goes to completion.
C6H5COOH
C6H5COO +
H
0.0120 mol dm –3		 x mol dm –3		x mol dm –3
–

+

C6H5COO – Na+ → C6H5COO – +
Na+
–3
–3
y mol dm 		
y mol dm 		y mol dm –3
We have made two approximations:
• In the equilibrium shown, the concentration of C6H5COOH
at equilibrium is 0.0120 – x mol dm –3, where x is the number of
moles that have dissociated. However, only a small amount of
the acid dissociates, i.e. 0.0120 – x is almost the same as 0.0120.
We will assume that the equilibrium concentration of the acid is
0.0120 mol dm –3.
• Strictly speaking, the equilibrium concentration of C6H5COO – is
y + x. As x is very small compared to y, we will assume that the
concentration of C6H5COO – is equal to y.
At A-level you will always make these approximations, but you may
be asked what they are and why they are justified. A mixture, such as
that above, of a weak acid and its salt is known as a buffer solution
(see Chemistry Review, Vol. 18, No. 3, pp. 8–10).
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Explanation

[H ][C6H5COO ]
[C6H5COOH]
pH = –log[H+]

Here she has written the two
equations she is going to use

4.00 = –log[H+]

Here she has used the second
equation to calculate the H+
concentration from the pH

Ka =

+

–

–4.00 = log[H ]
+

10 –4 = [H+] = 0.0001 mol dm –3
6.31 × 10 –5
0.0001 × [C6H5COO –]
=
0.0120

Here she has substituted the H+
concentration and the information
given into the first equation above

6.31 × 10 –5 × 0.0120
0.0001
= [C6H5COO –]

Here she has rearranged the
equation to find the concentration
of C6H5COO –

= 0.007572 mol dm –3
In 1.00 dm3 we need
0.007572 mol of sodium salt
(Mr = 144.0)

Concentration is in mol dm –3 and
we have 1 dm3 of solution, so the
number of moles is numerically the
same as the concentration

0.007572 × 144.0 = 1.091 g

Finally she has multiplied the
number of moles by the given Mr to
give the mass of the salt

the best he can, including making up an answer for the central
part so that he can attempt the last part. This is a good idea.
Sadly it is not often done, with candidates just giving up on the
whole question. If you get into this position you should do the
same as Simon and salvage what marks you can. See Box 2 for a
discussion of the approximations used in parts (ii) and (iii) of
this question.
Maeve will gain all 5 marks for part (iii), as she has a fully
correct answer. She has also explained carefully what she has
done, which will have helped her solve this problem. For a full
explanation of her method, see Table 1.

Simon’s answer to (e)
Substance present in air: CO2
The pH decreases because CO2 is an acidic gas.

Maeve’s answer to (e)
Substance present in air: SO2, sulfur dioxide.
It is an acidic gas.

Simon scores 3/3
Maeve scores 2/3
Simon has a fully correct answer. Maeve has chosen a different
gas but it is present in the air and as it is acidic it will tend to
reduce the pH of the solution. She has been careless in that she
has not said how the pH will change and she will, therefore, only
gain 2 of the 3 marks.

■■
■■

Maurice Carmody was head of chemistry at Simon Langton
School, Canterbury. He has published several books and written
numerous magazine articles.
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substances

Analgesics
We tend to think nothing of popping a couple of pills when we are in pain, but what are we actually
taking and why are we taking it?

Exam links
This ‘Substances’ links to the following A-level topics:
• medicinal chemistry
• organic chemistry
• chirality (R/S enantiomers)

P

ain is a protective mechanism in which the brain is alerted
to damage to the body. It is a sensory and emotional
experience and is also classified medically as a symptom.
Analgesics are drugs used to achieve relief from pain, a
process known as analgesia. This can be achieved through several
mechanisms, most of which involve the central nervous system,
so it is important that they do not affect the conduction of
nerve impulses or affect consciousness or our awareness of
our surroundings. These side effects are common in the use of
anaesthetics (see Chemistry R eview, Vol. 24, No. 2, pp. 24–29).
People have used a variety of techniques, natural herbs and
remedies to relieve pain for centuries. Perhaps the most potent of
these traditional treatments involve opiates. Today’s painkillers
roughly fit into three categories:
■■ Non-opioid analgesics include some of the more widely known
painkillers: paracetamol, aspirin and ibuprofen.
■■ Opioid analgesics are natural and synthetic chemicals relating
to morphine.
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Compound analgesics combine two or more painkillers, such as
paracetamol and codeine.
Let’s take a closer look at some examples of these different
types of pain relief.

■■

Non-opioid analgesics
Paracetamol

H
N
O

HO
Paracetamol

Paracetamol is possibly the most widely used analgesic (see
Chemistry R eview, Vol. 25. No. 3, pp. 14–15). It is also known as
acetaminophen and is the only compound from a group known
as aniline analgesics that is still used. The first aniline analgesic
was acetanilide, which unfortunately had toxic side effects. To
avoid these side effects phenacetin and then paracetamol were
developed from acetanilide.
While its exact mechanism of action remained unknown
for quite some time, paracetamol has been widely used for
its analgesic and antipyretic (fever-reducing) effects. It is now
believed that when it is metabolised in the body, paracetamol
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Glossary
Alkaloids Biologically made nitrogen-containing compounds that
have a pharmacological effect on humans. Examples include caffeine,
morphine, cocaine and nicotine.
Chiral An object that is non-superimposable on its mirror image.
For example, a molecule that has a carbon with four different
substituents is chiral. This carbon is referred to as a chiral centre.
Enantiomers A pair of molecules that are non-superimposable
mirror images of one another. The molecules differ in their
arrangement of functional groups at a chiral centre, but are
chemically identical to one another.
Enkephalins Small peptides produced in the body, which bind
to opioid receptors and are involved in regulating the response to
potentially harmful stimuli (e.g. something in the eye, extreme heat or
cold, a cut or trapped finger).

Paracetamol tends not to react
with other medications

affects the activity of prostaglandins, which are compounds
produced by the body in response to injury or infection.
Paracetamol is relatively safe when used at the correct dosage
and tends not to interact with other medications, so does not
interfere with their effectiveness. However, as it is metabolised
by the liver, an overdose of paracetamol can have serious
implications — usually liver damage and/or failure.
Interestingly, the damage is not caused by the paracetamol
itself but rather by the metabolite produced in the liver after
ingestion. Cytochrome P450 enzymes in the liver oxidise
paracetamol to allow the addition of glutathione (a tripeptide
found in cells) to form a product that is excreted without
any problems. However, in some cases a protein binds to the
oxidised paracetamol, which puts toxic stress on the liver, as
this product cannot be metabolised. So it is important to never
exceed the recommended dose and always check to see if any
combined medicines that you may take (such as cold and flu
remedies) contain paracetamol, as it is possible to have an
accidental overdose if you take more than one remedy at a time.
O
HO

HS
H
N
O

O
N
H

Enzyme A specific type of protein (or protein-based molecule) that
acts as a biological catalyst, speeding up a chemical reaction in a
living organism while remaining unchanged itself. Enzyme names are
denoted by the suffix –ase.
Ion channels Pores through a cell membrane that control the
passage of ions into or out of the cell.
Peptide A chain of two or more amino acids, linked with peptide
bonds. A peptide bond forms when a carboxyl group on one amino
acid and an amine group on another undergo a condensation reaction
together, releasing a water molecule as the peptide (amide) bond
forms.
Prostaglandins Fatty molecules containing 20 carbons. They
are ‘chemical messengers’ causing effects close to where they are
produced. They have a range of effects, including dilating blood
vessels (to prevent unnecessary blood clotting), which can give rise to
inflammation.
Racemic A racemic mixture (or racemate) contains equal quantities
of both left- and right-handed enantiomers.
Synapse The junction between two nerve cells. Signals are passed
across the small gap between the nerve cells by specific transmitter
chemicals.
Thromboxanes These are similar to prostaglandins in that they are
fatty molecules containing 20 carbons. Thromboxanes cause blood
vessels to constrict to allow blood clotting to occur.

O
OH
NH2

Glutathione

cord) and has little activity in the other body tissues (where
inflammation occurs).

Aspirin
O

NSAIDs
Most non-steroidal anti-inflammatory drugs (NSAIDs) inhibit
the activity of cyclooxygenase-1 (COX-1) and cyclooxygenase-2
(COX-2) enzymes, which affect the synthesis of prostaglandins
and thromboxanes. COX-2 increases the level of prostaglandins
as a response to a stimulus. These prostaglandins cause
localised inflammation and influence pain perception. A drug
that inhibits COX-2 has anti-inflammatory, analgesic and
antipyretic properties. Paracetamol is not considered to be an
NSAID, as it has minimal anti-inflammatory effects, because it
is mostly active in the central nervous system (brain and spinal
www.hoddereducation.co.uk/chemistryreview
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OH
O
O
Aspirin

Aspirin or acetylsalicylic acid is used to treat pain and
inflammation. It was one of the first examples of a synthetic
drug. It is derived from salicylic acid, which has been used as
a painkiller for centuries in the form of things like willow bark
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Aspirin is derived from salicylic acid, found in willow bark

(see Chemistry R eview, Vol. 22, No. 3, pp. 2–5 and Chemistry
R eview, Vol. 24, No. 4, pp. 9–15). Aspirin is as effective as
paracetamol for pain relief, but can cause unwanted stomachrelated side effects, such as gastrointestinal bleeding.

Ibuprofen
OH
O
Ibuprofen

structures and mechanisms of action (Figure 1). Opium, a
powder produced from dried poppy juice, was used for centuries
as a narcotic even before its analgesic effects were discovered.
Opium contains many chemicals, including the alkaloids
morphine, codeine and papaverine. Morphine was the first
alkaloid to be isolated and crystallised. Codeine is the methyl
ether derivative of morphine and has been found to be relatively
non-addictive.
Opiates are believed to mimic enkephalins, the body’s
natural painkillers. It is thought that they manipulate the brain’s
Ibuprofen is commonly used to treat inflammation

Ibuprofen is widely used to treat pain and fever, but most
importantly inflammation. It works by inhibiting the production
of prostaglandins by decreasing the activity of COX-2. Ibuprofen
is a chiral molecule and only the S-enantiomer is biologically
active. The R-enantiomer has no effect on inflammation, but an
enzyme in the body converts 60% of the R form into the S form,
resulting in ibuprofen being sold as a racemic mixture of the
two, even though stereospecific synthesis is possible.

Opioids
Opioids are generally reserved for severe pain, as they are
incredibly effective, but have far more side effects, and their use
can result in dependency and addiction.
‘Opioid’ is a general classification of natural and synthetic
chemicals related to morphine, which share similar chemical
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HO

O

H

O

N
HO

Morphine

O

H
N

HO
O

Codeine

O

O

N

Papaverine

O

Figure 1 Opioids

receivers for these substances and in doing so block pain signals
in the spinal cord.

Compound analgesics
Compound analgesics are a combination of two drugs, usually a
non-opioid analgesic (paracetamol, aspirin or ibuprofen) along
with a low dose of an opioid analgesic (such as codeine or
dihydrocodeine). Compound analgesics containing low doses
of codeine are available over the counter from pharmacists, but
stronger ones are only available on prescription. Compound
analgesics may cause less severe side effects than taking a single
drug (at a higher dose), and are also recommended when a single
non-opioid analgesic is not working effectively.

Conotoxins
Analgesics have come a long way from natural remedies, such as
willow bark and meadowsweet, to the painkillers we know and
use today. But there is always research and development going
on. Cone snails are marine molluscs that use their venom, a
mixture of neurotoxic peptides called conotoxins, to shut down
the nervous system of their prey. This venom was found to be
100 times more effective in relieving nerve pain than morphine.

Revision question
Draw the R- and S- enantiomers of ibuprofen.

ChemistryReviewExtras
Check your answer at
www.hoddereducation.co.uk/chemistryreviewextras
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Opium is a powder produced
from dried poppy juice

There are around 600–700 different species of cone snail,
and each makes its own unique toxin, with some even showing
variation within a species. Scientists have discovered five main
types of toxin that have different biological targets, but mainly
affecting the activity of ion channels in cell membranes. A
synthetic form of the ω-toxin, which blocks N-type calcium
channels, has been developed and approved for drug use.
Ziconotide, a peptide made from 25 amino acids, was approved
in 2004 for infusion in the cerebrospinal fluid. It selectively
blocks the calcium channels which control neurotransmission
at synapses in the spinal cord, and in doing so blocks pain
signals from the nerves to the brain. It is only used to treat
patients with severe and chronic pain, and unfortunately has
several disadvantages. It has to be administered intrathecally
(directly into the spinal fluid), which is an expensive and
invasive method of drug delivery. It can also cause severe
psychiatric symptoms and neurological impairment. Despite
these disadvantages, the discovery and development of this
drug provides great opportunities for further improvements.
Researchers are already looking into developing other N-type
calcium channel selective blocking drugs for use as analgesics.
Analgesics have evolved significantly since their discovery.
Their continued development has led to safe and effective pain
management, and current research is working towards a painfree future.
Alice Smallwood is studying chemistry at the University of York.

31

21/07/2017 13:02

worth reading

The Sun and moons
L

ike many people, I love a good quiz. But I am often
frustrated when I hear an answer to something that I
didn’t know, as I wonder ‘why’? So I was delighted to
discover a pair of books by Brian Clegg that not only explain the
answers to the questions, but also base all the questions around
my favourite subject — science.
The books, How Many Moons Does the Earth Have? and What
Colour is the Sun? (Icon Books), both follow the same pattern.
Each contains two quizzes of six themed rounds consisting of
eight questions. In addition, each quiz has two ‘special rounds’,
for example in What Colour is the Sun? there is a coded message

written using the names of chemical elements, as well as a
couple of picture rounds. What makes these books readable and
informative as well as fun is that following each question there
are some snippets of interesting information under the heading
‘While you’re thinking’ and then after each answer is a page of
explanations and extra details, accompanied by a reference to
some further reading.

What temperature would water boil
at if hydrogen bonding didn’t exist?
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Box 1

Examples from the books

1 Why did Uuq become Fl?
Flerovium (Fl) is the element formerly known as ununquadium
(Uuq, element 114). When new elements are detected, they are
given a holding name that reflects their position in the periodic
table until a final name is agreed. Ununquadium is ‘one-onefour-ium’ in shortened Latin. Flerovium comes from the name of
the laboratory in Dubna in Russia, where it was discovered. The
Flerov Laboratory is named after the nuclear physicist Georgi
Flerov (or Flyorov).
2 What is the largest molecule that is part of the human body?
The DNA molecule in chromosome 1.
3 How old is the hydrogen in your body?
Around 13.7 billion years old (probably).
4 What temperature would water boil at if hydrogen bonding
didn’t exist?
–100°C

5 What is the element with the highest atomic number found
in nature?
Plutonium (atomic number 94)
6 What compound is the main constituent of pitchblende?
Uranium dioxide
7 What colour is oxygen?
Light blue
8 Is glass a solid?
Yes, glass is a solid. Although for some time glass was misrepresented
as being a very slow-flowing liquid. Medieval glass window panes
were given as evidence, as the glass is thicker at the bottom and
people thought that the glass had flowed down under gravity.
However, medieval glass was uneven when it was made and the
glaziers put the thicker edge at the bottom for stability when they
assembled the windows. Roman glass is even older and shows no
sign of having ‘flowed under gravity’.

Some example questions are shown in Box 1. Full explanations
of these answers can be found in the books, and I will share
some of the interesting facts from the books to whet your
appetite:
■■ Elements with very large numbers of protons tend to be
unstable — there is simply too much repulsive positive charge
crammed into the nucleus to stay in one place.
■■ Although oxygen was rare as a separate element on Earth
when the planet first formed, it is a common element in the
universe, coming third after hydrogen and helium, forming
around 1% of the universe by mass.

Is glass a solid?

The human body contains around 7 × 1027 atoms, where 1027
is 1 followed by 27 zeroes.
■■ It is sometimes said that water is the only substance that
is less dense as a solid than as a liquid, but this isn’t true. It is
also the case, for instance, with acetic acid (ethanoic acid) and
silicon.
I am sure that you will have fun and learn plenty of interesting
science from this absorbing pair of books. Happy quizzing.
■■

How old is the hydrogen in your body?
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Anne Hodgson teaches in the chemistry department at the
University of York and is the editor for Chemistry Review
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