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or disaccharides, e.g. sucrose (see Figure 1 and CHEMISTRY REVIEW, 
Vol. 11, No. 3, pp. 28–31).

Have you ever considered the chemistry going on when you 
eat a sweet? Sweets have been around for centuries (Box 1). 
Not only do they have to taste good, but the way in which 
the ingredients react in your mouth provides many of the 
pleasurable sensations involved in eating them. This article aims 
to explain the ways popular sweets work.

Sherbet fountains
The sherbet fountain is a popular traditional sweet. It is 
composed of a liquorice stick and a crystalline powder (sherbet). 
Sherbet is made from citric acid and sodium hydrogen carbonate 
(bicarbonate of soda). This powder gives rise to a fizzing 
sensation in the mouth, as the saliva in the mouth provides 

Sugars are everywhere. They are the building blocks 
of carbohydrates, the most abundant type of organic 
molecule in living things (see CHEMISTRY REVIEW, Vol. 14, 

No. 3, pp. 14–16). These carbohydrates provide us with energy. 
Sugars play a vital role in sweet chemistry, and most often 

come in the form of monosaccharides, e.g. glucose and fructose, 

Candy-coated 
chemistry

There’s a real art to making sweets, and a lot of chemistry too…

This article links to the following topics in the AQA, Edexcel, OCR, 
WJEC, CCEA and SQA exam specifications:
• acid–base reactions
• crystallisation
• enzymes
• carbohydrate chemistry

Exam links 

Sam Daly

2 Chemistry Review   April 2018
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trapped in the syrup. When the mixture is cooled (still under 
pressure) it hardens and becomes brittle. On releasing the 
pressure, the larger bubbles of trapped, pressurised carbon 
dioxide cause the candy to shatter into small pieces.

These fragments contain tiny bubbles of pressurised carbon 
dioxide. When the brittle candy is dissolved in the mouth, the 
trapped bubbles of pressurised carbon dioxide are released with 
snaps and pops in your mouth.

After-dinner mints
Have you ever eaten an after-dinner mint and wondered how 
the gooey, liquid fondant centre is coated with chocolate while 

a watery medium for a reaction to occur as the citric acid and 
bicarbonate of soda (a base) dissolve. The reaction of an acid 
with a carbonate releases carbon dioxide, water and a salt (in 
this case sodium citrate, Figure 2).

Other ingredients such as icing sugar are also added to the 
powdery mixture to give the sherbet a sweet taste, blending 
with the sourness of the citric acid and salty/soapy taste of the 
bicarbonate of soda. The confectioner may add other flavourings 
as well to give an individual taste to the powder.

Many of the experiments chemists deal with in the laboratory 
are exothermic, i.e. they give out heat to the surroundings. 
However, the reaction between citric acid and bicarbonate of 
soda is endothermic, i.e. heat is absorbed from the surroundings. 
This means that when you eat sherbet the temperature in your 
mouth drops, as heat is absorbed by the reaction — so eating 
sherbet feels cool.

Popping candy
Popping candy pops in your mouth, giving rise to its unique 
sensation on the tongue as it cracks and snaps. The ingredients 
of popping candy are similar to many other sweets: sugar, corn 
syrup and flavourings. These are mixed together with some 
water and heated, boiling off all of the water present, leaving a 
thick, syrupy residue.

The resulting syrup is pressurised to around 41 atmospheres 
(~4 MPa) with carbon dioxide gas, bubbles of which become 

Box 1 A brief history of sweets

Up to the early 1800s sweets were a handmade delicacy, requiring 
skill and practice to perfect. Sweets used to have rich, pungent 
flavours, much more than they do today, due to the individual 
craftsmanship. It was only as industrial methods developed that 
they began to be made in high quantities, with reduced quality and 
care. The first ever ‘sweet’ was honey, which was used as far back as 
prehistoric times.

In Tudor times those who could afford luxuries enjoyed the likes of 
jellied fruit, marzipan, gingerbread and sugared almonds. This was 
all before the introduction of chocolate bars in the mid-nineteenth 
century, a time when many sweet and chocolate factories were 
founded, including Cadbury, Fry’s and Rowntree’s. With the advent of 
the sweet industry, confectionery was made on a larger scale. 

Hard-crack sweets were common and are still made the same way 
today by specialist traditional confectioners. The thick, coloured, 
flavoured sugar syrup is moulded by hand, while being warmed to 
ensure an even distribution of temperature. It is then extruded to 
the right diameter, chopped into the right-size pieces and cooled 
to form a hard, solid sweet. Sticks of rock are an example of hard-
crack sweets and are famous for having lettering or pictures running 
through the length of the stick. Large versions of the letters or images 
are formed from layers of coloured, soft, warm candy, which are then 
enclosed into a roll, which is pulled out to the right diameter before 
the candy sets hard.
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Figure 1 The monosaccharides glucose and fructose undergo a 
condensation reaction to form sucrose, a disaccharide

HO

O

OH

O
O OH

OH
O

O–HO
Na+

Na+

–O

O

O–

O
O

OH

O–
Na+

Na+

Citric acid

Sodium hydrogen carbonate

Sodium citrate

 C6H8O7(aq) + 3NaHCO3 ➝ 3CO2(g) + 3H2O(l) + Na3C6H5O7(aq)

 Citric acid + Sodium hydrogen 
➝

 Carbon + Water + Sodium citrate 
   carbonate  dioxide    

Figure 2 The structures of the components of sherbet and the 
reaction of sherbet in the mouth (or in water)

Sherbet is made from citric acid 
and sodium hydrogen carbonate
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retaining a perfect shape? One method of making soft- or liquid-
centred chocolates is to inject the filling into the chocolate shell 
and seal the hole with more chocolate. But there are no holes to 
be seen on an after-dinner mint, so how do they do it?

The fondant centre is composed of water, sugar, mint 
flavouring and invertase. Invertase (more correctly called α-D-
glucosidase) is an enzyme that hydrolyses the disaccharide into 
two monosaccharides: fructose and glucose (Figure 1). 

Initially the fondant centre is very firm and can be coated 
with chocolate. The mints are then stored at room temperature 

for 3 days, and this is when invertase gets to work. All of 
the sucrose is converted into fructose and glucose. As these 
monosaccharides are smaller molecules than sucrose, they pass 
over one another with ease, giving a more fluid-like consistency. 
Now the chocolates are ready to be boxed up and sold as after-
dinner mints.

Fudge
When sugar dissolves in water, a sugar syrup is formed. The 
degree to which the sugar dissolves increases as the temperature 
increases, meaning that the greater the temperature the higher 
the concentration of sugar it is possible to dissolve. When this 
sugar syrup is cooled it becomes super saturated, in other words 
the amount of sugar stored in the solution is greater than its 
limit at that temperature. The objective at this stage is to prevent 
the sugar crystallising out of the solution, which can easily 
happen because a super-saturated solution is unstable and a 
slight knock can initiate crystallisation.

Different types of sweets require the syrup to be heated to 
different temperatures. The temperature the solution is heated 
to dictates the sugar concentration of the resulting type of sweet. 
Table 1 provides a guide to which sweets are made with different 
concentrations of sugar in the syrup.

Higher concentrations of sugar result from increasing cooking 
temperatures, so producing different types of sweets. The sugar 
stage up to 154°C is determined by dropping a small sample 
of the hot mixture into a bowl of cold water. The stage names 

Table 1 Sugar stages

 
Sugar stage

Temperature 
(°C)

Sugar 
concentration

 
Sweet example

Thread 106–112 80% Sugar syrup and 
fruit liqueur

Soft ball 112–116 85% Fudge and 
praline

Firm ball 118–120 87% Caramel

Hard ball 121–130 90% Nougat and 
toffee

Soft crack 132–143 95% Chews and 
butterscotch

Hard crack 149–154 99% Lollipops and 
boiled sweets

Clear liquid 160–170 100% Light caramel 
for glazes and 
coatings

Light-brown 
liquid

170–177 100% Dark caramel 
for glazes and 
coatings

Medium-
brown liquid

177–182 100% Spun sugar or 
sugar cages

Dark-brown 
liquid

190–193 100% Caramel used as 
colouring agent

‘Black jack’ 210 100% Sugar turns 
black and 
decomposes — 
no uses 

Carbohydrates  The most abundant class of biological molecules. 
They are composed of carbon, hydrogen and oxygen based on the 
general formula Cx(H2O)y. The simplest carbohydrates are the sugars.

Condensation reaction  The combining of two molecules with the 
loss of a small molecule, e.g. water.

Disaccharide  A sugar formed by the condensation of two 
monosaccharides (which may be the same or different), e.g. sucrose 
(C12H22O11) is made from glucose and fructose.

Enzyme  A specific type of protein that acts as a biological catalyst, 
speeding up a chemical reaction while remaining unchanged itself. 
Enzyme names are denoted by the suffix -ase.

Monosaccharide  A sugar (carbohydrate) with an empirical formula 
(CnH2nOn) where n = 3–9. Glucose and fructose are examples of 
six-carbon monosaccharides.

Oligosaccharide  A carbohydrate formed by the condensation of a 
small number (three to ten) of monosaccharides.

Starch  A polysaccharide found in plants. It is a polymer formed by 
the condensation of many glucose molecules.

Glossary 
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cooled, the sugar molecules crystallised out to form the sweet. In 
a crystal the molecules fit together in an ordered pattern. Small 
sugar crystals give rise to the grainy texture of fudge.

To prevent unwanted sugar crystals forming when making 
non-crystalline sweets, you can employ various tricks. 
You can use corn syrup, which is a solution of maltose (a 
disaccharide of two glucose units) and some longer chains of 
sugars (oligosaccharides) produced through the hydrolysis of 
starch. The oligosaccharides are large molecules that hinder the 
sugars from crystallising. Butter fats also have this property of 
preventing crystallisation, getting in the way of the interlocking 
sugar molecules. The smooth texture of toffee is owed to plenty 
of butter.

An understanding of the subtleties of sugar chemistry and a 
little culinary flair can lead to sweet success. Such knowledge 
can also lead to a greater appreciation of the craft of the 
confectioner.

describe the appearance or feel of the resulting blob of cooled, 
sugary mixture. Above 160°C the sugar begins to melt and 
decompose, giving rise to an increasingly dark liquid.

There are two different categories of sweets: crystalline and 
non-crystalline. Fudge and fondants are types of crystalline 
sweets. A boiled sweet is an example of a non-crystalline 
sweet — it is a glass, having an irregular amorphous structure. 
Crystalline sweets indicate that when the hot sugar syrup was 

A rrange these chemicals into five groups of four 
compounds and say what the members of each group 
have in common.

Chemical conundrum
 making and doing

Butanone

Alanine

Riboflavin

Cyclohexanone

Glutamine

Thymine

Tyrosine

Muscone

Urethane

Styrene

Thiamine

Cytosine

Ascorbic acid

Vinyl chloride

Retinol

Adenine

Ethene Cysteine Guanine Propanone

Print out this activity and check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras

5

Sam Daly is an undergraduate chemist studying at the 
University of York. He is the editorial assistant for CHEMISTRY 
REVIEW.

I took inspiration for this article after performing some of Joanna 
Buckley’s ‘Edible Experiments’, a series of food-based chemistry 
resources. You can perform some yourself too. Watch the videos and 
download the demo sheets here:  
www.sheffield.ac.uk/chemistry/edibleexperiments

Further reading 
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T he climate is changing and human carbon dioxide (CO2) 
production is to blame. The unsustainable production 
of CO2 comes from the burning of fossil fuels. In the 

USA, one-fifth of CO2 is produced by burning fuel in cars 

and trucks, which are essential for modern life. There is 
a great need for greener and more sustainable technology. 
Other options, such as batteries and hydrogen fuel cells, show 
promise as replacements in the future, with some electric 
cars already on the market. However, alternative fuels still 
need significant development, and ideally we need to find an 
option that can be used with our current vehicles and fuel-
supply infrastructure.

Replacing the current fleets of lorries, buses, vans and 
taxis would be a long and expensive process, but we need an 
alternative now. One option is biodiesel. Produced from plant 
oils, this carbon-neutral fuel can be used in normal diesel 
vehicles, allowing you to switch to a more sustainable fuel 

 encounter

This ‘Encounter’ links to the following A-level topics:
• green chemistry
• oils and lubricants
• biodiesel
• infrared (IR) spectroscopy

• gas chromatography (GC)
• oxidation
• carbonyl chemistry

Exam links 

Replacing the existing fleets of lorries 
would be a long and expensive process

Jess Smith and Tom Owens are A-level chemistry students who did a week-long 
work experience placement in the Green Chemistry Centre of Excellence at the 
University of York. During that week, they worked with Jonny Ruffell, a chemistry 
PhD student at York, running experiments to look at biodiesel and engine oils. 
CHEMISTRY REVIEW asked Jess, Tom and Jonny to share their experience with us

Solving climate change 
in a week
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immediately, without buying a new vehicle. But are there any 
problems with this approach? 

To properly assess a new technology, you need to look at 
every aspect of it. In the case of a new fuel, this extends from 
the source of the plant oils to the exhaust gases coming out of 
the engine. During our week’s work experience at the University 
of York, we conducted three experiments to determine whether 
biodiesel has an effect on an often-underappreciated component 
of an engine — the oil.   But, before we could conduct any 
research, we had to understand the background.

Not just oil
Lubricants are used to make engines more efficient. They have 
three main purposes:

 ■ cleaning the engine
 ■ cooling the engine
 ■ protecting the engine

By circulating heat, reducing friction and preventing 
corrosion of the metal engine components, lubricants make 
engines last a lot longer. Engine oils are about 90% oil (either 
refined crude or synthetic oil) and 10% additives. Without the 
additives, the oil would last about as long as a tank of fuel. The 
engine oils you can buy off the shelf are surprisingly complex, 
with millions of pounds spent on development of new products 
to give performance lifetimes of many thousands of miles.

The main problem that reduces a lubricant’s lifetime is 
autoxidation. By reacting with oxygen in the engine, oxygenated 
species such as ketones, alcohols and carboxylic acids are 
formed. Acids are particularly bad, as they corrode the metal, 
breaking the engine. Autoxidation also produces polymeric 
products that increase the viscosity of the lubricant as small 
molecules join together to form longer chains — polymers. This 
poses an issue, as the lubricant gets thicker and will no longer be 
at the optimum viscosity. When a lubricant is too thick it means 
that the engine must work harder to move the pistons, which 
decreases the fuel efficiency and increases carbon emissions. 

Theoretically, fuel should not mix with the lubricant, and 
so biodiesel should not cause any problems. However, fuel and 
air can be forced past an engine’s pistons and into the sump 
(where oil is stored), where it mixes with and interacts with the 
lubricant. As a result, biodiesel added to fuel can be exposed to 
the lubricant, which could cause problems as outlined below.

Investigating oxidation
During our time in the green chemistry laboratories at York, we 
carried out three oxidation reactions to find out the effect of 
biodiesel. We prepared three different samples that were oxidised 
in a steel reactor heated to 180°C on a hot plate, ensuring that 
there was a continuous flow of oxygen to the reactor to promote 
autoxidation. In each experiment we removed a sample using a 
syringe and cannula at 10-minute intervals for 60 minutes.

For the first experiment we oxidised a pure hydrocarbon 
lubricant to see the speed at which it oxidised on its own — our 
experimental baseline. For the second experiment we added 
biodiesel to the lubricant to see its effect on performance. In 
the final experiment an antioxidant was also added to the 
biodiesel and lubricant mixture to see if we could reduce any 
effects of the biodiesel. After collecting all of our samples across 

Taking samples from 
the oxidation reactor

Recording IR spectra of 
our oxidised oil samples

Integrating the product peaks 
on our GC chromatograms

Solving climate change 
in a week
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Gas chromatography
We used IR spectroscopy to gather information on the types of 
bonds found in our samples and we used gas chromatography 
(GC) to identify and quantify different molecules in these 
samples. Like other chromatography, GC works by separating 
components in a sample based on how strongly they interact 
with a stationary phase. The sample is injected into the machine, 
where it is vaporised and mixed with an inert carrier gas 
(helium). This forms the mobile phase. The mobile phase flows 
through a fused silica column, bearing the stationary phase. 
Components that do not interact strongly with the stationary 
phase reach the detector first, whereas stronger interacting 
compounds take longer to pass through (see CHEMISTRY REVIEW, 
Vol. 18, No. 3, p. 24 and Vol. 21, No. 4, p. 5).

Most of the components we were analysing were quite large 
molecules that interacted strongly with the stationary phase. This 
means compounds would normally take a long time (days) to 
pass through the column. To speed up the analysis, the column 
was heated. We started at a relatively low temperature (50°C), 
which allowed weakly interacting compounds to pass through 

all three experiments we used gas chromatography and infrared 
spectroscopy to analyse our samples (Table 1).

Infrared analysis
Infrared (IR) spectroscopy is a quick and easy method of 
analysis, commonly used in industry (see CHEMISTRY REVIEW, 
Vol. 21, No. 2, pp. 2–6 and 10–11). A drop of sample is placed 
on a small diamond, and infrared light is shone through the 
diamond onto the sample. The light interacts with the sample 
and different covalent bonds in the molecules absorb infrared 
light of different wavelengths, allowing us to identify which 
types of bonds are present in a sample. Carbonyl groups (such 
as in acids, ketones and aldehydes) are easily identified on IR 
spectra. As carbonyl groups are produced by autoxidation, we 
could use IR to follow oxidation of the oil by measuring the total 
carbonyl concentration in our samples.

Our IR results showed that at 0 minutes, the carbonyl 
concentration was zero. After 60 minutes of oxidation, all three 
reactions showed significant increases in carbonyl concentration 
(Figure 1). If you look closer, you can see that Reaction 1 (pure 
oil) ended with the lowest carbonyl concentration. Reaction 2 
(oil and biodiesel) had the highest carbonyl concentration after 
60 minutes, suggesting that biodiesel accelerated autoxidation. 
By adding the antioxidant in Reaction 3, the effect of the 
biodiesel was reduced. However, autoxidation was still slightly 
higher than in the pure lubricant. The IR data suggest that 
biodiesel would have a significant, and negative, impact on 
autoxidation.

1 What will be the oxidation product(s) for each of these 
compounds? 
  a  Propan-1-ol
  b  Propan-2-ol
In each case:
• show the fully displayed formula of the starting material and 
product(s)
• name the product(s)
• say what type of compound each starting material and product is
2 a  Name the molecule shown in Figure 3. 
  b  What type of compound is it?

Check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras
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Figure 1 The concentration of carbonyl molecules increases with 
time due to oxidation of the oil. Addition of biodiesel to the oil 
causes a greater rate of carbonyl production

Autoxidation is the main cause of 
reduction in a lubricant’s lifetime

Table 1

Reaction % oil % biodiesel % antioxidant

1 100 0 0

2 90 10 0

3 89 10 1
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Is biodiesel bad?
In summary, while the antioxidant did slow the rate of 
autoxidation of the lubricant, it did not fully compensate for 
the oxidising effects of the biodiesel. Analysis of breakdown 
products suggested that, while the antioxidant helped in the early 
part of the reaction, its effect only lasted around 10 minutes. 
Adding biodiesel had a big effect on the performance of the 
lubricating oil.

So while it is more environmentally friendly to use biodiesel, 
there are problems associated with it. These problems are being 
focused on by teams of scientists, in the hope of creating a 
greener future.

The work experience as a whole was an unforgettable 
experience. We saw the opportunity to do the work experience 
while browsing the University of York’s website. All we had 
to do was fill out a small application form expressing our 
interests in chemistry as a subject, along with our experience 
doing chemistry in the past. We cannot put into words how 
valuable this experience was. It’s a fantastic thing to write 
about in your UCAS personal statement, and it helps with 
things such as teamwork, presentational skills and general 
practical lab skills. It also gave us an opportunity to see the 
University of York’s prestigious chemistry department in its 
entirety, and gave us an insight into the life of a chemistry 
student at York. To conclude, if you see the opportunity to 
take part in work experience, you should definitely apply. It’s 
a fantastic week for a young chemist interested in any aspect 
of chemistry at university.

to the detector. The temperature was gradually increased up to 
350°C, which allowed the heavier and more strongly interacting 
components to pass through the column. By using a temperature 
ramp, our samples took just 70 minutes to analyse.

GC allows highly complex mixtures to be separated and 
their concentrations measured. GC allowed us to separate and 
measure both the oil and biodiesel that we used. We could also 
identify breakdown products formed when the oil oxidised, 
such as ketones and alkanes.

Using GC, we were able to confirm the results shown by 
IR. When biodiesel was present, the oil oxidised more quickly, 
and adding the antioxidant reduced the degradation. More 
interesting results were shown by following the production of 
a fragment ketone (6,10-dimethyl-2-undecanone, Figure 2). In 
Reaction 1 (just oil without biodiesel), the ketone was produced 
at a steady rate, slowing down slightly towards the end of the 
reaction. Adding biodiesel (in Reaction 2) showed the same trend 
and concentrations, despite the oil oxidation being significantly 
faster. When antioxidant was added (in Reaction 3), we saw a big 
effect. The rate of ketone production was clearly a lot slower at 
the start of the reaction, suggesting that the antioxidant stopped 
formation of the ketone. After 10 minutes, the concentration 
increased, catching up in concentration towards the 60-minute 
mark, suggesting that the antioxidant was consumed rapidly 
in the first 10 minutes, and was therefore ineffective for the 
rest of the reaction. The antioxidant had a similar effect on the 
degradation of the biodiesel itself, where its initial decay was 
slowed by the presence of the antioxidant (Figure 3). 

Jess Smith is studying A-level chemistry at Outwood Post-16 
Centre. Tom Owens is studying chemistry, maths and further 
maths at Titus Salt School. Jonny Ruffell is researching for a 
PhD in chemistry at the University of York. He is studying oil 
oxidation, working to understand how lubricants break down 
in order to develop longer-lasting and more energy-efficient 
engine oils.

Useful CHEMISTRY REVIEW articles on biodiesel:

‘Biodiesel’, Vol. 11, No. 3, pp. 16–17.

‘Biotechnology in the chemical industry: biofuels’, Vol. 24, No. 2, 
pp. 11–15.

Online archive 
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Turmeric
Medicinal  
applications

Turmeric has been used for more than 2000 years 
as a base of many Chinese and Indian traditional 
medicines. Recent research of the medicinal properties 
of the spice has thrust turmeric into the spotlight 

T he turmeric plant (Curcuma longa) is a member of the ginger 
family, which has underground stems called rhizomes. 
The powdered rhizome of turmeric contains a host of 

biological macromolecules, such as complex carbohydrates 
and essential oils. A particular group of compounds, the 
curcumoids, has generated great scientific interest. Curcumoids 
are polyphenol compounds found in turmeric that make up 
around 3% of the overall turmeric powder. The main curcumoid 
in turmeric is curcumin.

Another important group of compounds in turmeric are 
the turmerones, which have also been investigated for their 
bioactive properties. Bold claims have been made about the 
medicinal uses of these compounds, while critics claim that they 
are unsuitable as pharmaceuticals. Here we discuss the related 
chemistry of both curcumin and turmerone and focus on the 
possible future relevance of these molecules in healthcare.

Curcumin and turmerone (Figure 1) both contain substituted 
aromatic benzene rings and carbon–carbon double bonds. 
Curcumin has two methoxy (CH3O–) phenolic groups, which 
are joined by a conjugated seven-carbon chain. In chemistry, 

conjugation of a carbon chain is when there are alternating single 
and double (or triple) bonds, which result in delocalisation of 
electrons due to overlapping π orbitals. This conjugated system 
gives the molecule increased stability. 

The curcumin molecule is able to act as a weak Brönsted–
Lowry acid and donate its labile hydrogen atoms (from the 
OH groups). Unlike curcumin, turmerone is an asymmetric 
molecule. Turmerone is less reactive than curcumin because it 
contains fewer reactive functional groups. Turmerone is also 
a weak base, as it can accept a proton. Neither curcumin nor 
turmerone are soluble in water, but curcumin is fat-soluble and 
is able to pass through the blood–brain barrier.

 substances

This ‘Substances’ links to the following A-level topics:
• metal complexes
• oxidation
• acids and bases
• radicals

• medicinal chemistry
• conjugation
• delocalisation

Exam links 

O

Turmerone

O

HO

O OH

O

OH
Curcumin

Figure 1 Curcumin and turmerone
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stability of the complex and so reduces the concentration of 
potentially toxic free metal ions.

While curcumin may prevent plaque formation, turmerone 
may have a regenerative role in treating Alzheimer’s disease. 
Scientists from the Institute of Neuroscience and Medicine 
at the Research Centre Jülich in Germany carried out an 
experiment in which turmerone was added in varying 
concentrations to petri dishes with undifferentiated stem 
cells. Their results showed that the addition of turmerone 
resulted in up to 80% more cells differentiating into neurones 
(nerve cells) or other neurological cells. Their research 
highlights the possibility of turmerone acting as an aid in 
self-repair of neurodegeneration. The institute is now looking 
to conduct human trails. 

Potential applications
Anti-Alzheimer’s
It has been observed that the incidence of Alzheimer’s disease 
is lower among people who regularly consume turmeric in 
their  diet.

When Al3+ is found in the brain, it has been shown to 
contribute to the development of Alzheimer’s disease. The 
Al3+ ion is recognised as a neurotoxic agent and its role in 
neurodegenerative disease has been shown to stem from the 
ion’s involvement in the production of amyloid plaques. Beta-
amyloid plaques are protein fragments that sit between healthy 
neurones, affecting brain function. Brain imaging scans of a 
person with Alzheimer’s disease reveal considerably more of 
these plaques than in a non-affected brain.

In prevention of Alzheimer’s disease, curcumin has the 
ability to bind to Al3+ (forming three different types of complex) 
and can act as a metal-based antioxidant. Curcumin does not 
just bind to aluminium ions. With ions bearing a 2+ charge, 
curcumin can act as a bidentate ligand and bond to such 
cations (positively charged ions) to form stable metal–curcumin 
complexes (Figure 2). This chelating effect increases the overall 

Bidentate  Literally means ‘two teeth’. A bidentate ligand has two 
separate bonds with the central metal ion.

Bioavailability  The bioavailability of a drug is the extent and rate at 
which the active substance in the drug is taken up by the body.

Brönsted–Lowry acid  A proton (H+) donor.

Chelating effect  Ligands that can form bonds to a metal ion in 
more than one position hold the metal rather like the claws of a crab 
(‘Chele’ is the Greek word for crab).

Double blind  Describes an experimental procedure in which neither 
the subjects nor the experimenters know which subjects are in the 
test group and which are in the control group during the course of the 
experiment.

Half life  The period of time required for the concentration or amount of 
drug in the body to be reduced by one half.

In vitro  Literally ‘in glass’, used to describe biological experiments 
performed outside a living organism.

Labile hydrogen  A hydrogen that is able to detach and attach 
freely in a rapid equilibrium from/to its parent functional group.

Ligand  An atom, ion or molecule that is bonded via a dative 
covalent bond (i.e. a bond in which one of the species, in this case 
the ligand, supplies both the electrons) to a metal ion.

π orbitals An orbital is an allowed energy level for an electron. Pi 
orbitals (π orbitals are hybrid orbitals between p orbitals formed 
when the p orbitals overlap above and below the plane of the 
molecule.

Phenolic group  Has one or more –OH groups attached directly to a 
benzene ring.

Placebo  A substance, believed to be a medicine by the patient, 
which does not contain any pharmaceutical ingredients, for example 
a sugar pill. Placebos are often used in medical testing without the 
patient knowing, acting as a control test.

Polyphenol  A polyphenol molecule contains many phenol units 
(aromatic alcohols).

Radical  An atom or group of atoms with an unpaired valence 
electron. The unpaired electron tends to make radicals highly 
reactive.

ROS scavenger  A molecule exhibiting antioxidant ability by reacting 
with reactive oxygen species.

Undifferentiated stem cells  Cells that have not yet adopted a 
specific specialised role (such as that of a nerve cell).

Glossary 

O

HO

O O

O
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O
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M2
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Figure 2 Curcumin is a bidentate ligand that can form 
complexes with metal cations

Could turmerone aid repair 
of neurodegeneration?
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Theory vs practice
While curcumin and turmerone have structures that are capable 
of useful biological activity, there are other properties of these 
molecules that need to be addressed. In the pharmaceutical 
industry, there are a few specified characteristics that a molecule 
must exhibit in order to be pursued as a therapeutic medicine. 
Drug molecules should be water-soluble, chemically stable, 
non-toxic, have long half lives and a high bioavailability. 
Unfortunately, the bioavailability of curcumin is very low. It 
has been suggested that supplements of curcumin are taken 
in conjunction with black pepper, as piperine (a compound in 
black pepper, see Figure 3) increases the absorption of curcumin 
by around 2000%.

The study of the medicinal uses of turmeric demonstrates how 
chemistry that works in theory does not necessarily translate 
into effective chemistry in practice. Critics have commented on 
the lack of in vitro trials on curcumoids, and to date no double-
blind, placebo-controlled clinical trial of curcumin has been 
successful. There is a consensus that more work must be done 
to ascertain the biochemical role of turmeric within the human 
body as a tool to treat a wide range of diseases.

The results obtained so far are promising. While there is a 
lack of data in support of the beneficial effects of consuming 
grams of turmeric spice each day, the consumption of curcumin 
supplements has been shown to have no adverse effects. It may 
be many years until we see turmeric as a mainstream health 
supplement, but for now we can enjoy its use in flavouring. If 
you would like to investigate other properties of turmeric, turn 
to pp. 23–27 for experiments that you can perform at home.

Antioxidants
Reactive oxygen species (ROS), such as the radical O2

– 
superoxide, can attack DNA and alter its gene expression, 
leading to mutations. These mutations can cause cancer and so 
the health food market promotes foods that can potentially act 
as antioxidants (see CHEMISTRY REVIEW, Vol. 11, No. 2, pp. 16–17 
and Vol. 23, No. 4, p. 34). Molecules that are able to react with 
radical species are known as ROS scavengers.

For example, curcumin’s labile hydrogens are able to react 
with free radicals. All three labile hydrogens in the molecule 
can undergo oxidation, but the formation of the phenoxyl 
radical results in the most stable structure, as it is stabilised 
by conjugation. The curcumin phenoxyl radicals formed as a 
result of this reaction (while still an oxidising species) are much 
less reactive than unreacted superoxide radicals, and so in this 
manner curcumin offers a degree of protection for DNA from 
reactive oxygen species.

Anti-inflammatory
Inflammation is the symptom of many chronic illnesses and 
turmeric has been shown to supress the symptoms of arthritis 
and multiple sclerosis by acting as an anti-inflammatory agent. 
The pathway by which this happens is complex, but research 
has shown that curcumin has the ability to block certain key 
enzymes involved in causing inflammation.

O

O
N

O

Figure 3 Piperine is responsible for the pungent taste of black 
pepper

Could taking supplements in conjunction with black 
pepper increase the absorption of curcumin?

Yrina Ghrabigi is studying for an MChem degree in chemistry at 
the University of York.
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 ■ two anionic (sodium dodecylbenzenesulfonate, sodium 
polyarylsulfonate)

 ■ three nonionic (C12–15 pareth-5, C12–15 pareth-7, 
ceteareth-25)

 ■ two soaps (sodium stearate, stearic acid)
The other ingredients in a formulation have specific functions:

 ■ Bulking agents are fillers that add bulk to the product, such as 
sodium sulfate and water.

 ■ Some detergents need anti-caking agents, for example 
aluminium silicate, which keep the powder dry and free-flowing.

 ■ Builders, usually sodium aluminosilicates, a type of zeolite 
(see CHEMISTRY REVIEW, Vol. 23, No. 2, pp. 23–27) to remove A detergent is made up of many ingredients, some of 

which are surfactants (see CHEMISTRY REVIEW, Vol. 27, 
No.  2, pp. 29–33). An example of the mixture of 

compounds in a laundry detergent is shown in Box 1. In this 
formulation there are seven surfactants (see CHEMISTRY REVIEW, 
Vol. 27, No. 2, pp. 29–33 and No. 3, pp. 18–21):

 focus on industry

This ‘Focus on industry’ links to the following A-level topics:
• applications of chemistry
• surfactants
• bleaching/oxidising agents
• environmental chemistry

Exam links 

Box 1
Ingredients in a detergent for washing clothes

• Builders: sodium aluminosilicate, citric acid, sodium silicate.
• Buffering agent: sodium carbonate.
• Bulking agents: sodium sulfate, water, maize starch, sodium 
chloride.
• Oxidising agent: sodium carbonate peroxide (sodium 
percarbonate).
• Surfactants: sodium dodecylbenzenesulfonate, C12–15 pareth-5, 
C12–15 pareth-7, ceteareth-25, sodium stearate, stearic acid, sodium 
polyarylsulfonate.
• Bleach activator: tetraacetylethylenediamine (TAED).
• Structurant: sodium acrylic acid/MA copolymer, sodium 
polyacrylate.
• Sequestrants: tetrasodium etidronate, ethylenediaminetetra-
methylene phosphoric acid Ca/Na salt.
• Anti-redeposition agent: cellulose gum.
• Fragrance: perfume (Parfum).
• Optical brightener: dimorpholinopyridazinone.
• Softness extender: sodium bentonite.
• Anti-foaming agent: simethicone.
• Emulsifier: glyceryl stearate.

Chemicals  
in cleaning
What are the functions that different components 
have in removing dirt and stains, and what are the 
environmental issues associated with their use?
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Other detergents
Dishwasher powders and tablets
The products used in dishwashers are usually powders and 
contain builders (90–95%), a nonionic surfactant (1–5%), 
bleach agents with an activator, and enzymes (see CHEMISTRY 
REVIEW, Vol. 17, No. 3, pp. 17–19). They are formulated with 
sodium carbonate and sodium silicate to create a highly alkaline 
environment that helps to denature (break down) the fats and 
proteins left on the used dishes and utensils.

+ H2O2 + H2O

Stain Bleached stain

I ♥
chemistry

I ♥
chemistry

Figure 1 Hydrogen peroxide is a strong oxidising agent that can 
bleach fabrics

C
O N

O

N

O

O

Figure 2 Tetraacetylethylenediamine, TAED

Stain Bleached stain

I ♥
chemistry

I ♥
chemistry+ H3C C

O O H

O

+ H3C C

O H

O

Peroxyethanoic acid Ethanoic acid

Figure 3 Peroxyethanoic acid is an oxidising agent that can bleach 
stains, while it is reduced to ethanoic acid

Table 1 Functions of laundry detergent ingredients

Ingredient Function

Buffering agents Keep the pH at the appropriate value

Structurants Give shape to the fabric being washed

Sequestrants React with free metal ions, which might 
otherwise cause problems with appearance or 
scum formation

Optical 
brighteners

Make the fabrics look brighter and whiter

Anti-foaming 
agents

Prevent excessive production of foam

Enzymes Remove specific stains: proteases remove 
proteins, amylases remove starches, lipases 
remove fats

Fragrances Give the clothes an appealing, fresh smell

Anti-redeposition 
agents

Prevent dirt being redeposited on fabrics

Skin-conditioning 
agent

Help to keep the skin in good condition

Softness 
extenders

Help keep clothes soft

Emulsifiers Help keep immiscible liquids as an emulsion

Colourants Help the products appeal to consumers

Dishwasher powders contain builders

calcium and magnesium ions and prevent the loss of surfactant 
through scum formation.

 ■ Stains can be bleached with oxidising agents, such as 
sodium perborate (NaBO3.4H2O) and sodium percarbonate 
(2Na2CO3.3H2O2), which react with hot water to form hydrogen 
peroxide (H2O2), which in turn reacts with the stain (Figure 1).

 ■ Bleach activators are needed for low-temperature washes. 
Sodium perborate and sodium percarbonate do not liberate 
hydrogen peroxide in cool water. A compound is added to react 
with them to liberate a peroxycarboxylic acid, RCO3H, which 
oxidises stains readily. The most commonly used activator is 
tetraacetylethylenediamine (TAED, Figure 2). TAED reacts with 
the oxidising agent to form peroxyethanoic acid, which can 
bleach stains (Figure 3).

Examples of other ingredients that can be added to a detergent 
are shown in Table 1. For more details about the structure and 
function of many of these ingredients, see CHEMISTRY REVIEW, 
Vol. 14, No. 3, pp. 17–20.

Liquid cleaners for domestic laundry are formulated using 
blends of anionic, nonionic and soap surfactants and various 
other functional substances. Bleach systems are not compatible 
with the higher water temperature and cannot be used above 
about 315 K (~42°C).

For hand washing (used for delicate fabrics, such as wool 
or silk), foam stabilisers are included to maintain foam. The 
customer equates the quantity of foam produced with the 
detergent cleansing action. Anionics produce the most foam, 
then soap, then nonionics, with cationics producing the least.
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Allan Clements, Mike Dunn, Valmai Firth, 
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Waddington. This article is adapted from 
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for post-16 chemistry students. It is published 
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York, www.ciec.org.uk

Washing-up liquids
These formulations contain between 13–40% surfactants, 
which are predominantly alkyl ether sulfates, but also include 
nonionics and amphoterics (betaines).

Shampoos and shower gels
These tend to be based on alkyl ether sulfates and usually 
contain small amounts of other surfactants (most typically 
amphoterics), which help protect the skin from irritation and 
also condition the hair (see CHEMISTRY REVIEW, Vol. 2, No. 5, 
pp. 2–8 and Vol. 22, No. 3, pp. 6–10).

Hair conditioners and fabric softeners
These products are formulated using cationic surfactants 
(sometimes combined with small amounts of nonionic 
surfactants). These are not cleansing products and the cationic 
surfactant is deposited onto the slightly negatively charged 
hair or cotton fibre surface, thus giving a lubrication benefit 
(see CHEMISTRY REVIEW, Vol. 2, No. 5, pp. 2–8 and Vol. 22, No. 3, 
pp. 6–10).

Environmental considerations
In western Europe all surfactant components of domestic 
detergents must be biodegradable. This requirement resulted 
from the fact that the original alkylbenzene sulfonate anionics 
were based on branched alkenes and these proved resistant to 
degradation by bacteria at sewage treatment works, causing 
many rivers to foam. There was also a fear that surfactants could 
be ‘recycled’ into drinking water.

Similar concerns were expressed about nonylphenol 
ethoxylates and so in the 1980s the industry moved to linear 
alkylbenzene sulfonates and alcohol ethoxylates as the major 
ingredients of its formulations. Effective sewage treatment 
ensures that detergent components, which are part of household 
effluent water, are not discharged untreated into rivers and 
water courses. For more information about water and sewage 
treatment, see CHEMISTRY REVIEW, Vol. 6, No. 5, pp. 16–17 and 
Vol. 22, No. 1, pp. 30–33.

The development of compact powders and more concentrated 
liquids in refillable or recyclable packages is designed to reduce 
packaging waste, as well as reducing the volume of products to 
transport. Redesign of washing-machine and laundry-detergent 
products (including the addition of bleach activators and 
enzymes to ensure good stain removal at low temperatures) has 
resulted in energy savings by reducing water heating and using 
shorter wash cycles. 

These are just some of the ways that scientists and engineers 
are working together to provide quality products for consumers 
while helping to protect the environment.

Liquid cleaners for domestic laundry 
contain blends of surfactants
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When SS Great Britain was launched from a dock in 
Bristol in July 1843, it was the largest ship in the 
world. This luxury transatlantic passenger ship 

was designed by the brilliant nineteenth-century engineer, 
Isambard Kingdom Brunel (1806–1859). The SS Great Britain 
was truly innovative, being built from wrought iron, to make 
the ship lighter and stronger than a wooden ship, and was 
driven through the water by a screw propeller, rather than 
paddle wheels. From 1852 SS Great Britain took emigrants 
from the UK to Australia, and then from 1882 it was used as 
a cargo ship until badly damaged by a storm in 1886. Unable 
to sail back to Britain, it was anchored in the Falkland Islands 
to be used as a f loating warehouse, finally being scuttled in 
1937. There it remained until it was refloated in 1970 and 
brought back home to Bristol, to be conserved and displayed 
for visitors.

Corrosion is a big problem for a ship built from iron. To 
conserve the parts above the waterline, the metalwork was 
cleaned using ultra-high-pressure water jets and protected from 
the weather with several coats of paint. However, the lower parts 
of the ship had spent 127 years in contact with seawater, from 
which salts had bonded to the iron. These salts are hygroscopic, 
i.e. they attract moisture, and are very difficult to remove. Even 
if the lower parts of the hull were painted, the iron would still 
rust or otherwise corrode.

There are a variety of corrosion products that cause the 
iron to disintegrate. Rust is a mixture of hydrated forms of 
iron(III)oxide, Fe2O3.xH2O. Rust is permeable to water, so unlike 
some metal oxides it does not form a protective layer on the 
metal surface, meaning that the metal can continue to corrode 
beneath. Rusting is an electrochemical process, with different 
areas of the metal surface acting as sites for oxidation and 
reduction (Figure 1). Other corrosion products found in the 
hull of SS Great Britain include magnetite (iron(II,III) oxide, 
Fe3O4), akaganeite (an iron(III) oxide-hydroxide/chloride, 
Fe3+O(OH,Cl)) and iron chlorides.

In order to preserve this historic vessel it is kept in a specially 
constructed dry dock, in which the lower part of the ship is 
protected from the weather by a roof made from thick glass 
plates. Iron virtually stops corroding at relative humidity levels 
of less than 20%. Relative humidity is the ratio of water vapour 
pressure in air to the saturation (or equilibrium) vapour pressure 
of water at a given temperature. The air in Bristol often has a 
relative humidity of 80% or more, so dehumidifiers are used 
to remove moisture. This dry air is blown across the inside and 
outside surfaces of the ship’s hull, halting the corrosion process 
while allowing visitors a close-up view of this amazing ship.

Saving SS Great Britain
Redox in action

 in pictures

Corrosion of the wrought iron hull

The inside hull made from wrought iron 
plates joined by riveted iron straps. 
Some areas have been patched with 
resin, but in other places daylight shines 
through holes caused by corrosion

Air

Iron
or steel

Water drop

Fe2O3.xH2O (rust)

O2(aq)O2

O2

O2

O2

Reduction
Oxygen is reduced
to hydroxide ions

Oxidation
Iron is oxidised and Fe2+

ions pass into solution

2e– + ½O2 + H2O  2OH–

2OH– + Fe2+
  Fe2(OH)2

Fe2+

Fee– e–

Figure 1 Rusting is a redox reaction
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The historic iron vessel is preserved in Bristol

The iron is protected from further 
erosion by dry air, which is 
continuously blown across its surface

The hull of SS Great Britain is 
protected under a glass roof
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You may already know something of the use of cisplatin 
in medicine. [Pt(NH3)2Cl2] is a yellow crystalline solid. 
Cis-[Pt(NH3)2Cl2] was first prepared in the 1840s, along 

with its trans-isomer (Figure 1). However, it was only in the 
1960s that this molecule found its most important application, 
and that was the result of an accidental discovery.

If [Pt(NH3)2Cl2] had a tetrahedral structure like Zn(NH3)2Cl2 
or CH2Cl2 (Figure 2), only one isomer could be isolated. The fact 
that [Pt(NH3)2Cl2] can be isolated as two stereoisomers shows 
that the isomers have square planar structures.

Most transition metal complexes encountered at A-level feature six-coordinate 
octahedral coordination, but some complexes have four-coordinate square 
planar coordination. Here we will look at three important examples

Cancer, catalysts and square planar coordination

This article links to the following topics in the AQA, Edexcel, OCR, 
WJEC, CCEA and SQA exam specifications:
• d-block elements
• transition metals
• catalysis
• coordination chemistry

• oxidation states
• redox reactions
• addition reactions
• cis- and trans-isomers

Exam links 

Simon Cotton
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The discovery of cisplatin
Barnett Rosenberg trained as a physicist but moved into 
biophysics at Michigan State University, USA. In 1964 he 
wondered if electric currents had any effect on cell division. He 
and his research technician, Loretta Van Camp, placed platinum 
electrodes into an ammonium chloride buffer containing 
growing E. coli bacterial cells. When they switched on the 
electric current, they found that the cells did not divide, but 
grew very long, up to 300 times their normal length.

They soon established that it was not the electric current 
itself affecting the bacteria. Platinum was dissolving from the 
‘inert’ electrodes and reacting with the ammonium chloride, 
making platinum-containing compounds that affected the cells. 
Subsequent study of a number of compounds showed that 
cisplatin was by far the best substance at producing this unusual 
growth of cells.

Rosenberg reasoned that since cisplatin inhibited cell division 
in E. coli, it might also have an effect on eukaryotic cells. The 
research team investigated this theory by injecting compounds 
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continued to be developed and used. It is estimated that over 
300 000 people have been cured by platinum therapy, most 
famously the now-discredited American cyclist Lance Armstrong. 
He was diagnosed with stage-3 testicular cancer in October 
1996. By the end of that year, he had successfully completed 
treatment with a cocktail of drugs, including cisplatin.

By itself, cisplatin has a number of side effects such as kidney 
toxicity, as well as nausea and vomiting. These are counteracted 

into mice carrying the sarcoma 180 tumour. In 1969 the team 
reported in the journal Nature that cisplatin caused remission 
of the tumour. 

The molecule was tested on humans in the UK in 1971 
and found to be especially effective against testicular cancer. 
Clinical trials were a success and in 1978 the US Food and Drug 
Administration approved cisplatin for treatment of testicular 
and bladder cancers.

Cisplatin vs cancer
Cisplatin has been extremely successful, with a cure rate of 
over 90%. Since its discovery, other platinum compounds have 

Cancer, catalysts and square planar coordination
Cl

Cl NH3

NH3

Pt

H3N

Cl NH3

Cl

Pt

Cis-[Pt(NH3)2Cl2]
cisplatin

Trans-[Pt(NH3)2Cl2]

Figure 1 The cis- and trans- isomers of [Pt(NH3)2Cl2]

NH3

Zn
H3N Cl

Cl

H

C
H Cl

Cl

Figure 2 The tetrahedral structures of Zn(NH3)2Cl2 and 
dichloromethane (CH2Cl2)

Barnett Rosenberg and Loretta Van Camp discovered 
cisplatin while experimenting on E. coli cells

In 1978 cisplatin was approved for the 
treatment of bladder and testicular cancers
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by the addition of other drugs, plus hydration therapy to counter 
kidney problems.

Cisplatin works by binding to DNA in tumour cells. Inside 
the cell, water molecules can substitute for the chlorines bound 
to platinum, forming other complexes:

[Pt(NH3)2Cl2] + H2O    [Pt(NH3)2(H2O)Cl]+ + Cl–

[Pt(NH3)2(H2O)Cl]+ + H2O  [Pt(NH3)2(H2O)2]
2+ + Cl–

Cis-[Pt(NH3)2(H2O)Cl]+ can bind to a purine base in one 
strand of the cell’s DNA, with a loss of the water molecule. 
Another water molecule can then replace the second chloride and 
this platinum complex can bind to a second DNA base, distorting 
the DNA molecule (Figure 3) so that it is not recognised by the 
cell’s repair mechanism, and the cell dies. Trans-[Pt(NH3)2Cl2] 
is ineffective as a drug, because its different geometry stops it 
forming the kind of links in DNA that the cis-isomer does.

Vaska’s compound 
IrCl(CO)(PPh3)2 is generally known as Vaska’s compound or Vaska’s 
complex. Lauri Vaska (an Estonian-born professor at Mellon 
University in Pittsburgh) was not the first person to make it, but 
he was the first person to assign its structure correctly, and he 
discovered its striking reactions.

Between 1961 and 1963 Vaska carried out a series of 
experiments with the bright yellow iridium(I) compound trans-
[IrCl(CO)(PPh3)2] (Figure 4). He found that at room temperature 
a molecule of HCl could be added across the molecule, forming 
[IrHCl2(CO)(PPh3)2] and with Cl2 [IrCl3(CO)(PPh3)2] could be 
formed (Figure 5).

More striking was the discovery that when solutions of 
[IrCl(CO)(PPh3)2] reacted with hydrogen gas, it formed 
[IrH2Cl(CO)(PPh3)2] in a reversible reaction (Figure 6). All of 
these reaction products are iridium(III) compounds, so that 
addition and oxidation have both taken place (with the iridium 
changing from oxidation state +1 to +3, see Box 1), so this type 
of reaction is known as oxidative addition.

Ir PPh3Ph3P

OC

Cl
P

P

CCl O

Ph =

Ir

Figure 4 Two representations of Vaska’s compound
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Figure 5 Reactions of Vaska’s compound with HCl and Cl2
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Figure 3 Cisplatin works by binding to DNA in tumour cells

Users of cisplatin require hydration 
therapy to counter kidney problems
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In 1963 Vaska reported that although solid [IrCl(CO)(PPh3)2] 
did not react with O2, benzene solutions of Vaska’s compound 
took up oxygen gas, a process that could be reversed by reducing 
the pressure of O2 above the solution or by heating it. The structure 
of the molecule produced showed that the O2 was bound side-on 
(Figure 7). This was historically a very important discovery, as at 
the time no one knew how haemoglobin and myoglobin bound 
to oxygen molecules when they acted as oxygen carriers in the 
body. It is now known that oxyhaemoglobin and oxymyoglobin 
contain O2 molecules bound end-on, though at an angle (see 
CHEMISTRY REVIEW, Vol. 25, No. 4, pp. 16–22).

Wilkinson’s catalyst
When Vaska noted that [IrCl(CO)(PPh3)2] reacted with H2, 
forming a compound containing Ir–H bonds, he was not the first 

person to make that kind of discovery. Several other researchers 
had found that some of the platinum metals (notably iridium 
and platinum) formed stable complexes with hydrogen atoms 
directly bound to the metal. It had been known for years that 
palladium, in particular, could adsorb vast amounts of hydrogen 
gas. Researchers led by Paul Sabatier discovered that metals such 
as nickel and platinum were good heterogeneous catalysts for 
hydrogenation of unsaturated organic molecules. The reaction 
involved forming metal–hydrogen bonds on the surface of the 
catalyst. Sabatier won the 1912 Nobel prize in chemistry for 
this work.

At the same time that Vaska was making his groundbreaking 
discovery, Geoffrey Wilkinson started systematic research into 
the chemistry of rhodium. Wilkinson was professor of inorganic 
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Figure 6 Hydrogen can be added reversibly to [IrCl(CO)(PPh3)2]
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Figure 7 Oxygen binds to Vaska’s compound
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Box 1 Oxidation states

Oxidation states (see CHEMISTRY REVIEW, Vol. 12, No. 4, pp. 17–18) are 
used as a way of indicating the electronic structure of an atom in 
a compound. It is simple to work out the oxidation states of ionic 
compounds. If a substance is made of individual ions, the oxidation 
state corresponds to the charge on the ion. For example, sodium 
chloride is made of Na+ and Cl– ions, so sodium has the oxidation 
state +1 and chlorine has the oxidation state –1. Copper oxide is 
made of Cu2+ and O2– ions, with copper in oxidation state +2, and the 
oxidation state of oxygen is –2.

It is slightly more complicated to work out the oxidation states in 
transition metal complexes, and you need to know the charge on any 
ligands. Any molecular substance that acts as a ligand (such as H2O, 
NH3, PR3 (where R = alkyl or aryl), CO or an alkene) is uncharged. 
Common ions with a 1– charge are halide ions (F–, Cl–, Br– and I–), 
cyanide (CN–) and nitrate (NO3

–). Common ions with a 2– charge are 
carbonate (CO3

2–) and sulfate (SO4
2–).

The sum of the oxidation state of the metal and the total charges 
on the ligands equals the charge (if any) on the complex. For Vaska’s 
complex ([IrCl(CO)(PPh3)2]), the two PPh3 ligands are neutral, as is CO. 
There is one chloride, so the Ir must balance out the Cl– ion, therefore 
iridium is in oxidation state +1.

Complex  A compound containing ligands coordinated (bound) to a 
metal centre.

Eurkaryotic cells  Cells with a membrane-bound nucleus. Plants, 
animals and fungi are composed of eukaryotic cells. These contrast 
with the prokaryotic cells of bacteria and archaea, which do not have 
a membrane-bound nucleus.

Heterogeneous catalyst  A catalyst that is in a different phase from 
the reactants, e.g. a solid catalyst in a reaction involving liquids or 
gases.

Homogeneous catalyst  A catalyst that is in the same phase (solid, 
liquid or gas) as the reactants.

Hydrogenation  Addition of H2 to an unsaturated compound.

Ligand  An atom, ion or molecule that binds to a metal by donating 
an electron pair, forming a coordinate (dative covalent) bond.

Oxidation  The loss of electrons from an atom, leading to an 
increase in its oxidation state.

Platinum metals  A set of six transition elements that have chemical 
similarities: ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium 
(Os), iridium (Ir) and platinum (Pt).

Purine base  A type of nitrogen-containing organic compound that, 
in the forms of adenine and guanine, is a constituent part of nucleic 
acids (DNA and RNA).

Stereoisomers  Compounds that have the same formula and 
functional groups but have a different arrangement of these groups 
in space.

Transition metals  A set of elements in the periodic table in which 
the atoms (or ions) have incompletely filled d-electron orbitals.

Unsaturated  An organic molecule containing one or more double or 
triple bonds.

Glossary 
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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 general-
interest chemistry books.

chemistry at Imperial College London and won the 1973 Nobel 
prize in chemistry for his work on organometallic ‘sandwich 
compounds’.

Wilkinson’s researchers prepared a number of complexes 
containing Rh–H bonds and began looking at catalytic 
applications. In 1964 they found that the octahedral complex 
[RhCl3(PPh3)3] (Figure 8) catalysed the reactions of alkenes 
with carbon monoxide and hydrogen, forming aldehydes. 
There were problems in synthesising [RhCl3(PPh3)3] 
consistently, and the rhodium(I) complex [RhCl(PPh3)3] 
was sometimes obtained (Figure 9). [RhCl(PPh3)3] turned 
out to be an active catalyst for the rapid homogeneous 
hydrogenation (i.e. in solution) of certain unsaturated 
compounds.

It was the first such catalyst to work at comparable rates to the 
best heterogeneous (i.e. solid) catalyst, working rapidly at 25°C 
and 1 atm (~101 kPa) pressure of hydrogen gas. Straight-chain 

terminal alkenes (which have the double bond at the end of 
the carbon chain) are hydrogenated much more rapidly than 
branched or internal alkenes (where the double bond is not 
at the end of the chain). The stereochemistry of addition is cis 
(see Figure 10).

[RhCl(PPh3)3] is a very selective catalyst. It only reduces 
some unsaturated compounds — not aromatic (benzene) rings, 
carbonyl or carboxyl groupings, nor nitrile or nitro groups. 
It also preferentially reduces the more accessible (usually Z) 
double bonds. Better catalysts than [RhCl(PPh3)3] have been 
developed, but Wilkinson’s catalyst still remains an important 
weapon in the organic chemist’s armoury.

What does this mean?
These three complexes are each important in different ways. 
Above all, they demonstrate the importance of transition metal 
chemistry. Nobody could have predicted their applications in 
advance — these discoveries were serendipitous. You cannot 
make scientific discoveries to order. After all, if the results of 
experiments could be predicted, you would not bother doing 
the research. As Louis Pasteur said: ‘In the field of observation, 
chance only favours the prepared mind.’

What is the oxidation state of the metal in each of these complexes?
1 [Pt(NH3)2Cl2]
2 [Rh(PPh3)3Cl]

Check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras

Revision questions Revision questions

Rh PPh3Ph3P

PPh3

Cl

Figure 9 Wilkinson’s catalyst [RhCl(PPh3)3]

CO2HHO2C

HH
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CO2HHO2C
H H

D D

[RhCl(PPh3)3]

Figure 10 Addition of deuterium (D2) across a double bond 
using Wilkinson’s catalyst

P
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Figure 8 Two representations of the octahedral complex 
[RhCl3(PPh3)3]

Oxyhaemoglobin and oxymyoglobin 
contain O2 molecules bound end-on
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Turmeric, extracted from the rhizome of Curcuma longa, 
is a spice often used in curry dishes. However, this 
deep orange-yellow spice has many other applications, 

which extend beyond simple culinary pursuits (see pp. 10–12). 

Turmeric contains a variety of complex chemicals that will 
undergo interesting reactions on exposure to light or solutions 
of varying pH. You can investigate turmeric as a pH indicator, 
a natural dye and its ability to fluoresce in the comfort of your 
own kitchen.

Take care when carrying out these experiments, as turmeric 
will stain clothes, skin and surfaces.

pH indicator
Turmeric changes its colour from a vibrant yellow to a deep 
red when the pH of a solution it is suspended in is increased 
from acidic to basic conditions. Turmeric contains curcumin, 

Testing turmeric 
Turmeric has been used for thousands of years for a variety of different 
and interesting applications. You can try some of these out at home — 
all you need is a bit of curiosity and a well-stocked spice rack

 lab page

This ‘Lab page’ is relevant to the following A-level topics:
• colour chemistry
• tautomers/isomers
• pH
• fluorescence

Exam links 
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 ■ a disposable cup and mixing spoon 
 ■ kitchen roll or coffee filter paper
 ■ a plastic bag or sheet to protect the work surface

Method
 ■ Mix the alcohol and turmeric together using a teaspoon.
 ■ Place the kitchen roll or filter paper on the plastic sheet on a 

flat surface.
 ■ Cover the paper with the turmeric/alcohol mixture.
 ■ Allow to dry then cut the paper into strips. 
 ■ Use the strips of dyed kitchen roll or filter paper as you would 

use indicator paper to see which common household solutions 
are basic. Unfortunately, this method only allows testing for 
basic (alkaline) conditions, as turmeric remains yellow for both 
acidic and neutral solutions — although paper that has turned 
red through addition of a base will become yellow again when 
an acid is added.     

Natural dye          

Turmeric is used to dye sari robes and as body paint during 
traditional Indian celebrations. In the West the spice is used to 
dye small quantities of cloth for arts and crafts, as it is non-toxic, 
environmentally friendly and easily accessible.

which exists as two tautomers (Figure 1). The keto-enol form 
predominates at high pH (above pH 8) and the diketone 
predominates in acidic conditions, below pH 7.

The change in the pattern of the double bonds between 
the tautomeric forms gives rise to a change in the degree of 
conjugation of the bonds and the consequent delocalisation 
of the electrons across the molecule. This subtle change in the 
electron distribution affects which wavelengths of visible light 
the molecule absorbs, and thus what colour we perceive the 
curcumin to be. It is thanks to these interesting properties that 
turmeric can be used as a simple homemade pH indicator.     

You will need:
 ■ half a teaspoon of turmeric powder
 ■ 100 cm3 of an alcohol, e.g. methylated spirit (take care — 

methylated spirit is flammable and toxic. Work in a well-
ventilated area and keep away from flames and sources of heat).

Figure 1 Tautomeric forms of curcumin

O

HO

O O

O

OHDiketone

O

HO

O OH

O

OHKeto-enol

predominates in acidic conditions (yellow)

predominates in alkaline conditions (red)

Indicator paper can be made using an alcoholic 
turmeric solution. The yellow paper turns red when it 
contacts an alkali (pH 8 or above) as curcumin changes 
tautomer from the diketone to the keto-enol form

The red keto-enol form of curcumin can be returned 
to the yellow diketone on addition of acid

Mordant  A substance (usually an inorganic salt or oxide) used 
to bind dyes to a fabric. The mordant is absorbed into the cloth 
fibres and the dyestuff forms a coloured complex with the mordant. 
The final colour depends on the mordant as well as the dye (see 
CHEMISTRY REVIEW, Vol. 15, No. 3, pp. 2–4).

Photon  A small packet of light energy and the basic unit of 
electromagnetic radiation.

Tautomers  Molecules that are isomers (with the same molecular 
formula, but different arrangements of atoms or bonds), which are 
interconvertible — the two tautomers being in equilibrium with 
each other.

Glossary 
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Turmeric does not require a mordant, which makes it easy 
to use. However, it may be worth experimenting with different 
mordants in order to get different colours. Turmeric is a fugitive 
dye, so the colour tends to fade over time, especially if the dyed 
fabric is kept in bright light.

There are various methods that you can used for dyeing with 
turmeric. Here are some suggestions, so that you can experiment 
to see what works best. Once you have dyed your fabric you can 
create interesting effects by exploiting turmeric’s pH-sensitive 
colour changes.

Warning: turmeric has the tendency to stain clothes, surfaces 
and skin. Take care to avoid permanent staining of skin and 
clothes by wearing rubber gloves and an apron. Wipe up all 
spillages immediately. 

You will need:
 ■ a light-coloured (preferably white) piece of fabric made from 

natural fibres (e.g. cotton, linen, wool or silk). If the fabric is new, 
it should be washed before use (do not use fabric conditioner).

 ■ 2–3 tablespoons of turmeric
 ■ water (enough to cover your fabric)
 ■ a wooden spoon
 ■ two disposable plastic cups
 ■ white vinegar (i.e. dilute ethanoic acid) (optional, see notes)
 ■ table salt (optional, see notes)
 ■ An unreactive pan (e.g. ceramic or stainless steel) or pans 

(see notes)
 ■ half a tablespoon of bicarbonate of soda (sodium hydrogen 

carbonate) 
 ■ a fine paintbrush

Notes
 ■ Some people suggest that you should weigh the dry fabric and 

then use half that mass in turmeric. For example, if the piece of 
fabric has a mass of 50 g you should use 25 g of turmeric. Others 
suggest a range of ratios (by volume) of turmeric to water of 
between 1:16 to 1:48. Generally speaking, the more turmeric 
you use, the more intense the colour you can achieve.

 ■ In the initial soaking step, some people suggest using salt or 
vinegar, others just use water. This is something that you could 
experiment with.

 ■ You may need two pans if you are going to prepare a hot dye 
bath while you are pre-treating the fabric.

Turmeric can be used as a bright yellow dye

Soaking the dyed yellow fabric in an aqueous 
solution of sodium hydrogen carbonate (an 
alkali) results in a deep orangey-red colour

Turmeric is a deep orange-yellow spice 
extracted from the rhizome of Curcuma longa
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 ■ Bring the pan of turmeric and water to the boil, then simmer 
for 15 minutes. Turn off the heat, add the fabric and stir. 
Allow the fabric to soak in the gradually cooling liquid. Stir 
occasionally.

 ■ Add the fabric to the cold bath of dye, bring to a simmer and 
continue to heat while occasionally stirring the fabric in the dye.

 ■ Bring the dye bath to the boil, then turn the heat down and 
let it simmer for about an hour. Add the fabric and continue to 
simmer, stirring occasionally.

White cotton fabric in a turmeric dye bath A red design can be applied to the 
yellow fabric by painting with a 
sodium hydrogen carbonate solution

A yellow design can be created on the red 
fabric by painting with vinegar (an acid)

Method

Pre-treatment of the fabric
There are several suggested methods to try:

 ■ Soak your fabric in cold water for 1 hour.
 ■ Make a salt solution from one part table salt (by volume) 

dissolved in 16 parts of water. Bring the solution to the boil in a 
pan. Add the fabric and simmer for 1 hour. Once cool enough to 
handle, wring out the fabric to remove the excess liquid.

 ■ Prepare a pan of one part white vinegar to four parts water, 
add the fabric, bring to the boil and simmer for approximately 
1 hour. Some people suggest rinsing out the vinegar from the 
fabric before dyeing it, others simply drain away the vinegar 
solution.

Preparation of the dye bath
Put the turmeric powder in a cup and mix in some water to 
suspend the powder in the liquid. Stir this into a pan of water 
(sufficient to be able to soak your fabric).

Dyeing the fabric
You can investigate which of these suggested techniques gives 
the best results:
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How long to soak for?
You could soak for anything from 5 minutes to 2 hours. 
Perhaps the most useful tip is to be guided by the depth of 
colour that you are aiming for — the vibrancy of the yellow 
will intensify over time. You can keep checking the fabric, but 
remember that the final colour will be considerably paler than 
the shade it is when first pulled from the dye bath. Each time 
you remove the fabric for checking, make sure that you fully 
submerge it in the liquid again and stir carefully.       

Once you are happy with the colour, remove the cloth from 
the dye bath, and rinse away any loose dye under a running tap. 
Allow the fabric to dry.

Creating a design
Dissolve some sodium hydrogen carbonate (bicarbonate of 
soda) in a cup of water. Using the paintbrush, paint a design on 
the yellow fabric with this solution — the painted parts should 
turn red. You can change the red-coloured parts back to yellow 
using a little vinegar. 

Fluorescence
You will need:

 ■ two teaspoons of turmeric
 ■ a glass of transparent alcohol (e.g. vodka)
 ■ an ultraviolet (UV) torch

Method
In a darkened room, place the alcohol in a transparent glass and 
illuminate it with the UV torch. Slowly sprinkle some turmeric 
into the solution. The turmeric particles should fluoresce and 
appear yellow-green in colour.

This experiment requires alcohol as a solvent because 
turmeric has an extremely low solubility in water and mixes 
more readily with ethanol. The fluorescence occurs because the 
curcumin molecules are able to absorb some of the incident 
UV light. The electromagnetic radiation is absorbed by the 
molecules, which excites electrons from their lower energy 
ground states to a higher energy level. This excited state is short 
lived. As the electrons fall back to a lower energy state they emit 
the energy as photons of visible light. 

The wavelength, and hence the colour, of the light emitted 
depends on the energy difference between the two states. If the 
electron does not return to the ground state in a single step, the 
energy given out (as light) in one of these steps will be lower than 
the energy input from the UV light. The lower the energy, the 
longer the wavelength. Visible light has a longer wavelength than 
ultraviolet light (which we cannot see). Therefore, the turmeric in 
solution in the alcohol appears to glow in the UV light.

Yrina Ghrabigi is studying for an MChem degree in chemistry at 
the University of York.

Turmeric fluoresces in UV light when dropped into ethanol
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Fuels that would now be classed as biofuels have been in 
use throughout human history, starting with the burning 
of wood to provide warmth on cold nights and the heat 

to cook food. More recently, we have fermented crops with 
a high starch or sugar content (with corn, wheat, and sugar 
cane being the most commonly used ones) to provide ethanol. 
Plant-derived ethanol produced like this is known as a first-
generation biofuel.

The problem is that the crops used for first-generation biofuels 
are also important sources of human food, so risk putting 
pressure on our food chain and potentially causing the price 
of food to increase. Therefore, so-called second-generation 
biofuels are becoming more favoured for the future, where the 
ethanol is derived from sugars provided by breaking down non-
edible plant matter. However, breaking down plant matter, such 
as crop stalks and forest debris, into sugars is no simple task, as 

the enzymatic hydrolysis of non-edible biomass happens at an 
insufficient rate.

A woody problem
Lignocellulose is the woody material that provides plants with 
structural strength, and is what often remains as waste from 
food crops, such as cereals, once the kernels have been removed. 
It is estimated that 40 million tonnes of lignocellulose waste 
are produced each year in the form of inedible crop material 
and shavings from logging. What if we could use this to create 
versatile fuel that is more useful than simply burning the waste?

 Lignocellulose is typically composed of 40–50% cellulose, 
25–30% hemicellulose and 15–20% lignin. Cellulose (see 
CHEMISTRY REVIEW, Vol. 20, No. 3, pp. 12–15) is the most abundant 
polymer found in nature. It is the main component of plant cell 
walls and is insoluble in water. Cellulose is made up of long, 
unbranched chains of glucose units linked by -1,4-glycosidic 
linkages (i.e. the carbon in the 1-position on one glucose 
molecule is linked to the carbon in the 4-position on the next 
molecule via an oxygen atom, see Figure 1).

The sugars bond through a condensation reaction, which results 
in the loss of a water molecule (one glucose loses a hydrogen, 
the other loses an –OH group). The β annotation means that 
the –OH group involved in forming the linkage on the carbon 
at the 1-position (C1) on the first glucose is on the same side of 

New fuels from nature
Emma Dux looks at the enzymes and reactions involved in the production of biofuels

 wonder bugs

This ‘Wonder bugs’ links to the following A-level topics:
• chirality
• enzymes
• sugars and polysaccharides
• green chemistry
• polymers

Exam links 
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Figure 1 Cellulose is a long-chain polymer composed of cellobiose units, each of which is made from two glucose molecules
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can convert crystalline regions into amorphous areas that are 
less stable and easier to hydrolyse, but this drastically increases 
the cost of the resulting biofuel, owing to the equipment and 
large amount of energy needed in its production. Finding an 
enzymatic solution that can degrade cellulose quickly and 

the sugar ring as the CH2OH group attached to the C5 carbon 
in the ring (Box 1). Cellulose is made up of just glucose, with 
each glucose molecule rotated 180° along the axis of the chain 
relative to the one preceding it — this repeat unit of two linked 
glucose molecules is cellobiose (Figure 1). 

Cellulose is made up of regions that are either crystalline 
or amorphous, with the former being the hardest to degrade. 
In the crystalline regions, there are hydrogen bonds between 
the individual polymer chains, enabling them to be so densely 
packed together that not even water can penetrate the structure 
(Figure 4). 

Cellulose is widely abundant, renewable, and is already 
produced alongside food, which makes it perfectly placed to 
become an effective, reliable and renewable energy source. 
However, the hydrolysis of cellulose is a critical step that 
prevents it being an economically viable commodity compared 
to first-generation biofuels. The half-life of cellulose is estimated 
to be in the magnitude of several million years when at neutral 
pH and in a microbe-free environment. Treating cellulose with 
high temperatures (300°C or more) and high pressure (25 MPa) 

Box 1 Alpha or beta?

A sugar can exist in three configurations: a linear form and two cyclic 
forms, referred to as alpha (α) and beta (β). An aqueous solution 
of a monosaccharide will contain an equilibrium mixture of the 
three configurations. The ring is formed when an –OH group on one 
carbon in the chain reacts with the =O on another carbon (this can 
be an aldehyde or a ketone, depending on the sugar). This reaction 
produces either a hemiacetal or a hemiketal (Figure 2).

The α and β forms are a pair of isomers, known as anomers, 
determined by the arrangement of groups around one particular 
carbon in the ring, which is referred to as the anomeric carbon. In 
the linear configuration this carbon is not a chiral centre, as it only 
has three groups attached to it (including =O), but on formation of 
the ring it has four different groups attached, i.e. it becomes a chiral 
carbon. There are two different possible arrangements of the groups 
around the chiral anomeric carbon, which are designated as α and 
β. The relationship between the linear and ring forms for glucose is 
shown in Figure 3.

In the α conformation the –OH (or –OR) group on the anomeric 
carbon is on the opposite side of the ring to the –CH2OH group on the 
carbon on the other side of the oxygen in the ring (carbon 5 in the 
case of glucose). In the β form both of these groups are on the same 
side of the ring.

Whether a sugar is α or β has important consequences for when it 
is incorporated into polysaccharides. A form of starch, α-amylose, is 
formed by α-1,4-linkages between glucose molecules, which causes 
the chains to curl into a helix. This makes the starch chain more 
susceptible to enzymatic hydrolysis, as the chains are not able to pack 
together as closely as those of cellulose, which are β-1,4-linked and 
held together through hydrogen bonding (Figure 4).
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efficiently would seem to be the only way to make secondary 
biofuels cost and energy efficient. 

Copying nature
Certain microbes (fungi and bacteria) are able to use plant 
matter, including wood, as their source of carbon. During the 
1950s efforts accelerated in finding out how they manage to 
achieve this. It was soon found that it was not one enzyme that 
enabled the microorganisms to do this, but several different 
enzymes working together in a concerted manner to hydrolyse 
cellulose down to its glucose units. Until relatively recently, it 
was thought that three main groups of hydrolytic enzymes were 
responsible for cellulose degradation, working together to cleave 
all the glycosidic bonds throughout the polymer (Figure 5).

The first group of enzymes, endoglucanases, cleave the  
β-1,4-glycosidic bonds at random positions within the cellulose 
chain. These cuts provide new chain ends along the polymer, 
making them available to exoglucanases. Exoglucanases 
(e.g. cellobiohydrolases) break off units of cellobiose (two glucose 
molecules linked by a β-1,4-glycosidic bond) from the ends of 
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 = hydrogen bondFigure 4 The crystalline regions of cellulose are stabilised by 
hydrogen bonds between the polymer chains

Biofuel  Fuel produced from biomass, i.e. biological materials, such 
as plant matter and animal waste. Biofuels contrast with fossil fuels, 
which are derived from dead, decayed biological material.

Enzyme  A specific type of protein (or protein-based molecule) that 
acts as a biological catalyst, i.e. it speeds up a chemical reaction in a 
living organism while remaining unchanged itself. Enzyme names are 
denoted by the suffix -ase.

First-generation biofuel  A biofuel produced directly from food 
crops.

Hemicelluloses  A group of polysaccharides made from a range of 
sugars, including, for example, xylose and mannose.

Hydrolysis  A reaction in which a water molecule, or an ion derived 
from it (OH–, H+), converts a molecule into two smaller ones.

Lignin  A complex biopolymer and structural material found in the 
cell walls of the woody parts of plants (particularly trees).

Second-generation biofuel  A biofuel produced from non-food 
sources of biomass.

Glossary 

Lignocellulose is the woody material that 
provides plants with structural strength
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the polymer chains. Finally, β-glucosidases convert cellobiose 
into glucose.

However, it was realised that these enzymes require their 
substrate (cellulose) to be in solution, but as cellulose contains 
areas that are highly ordered and crystalline, these polymer 
chains are definitely not accessible in solution. This realisation 
led to questions about the completeness of this mechanism and 
if other types of enzymes were involved. It was hypothesised 
that the hydrolysis of cellulose would require a non-hydrolytic 
enzyme to disrupt the crystallinity of cellulose to make it a more 
accessible substrate for the hydrolytic enzymes.

Newly discovered enzyme
Fast forward to 2005, when it was observed that a newly 
isolated type of bacterial enzyme could dramatically boost 
the breakdown of chitin. Chitin is an insoluble polysaccharide 
of N-acetylglucosamine (Figure 6), which is found in the 
exoskeletons of insects, spiders and crustaceans. By 2010 it was 
known that this bacterial enzyme uses molecular oxygen and 
a reducing agent. The enzyme’s active site is contained on a 
flat surface. Through various spectroscopic and metal-binding 

experiments on this type of enzyme (this time extracted from 
a soil-based fungus), it was found that copper was contained in 
the active site.

This recently discovered type of microbial enzyme is known 
as lytic polysaccharide monooxygenase (LPMO). A global search 
has revealed that LPMOs are widespread in bacterial and fungal 
organisms, as well as being found in certain viruses, molluscs 
and insects.

The discovery of this new type of enzyme has caused the 
‘classical’ mechanism of cellulose degradation to be revised to 
include chain cleavage of the crystalline cellulose chains by 
LPMO enzymes, boosting the activity of the other cellulolytic 
enzymes. Different LPMOs have differing selectivities for 
which substrates they act upon, such as the β-1,4-glycosidic 
bonds in chitin or cellulose, or the α-1,4-glycosidic bonds in 
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‘Can biomass save the planet?’, CHEMISTRY REVIEW, Vol. 17, No. 4, 
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starch  (Figure 7). They also show a range of selectivities for 
where they cleave the polysaccharide chain. For example, those 
that act on chitin or starch appear to oxidise the carbon at the 
C1 position, whereas ones that act on cellulose can be selective 
for oxidising at the C1 or C4 carbon positions or at a mixture of 
both positions, giving different products (Figure 8).

Scaling up
To put what can be achieved by microbes onto an effective 
industrial scale, which can not only provide fuel but also 
useful chemicals, a biorefinery approach is needed. Analogous 
to oil refineries, this means that the products from the biomass 
degradation are separated into marketable commodities for 
fuel and industry. The technology to do this is still very much 
in its infancy, and will be aided by increased understanding 
and optimisation of the enzymes required for the process (see 
CHEMISTRY REVIEW, Vol. 24, No. 4, pp. 6–8).

Enzyme cocktails for biomass degradation are commercially 
available and used for producing second-generation biofuels, 
with several biorefineries operating around the globe. However, 
the maximum potential of what can be obtained from biomass 
is yet to be met, and it will require a great deal more research to 
achieve this.

Emma Dux assists 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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In crystalline cellulose, the polymer chains are so densely 
packed together that not even water can penetrate
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L ack of exposure to sunshine can cause a vitamin D 
deficiency, which can lead to stunted growth and 
bone deformities in children (a condition known 

as rickets), or soft/weak bones (osteomalacia) in adults. 
Vitamin D helps to regulate calcium and phosphate in 
the body, which are required for healthy bones, teeth and 
muscles. Vitamin D is also involved in several signalling 
pathways, including some within the immune system, 
and inhibition of tumours. Here is how a little sunshine 
helps to keep you healthy.

Vitamin D in the body
Vitamin D is a group of related fat-soluble molecules, 
D1 to D5, of which D2 and D3 are the most important. 
Both are formed in the skin on exposure to ultraviolet 
(UV) light. For example, vitamin D3 (cholecalciferol) is 
formed from 7-dehydrocholesterol, which is found in the 
membranes of epidermal skin cells and absorbs light with 
wavelengths of between 290 and 315 nanometres (this is 
in the UVB band of the spectrum). The product from 
this photoreaction is not very stable, so spontaneously 
undergoes a rearrangement reaction to form a more 
stable isomer, cholecalciferol (Figure 1).

Vitamins D2 and D3 are not biologically active — they 
have to be converted to their active forms before they can 
be used by the body. A protein transfers vitamin D3 from 
the membranes of skin cells into the extracellular space 
outside them, and then into the bloodstream. In the liver, 
vitamin D3 undergoes the first of two enzyme-catalysed 
hydroxylation reactions to form 25-hydroxyvitamin D3. 
The second hydroxylation occurs in renal tubules within 
the kidney, where 1,25-dihydroxyvitamin D3 is formed 
(Figure 2). It is this molecule that binds to receptors and 
takes part in the various signalling pathways in the body.

In the winter months, try to eat foods rich in vitamin 
D, such as fish oils. Then in the summer make sure that 
your skin is able to absorb enough sunshine. But take 
care not to get burnt — sunscreen is still needed for 
when the Sun gets powerful or you are exposed to it for 
long periods of time (see CHEMISTRY REVIEW, Vol. 19, No. 3, 
pp. 19–22 and Vol. 25, No. 1, pp. 2–7).

Sunshine and vitamin D

Emma Dux assists 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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